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Abstract: In this study, the effects of cyclohexanone formaldehyde ketonic resin (CFR) with different 
montmorillonite (MM) content (from 0,5 to 3 wt%) on the viscosity, initial adhesion strength, and 
temperature resistance of polyurethane one-component adhesives were investigated. In situ MM modified 
cyclohexanone formaldehyde resin (MM-CFR) was used as polyol into formulation with a specified weight 

ratio (rate of 10% by weight of polyether polyol). One-shot technique was used for synthesis. CFR with 
varying montmorillonite (MM) content were incorporated blank polyurethane was synthesized using 
polyether polyol and polymeric 4,4'-methylene diphenyl diisocyanate (p-MDI). In experimental studies, the 
ratio of the isocyanate groups (NCO) to the hydroxyl group (OH) was 4.84. Reaction completion was 
followed by FTIR spectroscopy. Chloroparaffin was used as a plasticizer to adjust the viscosity and to reduce 
the fragile structure of the product. The NCO % values of the synthesized adhesive PU were measured by 
titration. When TGA data were examined, it was found that the heat resistance of the product increased 

with the addition of CFR and MM-CFR. As a result, it has been determined that the adhesion properties and 

thermal resistance were improved with the use of ketonic resins in one component reactive adhesives. 
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INTRODUCTION 
 

Polyurethanes were developed by Otto Bayer in 

1937, and became a success story that is now a 
billion-dollar business (1). They are produced as 
elastomers, foams, coatings, adhesives fibers, 
synthetic leathers and others. The polyurethane 
industry has shown significant growth over the 
last twenty years, this being particularly the case 
with adhesives. There are many different types of 

PU adhesives with increasing demand being due 
to the versatility of PU chemistry and the unique 
properties of polyurethanes (2, 3). These 

normally consist of polyol (polyester or polyether 
type), isocyanate and other additives. The 

properties of the polyurethane adhesives depend 

on the stoichiometric proportions and the types of 
isocyanates and polyols used. Nowadays, 
availability of different types of polyols in 
commercial sizes enables polyurethane adhesives 
which meet customer requirements (4-5). 
Typically, adhesives are grouped according to 
their chemistry (6), with formaldehyde (F) based 

adhesives representing the most important 
group. As reaction partners of formaldehyde, 
urea (UF), melamine (MF), phenol (PF), resorcinol 

https://doi.org/10.18596/jotcsa.495458
mailto:nesrin@itu.edu.tr
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org
mailto:nesrin@itu.edu.tr
https://orcid.org/0000-0001-8531-1577
mailto:serdaraydin@apeltutkal.com


Köken N, Aydın S. JOTCSA. 2020; 7(1): 1-10.   RESEARCH ARTICLE 

2 

(RF) and mixtures thereof (e.g. MUF, PRF) are 
involved. Besides formaldehyde-based polymers, 
adhesives using highly reactive isocyanates are 

applied in wood industry, e.g. polymeric 
diphenylmethane diisocyanate (pMDI), emulsion 
polymer isocyanates (EPI), or polyurethane (PUR) 
adhesives. The performance of a wood adhesive 

system is dependent on a wide range of variables, 
such as the surface smoothness of wood 
substrate, temperature, pH, presence of wood 
extractives, and the amount of debris present 
which are related to the environment such as the 
level and rate of a change in both temperature 

and relative humidity (7). Adhesives based on 
urea formaldehyde and phenol formaldehyde are 
the major adhesives used for bonding wood, but 
some of these adhesives are very sensitive to 
hydrolysis, and stress scission (8–9).  
 
The oldest types of one-component PU adhesives 

were based upon di- or triisocyanates that cured 
by reacting with active hydrogens on the surface 
of the substrate or moisture present in the air or 
substrate. One-component reactive polyurethane 
adhesives are prepared by reaction between 
monomeric or polymeric isocyanates and polyols 
(10). These systems offer the advantage of being 

one-package systems. Moisture cure systems are 
available based on isocyanates. The atmospheric 
moisture hydrolyzes isocyanate to generate the 
primary amines which immediately react with the 
isocynate groups to give urea linkages. The urea 
linkage is more stable and more moisture 

resistant than the urethane linkage (11-12). One-
component polyurethane adhesives have been 
come popular on the European market for the 
bonding of load-bearing timber components such 

as glued laminated timber products, finger-joints 
and I-beams. Their main advantages are a 
colorless glueline, easy application of a one-

component adhesives and fast hardening within 
one to three hours without heat application (13-
14). The one-component reactive polyurethane 
adhesives subject to study are widely used 
especially in the furniture sector. One of the most 
important parameters affecting the productivity 
of the furniture producers is that the parts joined 

by bonding are waiting for long time and cannot 
be subjected to any processing during this period. 
In this case, the productivity of the production 
decreases. Ketonic resins are used as a resin in 
the ink and paint sector in an intensive adhesion. 
Many successful products that use ketonic resins 

in this direction are commercially and 

domestically available (15-16). However, their 
use in polyurethane adhesives has not been the 
subject to date due to the fact that ketonic resins 

are more difficult to access than polyols and the 
costs associated therewith are high. 
 
Montmorillonite (MM) a layered silicate used 

widely to prepare polymer–clay nanocomposites, 
consists of two external silica tetrahedral sheets 
and a central octahedral sheet of alumina. The 
layers with high aspect ratio (about 1 nm 
thickness and 100 nm width and length) are 
stacked via weak dipolar force and form interlayer 

galleries which are generally occupied by cations 
(for example Na+, Ca2+, Li+) which can be easily 
substituted with organic cations via ion exchange 
reaction in water. The special structures of MM 
play important roles in improving mechanical, 
thermal and diffuse barrier properties of polymer-
layered silicate nanocomposites (17–18).  

 
The aim of this work is to use CFR and 
montmorillonite modified cyclohexanone 
formaldehyde resin as polyol for polyurethane 
one component adhesives. PU adhesives 
synthesized were monitored with their physical, 
mechanical, thermal and spectroscopic 

properties. When TGA data were examined, it was 
found that the heat resistance of the product 
increased with the addition of CFR and MM-CFR. 
As a result, it has been determined that the 
adhesion properties and thermal resistance were 
improved with the use of ketonic resins in one 

component reactive adhesives. 
 
MATERIALS AND METHODS  
 

Materials and Instrumentation  
A commercially available polymeric methylene 
diphenylene isocyanate (p-MDI) with a product 

name Wannate® PM-200 and a polyether polyol 
with a commercial name Caradol ED56-200 (Shell 
Chemicals) were used as received from the 
commercial suppliers. The polyol is a 
polyoxypropylene glycol with 2,000 MW and OHv 
56. p-MDI is a dark brown liquid with a 
functionality between 2.6-2.7 containing some 

higher functionality isocyanates. The NCO % of 
the p-MDI is between 30.5-32.0. The viscosity of 
p-MDI is 150-250 mPa.s at 25C which means 

that the material is liquid at room temperature. 
The chemical structure of p- MDI is shown in 
Figure 1.  
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Figure 1: The chemical structure of MDI and p- MDI 

 
Cyclohexanone- formaldehyde ketonic resin (CFR) and montmorillonite (MM) were used and the basic 

structure of the ketonic resin is shown in Figure 2. 

 
Figure 2: Cyclohexanone formaldehyde resin 

(CFR). 
 
Montmorillonite is known as a clay and it is a 2:1 
clay which means that it has 
two tetrahedral sheets of silica sandwiching a 

central octahedral sheet of alumina.   
 
The chloroparaffin used in the synthesis is tris-(2-

chloroisopropyl) phosphate (TCPP) with a 
commercial name Fyrol-PCF avaliable from ICI 
Industrial Products. The basic structure of the 

TCPP is shown in Figure 3.    

 
Figure 3: Structure of Tris-(2-

chloroisopropyl) phosphate (TCPP). 
 
The viscosity of the raw material is 65 mPa.s and 

the chlorine content is 32.5 %. The water content 
of the material is below 0.07 %. 2,2’-
dimorpholino diethyl ether (DMDEE) was used as 
a catalyst.  
 
Fourier transform infrared (FTIR) spectra were 

performed to follow the reaction completion with 

Bruker Tensor-27. FT-IR was also used for 
incoming quality control of the raw materials 

including p-MDI, polyol and chloroparaffin. 
TGA/DSC-1 from Mettler Toledo was used to 
determine the heat stability of samples. In order 
to prepare TGA samples were dried at 100 °C for 

3 h.  A 5 mg powder sample of the product was 
subjected to TGA analysis, and heated at linear 
heating rate of 10 °C/min. 
 
The flow behavior and the viscosities of the 
samples were measured with rheometer MCR-102 

from Anton Paar. Shear Rate is changed from 1 
to 100 rpm and the viscosity is measured at 25 
°C. Spindle: PP25, plate-plate was used.  
The NCO % of the pre-polymers were measured 
according to EN-ISO 11909 with an automatic 
titrator. The model of the automatic titrator is T-
50 from Mettler Toledo. Test specimens are 

prepared according to EN 204:2001 and tested 
with a static force testing equipment with model 
DVT.G21 from Devotrans. Shear strength of 
samples were also measured after 1 h to see the 
build-up of adhesion performance depend on 
time. 
 

Synthesis of One Component Polyurethane 
Adhesives 
Polyurethane adhesives are synthesized with one-
shot technique. One-shot technique is the 
addition of all raw materials at once and letting 
reaction to completion. NCO % is kept between 

15-18 for a good shelf life and it is required to 
make calculations to achieve pre-determined 
NCO %.  
 

Calculations 
It is required to calculate the amount of polyol 
and isocyanate to be reacted to be able to obtain 

the chemically stoichiometric equivalents. By 
changing the isocyanate index the theoretical 
stoichiometric amount of isocyanate can be 
adjusted depending on the desired polyurethane 
structure (2, 13). 
 
Experiments were carried out with constant 

NCO/OH ratio. NCO/OH ratio is 5.38 for 
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comparison samples and of 4.84 for experiments 
carried out. In the case of reactive polyurethane 
adhesives, excess isocyanate isocyanate 

(NCO/OH is well above 4) is preferred, in order to 
ensure the presence of reactive -NCO groups at 
the pre-polymer ends. The final NCO % was 
expected to be 16.24 for comparison samples and 

vary for the experiments depend on the OHv of 
CFR and MM-CFR.  
 
Synthesis of blanks PU  samples 
Polyether polyol (39.80 g) was introduced into 
reaction vessel at room temperature and the 
temperature was raised to 60C under inert 

atmosphere. p-MDI (55.10 g) was added than 

and the reaction carried out for 3 h at the 
temperature of 60-65 C. Completion of reaction 

was followed by FT-IR. There is a characteristic 
peak at 3400 cm-1 corresponding to OH group of 
polyols. The peak disappears with the completion 

of reaction. NCO groups of isocyanate reacts with 
OH groups of polyols to form urethane linkage. 
There are no more OH groups left as excess of 
isocyanate is used and all OH groups are 

consumed. System was cooled down to 40 C to 

add the catalyst (DMDEE)  (0.30 g) and the 
product was discharged to a bottle under nitrogen 

to carry the tests. If chloroform used in PU 
prepolymer than it is added together with polyol 
to the reaction vessel. 

 
Synthesis of PU adesives with ketonic resins 
CFR /or MM-CFR (3.98 g) was added with 
chloroform into the reaction vessel at room 

temperature. Chloroform is used to dissolve the 
CFR and/or MM-CFR because it does not melt 
even over 100 C without solvent. Polyether 

polyol (35.82 g) was charged as second 
ingredient, then the temperature was raised to 65 
C to remove water under vacuum. The system 

was kept at 65 C under vacuum for 1 h until the 

water trapped was removed from the system. The 
next step is the addition of p-MDI (55.10 g) for 
the polymerization and the reaction was 
continued for 3h. Completion of reaction was 
followed by FT-IR. System was cooled down to 40 
C to add the catalyst (0.30 g) and the product 

was discharged to a bottle under nitrogen to carry 

the tests. Chloroform (CHCl3) was stripped-off 
from the adhesives synthesized by using vacuum 
before adding catalyst. Formation of PU-CFR is 
shown in Scheme 1. 

 
Scheme 1: Formation reaction of PU-CFR. 

 
RESULTS AND DISCUSSION 
 

Cyclohexanone-formaldehyde ketonic resin (CFR) 

and Montmorillonite containing Cyclohexanone-
formaldehyde ketonic resin (MM-CFR) were 
synthesized in this study. Polyether polyol and 
polymeric 4,4'-methylene diphenyl diisocyanate 
(p-MDI) were used only to synthesize the 
polyurethane pre-polymer/adhesive blanks for 
comparision of results. CFR and MM-CFR at a rate 

of 10% by weight of polyether polyol were used 
in the synthesis. In the case of reactive 
polyurethane adhesives, excess isocyanate 

isocyanate (NCO/OH is well above 4) is preferred, 
in order to ensure the presence of reactive -NCO 

groups at the pre-polymer ends (19). In parallel 

with the reduction of the amount of polyether 
polyol used, the ratio of isocyanate groups (NCO) 
to hydroxyl groups (OH) was 5.38 (CFR and MM-
CFR ketonic resins were not involved in 
calculation). Chlorofom was used as a solvent in 
trials using ketonic resins. Chloroform was used 
as a solvent and removed by heat and vacuum 

after the reaction. The ratio of the isocyanate 
group (NCO) to the hydroxyl group (OH) for the 
two different blank samples synthesized for this 
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study (4.84). In the first case, chloroparaffin 
(TCPP) was used as a plasticizer in the first 6 
synthesis to adjust the viscosity and to reduce the 

fragile structure of the products.  The amount of 
montmorillonite used in the synthesis of 
polyurethane adhesive and other parameters are 
shown in Table 1. The NCO % values of the 

synthesized PU adhesives decreased with the use 
of CFR and MM-CFR. It has been found that the 
NCO % value tends to decrease with the increase 
in the amount of MM in the CFR. The NCO % value 
of the adhesives synthesized in the absence of 
chloroparaffin are higher as seen in Table 1. It is 

known that chloroparaffin contains certain 
amount of water inside and if it is not removed 
than it will react with NCO groups of isocyanates. 
Sample PU1-CFR has a lower NCO % than PU 
Blank-1 which results that OHv of CFR is higher 
than the polyether polyol used. It is expected 
from NCO % to increase with increasing MM 

concentration but the opposite was observed. 
This could be explained as the OH groups that 

montmorillonite has and water trapped inside was 
not able to strip-off under vacuum reacted with 
isocyanate groups. Trapped water inside 

montmorillonite could be the major reason 
instead of OH groups available. 
 
In order to characterize the chemical structure of 

CFR; MM (pristine clay), MM-CFR1, MM-CFR2, 
MM-CFR3 and MM-CFR4 samples were analyzed 
with FT-IR (Figure 3). Characteristic peaks of 
cyclohexanone formaldehyde resin appear at 
3400 cm-1, 2920 cm-1, 1700 cm-1 and 1450 cm-1. 
In this study, these characteristic peaks were 

observed at 3399 cm-1, 2925 cm-1, 1699 cm-1, 
and 1445 cm-1.  These peaks respectively 
attributed to hydroxy methyl groups, aliphatic –
CH2, carbonyl C=O, and –CH2 methylene bridges. 
Also, between 970-1200 cm-1 three main peaks 
were observed which belongs to the C-O stretch 
between methylene bridges and cyclohexanone 

ring. 

 

 
Figure 3: FTIR spectrum of pristine clay (MM), CFR and MM-CFRs. 

 
Table 1:  The amount of montmorillonite used in the synthesis of polyurethane adhesive and other 

parameters. (T=65 0C). 

Sample  

 Code 

Ketonic        Resin MM (w %) Chloroform 

    (Solvent) 

 Chloroparaffin 

 (Plasticizer) 

NCO     % 

PU1-Blank -      - - + 15.463 
PU1-CFR CFR       - + + 14.646 

PU1-MMCFR1 MMCFR1       0.5 + + 14.272 
PU1-MMCFR2 MMCFR2       1.0 + + 14.729 

PU1-MMCFR3 MMCFR3       1.5 + + 14.210 
PU1-MMCFR4 MMCFR4        3.0 + + 13.559 
PU2-Blank -      - - - 16.336 
PU2-CFR-2 CFR      - + - 15.328 
PU2-MMCFR1 MMCFR1        0.5 + - 15.166 
PU2-MMCFR2 MMCFR2       1.0 + - 15.745 

 
Each experiment was controlled with FT-IR to 
ensure the completion of reaction. FT-IR 

spectrum of polyol (Caradol ED 56-200) and 
PUMM–CFR2 were shown in Figure 4. The peak at 
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3428 cm-1 is due to stretching vibrations of –OH 
groups of polyol and CFR. Aliphatic C-H vibrations 
are seen as peaks at 2800-2950 cm-1. The 

functional -C=O group of cyclohexanone appears 
at 1700 cm-1. Broad OH peak of polyol must be 
lost and new urethane linkage should be formed 
if the reaction was completed. The stretching 

absorption of –C-N 1405 cm-1 and the band 1701 

cm-1 confirm the presence of R-O-CO-N groups. 
The absorption bands around 2274 cm-1 show 
the presences of terminal NCO groups in PU. The 

bands around 1217 cm-1 and 1067 cm-1 are due 
to P=O and P-O-C stretching frequencies 
respectively. Furthermore, the C-Cl stretching 
was seen at about 755 cm-1. 

 
Figure 4: FT-IR spectrum of polyol (Caradol ED 56-200) and PU1-MMCFR2. 

 

All PU adhesive synthesized with and without 
cyclohexanone- formaldeyde resins (CFR) 
containing different montmorillonite 
concentration show Newtonian flow properties. 
The viscosity of adhesives does not change with 

varying shear rate as can be seen from Figure 5. 
Montmorillonite is a kind of filler which may give 
thixotropic behavior to materials but the amount 
used in CFR was not high so it didn’t have any 
effect to change the flow properties of adhesives. 

 
Figure 5: Viscosity (mPa.s) – Shear Rate (1/s) chart. 

 

It was observed that the viscosity of the products 
increase in parallel with the increase of the MM 
content and CFR. This can be explained with OHv 
of CFR and also the increasing amount of 
montmorillonite content in CFR. Increasing 
amount of montmorillonite supports viscosity 

raise dramatically even used in small portions. 
Viscosity of adhesives increase from ~7,000 
mPa.s to ~30,000 mPa.s without chloroparaffin 
(Figure 6). But the highest viscosity dropped 

down to ~17,000 mPa.s which was still workable 
as an adhesive. The product viscosity remained at 
acceptable levels with incorporation of 
chloroparaffin. 
 
Another reason of viscosity increase could be the 

water content of raw materials used. NCO groups 
of isocyanates would react with trace water in 
polyol mixture and it would cause NCO % to 
decrease which result an increase of viscosity. 
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Figure 6: Viscosity change of adhesives with and without chloroparaffin. 

 
Beach wood was used to measure the shear 
strength of adhesives. If adhesive layer detaches 
from the wood while loading to the equipment or 
any result could not be read from the equipment, 

it is considered “Fail”. If fibers of the wood were 
come-off, after adhesive layer broken when 
stress applied at equipment than it is considered 
as “Wood Failure”.  
 
Blanks and adhesives prepared with PU-CFR and 

PU-MMCFR are far from showing any strength at 
time 10 min after bonding. Adhesives show raise 
in adhesion strength through time and datas can 

be collected at time 20 min after bonding. PU1-
CFR and PU2-CFR have higher shear strength 
than samples Pu Blank-1 and PU Blank-2 
respectively at time 20 and 30 minutes after 

bonding. The results  from Table 2 show us that 
PU-CFR and PU-MMCFR themselves have an 
influence on shear strength build-up through 
time. It was observed that the build-up of green 
strength and the final strength are both better 
than blank samples. After 24 h in other means 

1440 minutes shear strength of each trial is high 
enough to result wood failure and there is not a 
significant difference.  

 
Table 2: Shear Strength (kgf/cm2) at different intervals. 

Sample No 10 min 
(kgf/cm2) 

20 min 
(kgf/cm2) 

30 min 
(kgf/cm2) 

1440 min (24h) 
(kgf/cm2) 

PU Blank-1 

Fail 

95.6 120.7 

Wood Failure 
 

PU1-CFR 105.8 155.3 
PU1-MMCFR1 Fail 148.0 

PU1-MMCFR2 125.7 184.0 
PU1-MMCFR3 150.5 237,4 
PU1-MMCFR4 164.3 202.5 
PU Blank-2 133.9 77.9 
PU2-CFR Fail 177.0 

PU2-MMCFR1 123.1 150.4 

PU2-MMCFR2 165.3 178.1 

PU2-MMCFR3 238.3 236.7 
PU2-MMCFR4 245.7 243.5 

 

Decomposition temperature of polyurethane 
adhesives synthesized were investigated with 
TGA. PU Blank-1 has the lowest decomposition 
temperature where the sample PU1-MMCFR4 has 
the highest decomposition temperature as shown 
in Figure 7. When TGA data were examined, it 

was found that the heat resistance of the product 
increased with the addition of CFR and MM-CFR. 

It is found from the graph that samples with PU-
CFR and PU-MMCFR have a better high 
temperature resistance. The increase in the 
amount of MM in the CFR appears to have a 
positive effect on the results. In this case, the use 
of CFR and MM-CFR may be appropriate in 

applications where temperature resistance is 
required. 
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Figure 7: TGA thermograms for PU Blank-1, PU1-CFR, PU1-MMCFR1, PU1-MMCFR2, PU1-MMCFR3 and 

PU1-MMCFR4. 
 
Similar results were observed for the samples 
synthesized without chloroparaffin. PU Blank-2 
has the lowest decomposition temperature where 

the PU2-MMCFR4 has the highest decomposition 
temperature as shown in Figure 8. 

 

 
Figure 8: TGA thermograms for PU Blank-2, PU2-CFR and PU2-MMCFR1 to PU2-MMCFR4.

 
CONCLUSION 
 
As a result of the study, it was observed that 
all products show Newtonian flow properties, 

so CFR does not have any effect on flow 
properties and the amount of montmorillonite 

is not high enough to give thixotropy. Viscosity 
increases with CFR and montmorillonite. 
Increasing viscosity value is also proportional 
with montmorillonite content in CFR. Viscosity 
increase is high enough not letting adhesives 

suitable for manual and machine applications. 
Chloroparaffin supports viscosity decrease 
without giving-up from other properties so it 
could be a good option to keep viscosity at 
certain value and letting to increase the 
montmorillonite content for better thermal and 

shear strength build-up in short time 
properties. 
 
Use of CFR and montmorillonite in PU 

adhesives support adhesion strength growth 
which is also called green strength. No force 

values could be read at time 10 minute after 
bonding and it was an adhesive failure. Force 
values could be read at time 20 minute after 
bonding and specimens prepared with CFR 
showed higher shear strength. Samples 

prepared with CFR and montmorillonite had 
higher shear strength compared to CFR only 
samples. Higher content of montmorillonite 
resulted higher shear strength. Shear strength 
after 24 h or 1440 minute could not be read 
because the wood specimens are all broken. It 
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can be judged that the adhesive and cohesive 

strength of adhesive are higher than the wood 

specimens’ strength (13). Build-up of green 
strength can be also a result of lower free NCO 
content, so it might be the next step to keep 
free NCO content constant and change the 
amount of CFR and montmorillonite. 
 

The NCO % values of the synthesized PU 
adhesives were visibly reduced by the use 
cyclohexanone- formaldehyde resin. It can be 
judged that the OHv of the CFR was higher. 
Higher OHv will result lower NCO % values of 
final product. Besides, NCO % was not 

expected to decrease with increasing MM 
amount in CFR. This can be explained by the 
water trapped in the MM and could not be 
removed by vacuum. 
 

Samples with CFR showed higher thermal 
resistance and the highest thermal resistance 

was belong to the sample with highest 
montmorillonite content. This proves that 
thermal resistance increases with 
incorporation of CFR and montmorillonite.  
 
Shear strength results show that the 
cyclohexanone formaldehyde ketonic resin 

and in situ modified montmorillonite –
cylohexanone formaldehy resins  can be used 
as an important agent to increase the initial 
adhesion strength or build-up of green 
strength  for one component reactive 
polyurethane adhesives with better thermal 

resistance . 
 

REFERENCES 
 
1. Saunders J, Frisch K. Polyurethanes: 
Chemistry and technology. Part 1. New York: 
Interscience Publishers; 1962.  

 
2. Meier-Westhues U. Polyurethanes: 
coatings, adhesives and sealants. Vincentz 
Network GmbH; 2007.  
 
3. Randall D, Lee S. The polyurethanes book. 
Everberg, Belgium: Huntsman Polyurethanes; 

2002.  
 
4. da Silva ALD, Martín-Martínez JM, Bordado 
JCM. Influence of the free isocyanate content 
in the adhesive properties of reactive 
trifunctional polyether urethane quasi-

prepolymers. International journal of adhesion 
and adhesives. 2006;26(5):355–62.  
 

5. Clauβ S, Dijkstra DJ, Gabriel J, Kläusler O, 

Matner M, Meckel W, et al. Influence of the 

chemical structure of PUR prepolymers on 
thermal stability. International journal of 
adhesion and adhesives. 2011;31(6):513–23.  
 
6. Frihart C. Wood adhesion and adhesives. 
New York: CRC Press; 2005.  

 
7. Crocombe A. A.Single lap joint geometry. 
In: Da Silva L, Öchsner A, editors. Modeling of 
adhesively bonded joints. Springer; 2008.  
 
8. Dunky M. Urea–formaldehyde (UF) 

adhesive resins for wood. International 
Journal of Adhesion and Adhesives. 
1998;18(2):95–107.  
 
9. Pizzi A, Mittal K. Wood adhesives. CRC 

Press; 2011.  
 

10. Poljanšek I, Fabjan E, Moderc D, Kukanja 
D. The effect of free isocyanate content on 
properties of one component urethane 
adhesive. International Journal of Adhesion 
and Adhesives. 2014;51:87–94.  
 
11. Uyanik N, Yalçinkaya H, Kizilcan N. Poly 

(dimethyl siloxane)-containing five-block 
copolymers: effects of resin blocks. Surface 
Coatings International Part B: Coatings 
Transactions. 2001;84(4):309–16.  
 
12. Gruenewaelder B, Schoetmer B, Haller W, 

Ness B,  Single-Component Polyurethane 
Adhesive United States Patent US 7,259,207 

B2 Aug. 21, 2007 
 
13. Frangi A, Fontana M, Mischler A, Shear 
behavior of bond lines in glued laminated 
timber beams at high temperatures. Wood Sci 

Technol (2004) 38: 119–126 
 
14. Richter K, Pizzi A, Despres. Thermal 
stability of Structural One- Component 
Polyurethane Adhesives for Wood-Structure- 
Property Relationship. Journal of Applied 
Polymer Science. 2006;102:5698–5707 

 
 
15. Kızılcan N, Ustamehmetoğlu B. Chemical 
polymerization of pyrrole in the presence of 
ketone–formaldehyde resins. Journal of 
Applied Polymer Science. 2005;96(3):618–24.  

 
16. Uhl FM, Davuluri SP, Wong S-C, Webster 
DC. Polymer films possessing 



Köken N, Aydın S. JOTCSA. 2020; 7(1): 1-10.   RESEARCH ARTICLE 

10 

 

 

 

nanoreinforcements via organically modified 

layered silicate. Chemistry of materials. 

2004;16(6):1135–42.  
 
17. Chaiko DJ, Leyva AA. Thermal transitions 
and barrier properties of olefinic 
nanocomposites. Chemistry of materials. 
2005;17(1):13–9.  

 

18. Ionescu M. Chemistry and technology of 

polyols for polyurethanes. 2nd edition. Vol. 1. 
Shawbury, Shrewsbury, Shropshire, United 
Kingdom: Smithers Rapra; 2016. 
 
19. F. Merger, G. Schleier and D. 
Schlotterbeck, Germ. Offen. DE 

3,624,924(1988).  



Özgüven FE et al. JOTCSA. 2020; 7(1): 11-18.  RESEARCH ARTICLE

   

Characterization of a Bentonite and Its Permanent Aqueous
Suspension

Fatma Eda Özgüven1  , Abdullah Devrim Pekdemir1  , Müşerref Önal2,*  , 

Yüksel Sarıkaya2  

1Graduate School of Natural and Applied Sciences, Ankara University, Ankara, Turkey
2Department of Chemistry, Faculty of Science, Ankara University, Ankara, Turkey

Abstract:  A bentonite  sample  taken from Reşadiye  (Tokat/Turkey)  deposit  was mixed with  distilled
water. The formed permanent aqueous suspension was separated by decantation from the flocculated
solid fraction. The deflocculated mass percent of the bentonite was evaluated almost 60% by weighing.
The bentonite and its permanently suspended solid fraction are examined by using X-ray diffraction,
chemical, thermal, cation exchange, and particle size analyses. Mineralogy and chemical composition of
the samples were discussed with respect to the experimental results. A sodium-rich aluminum, iron, and
magnesium smectite was determined as the major clay mineral in the bentonite and also illite as minor
one. Clinoptilolite, plagioclase, quartz, opal-CT, calcite, magnesite, and dolomite are the nonclay minerals
found in the bentonite as impurities. The suspension contains large amount sodium-rich smectite and
plagioclase whereas lesser opal-CT. Particle size of the bentonite and deflocculated fraction was found to
be lesser than 11 µm and 2 µm, respectively.
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INTRODUCTION

Natural  sedimentary  rocks  which  contain  a
smectite  to  be  major  clay  mineral  is  called  as
bentonite.  Besides  smectites,  bentonites  also
include  other  clay  and  nonclay  minerals  as
impurities  with  the  different  contents  (1).
Smectites  are  the  ionic  compounds  but
undissolved  in  water.  Their  multiatomic  anions
are hydrated and hydroxylated aluminum, iron,
magnesium  or  lithium  silicates.  The
corresponding  monoatomic  cations  are  Na+ or
Ca2+ as well as both of them and lesser amount
K+. Clay minerals in smectite group were named
according to their chemical composition such as
montmorillonite, beidellite, nontronite, hectorite,
and saponite (2). 

Smectite  anions  formed  from  layers  with  the
three  sheets.  Each  layer  has  two  silica
tetrahedral (T) sheets bonded by oxygen bridges
to a central alumina octahedral (O) sheet. Thus,
smectites  are  called  2:1  (TOT)  layered  clay
minerals (3). There are considerable substitution
of Fe2+, Mg2+ and Li+ for Al3+ in the dioctahedral
sheets and also less substitution of Al3+ for Si4+ in
the tetrahedral  sheets.  Here,  to  have electrical
neutrality, three Mg2+  or Fe2+ are needed instead
of  two  Al3+ or  Fe3+.  Smectites  including  more
divalent or trivalent cations are distinguished as
dioctahedral or trioctahedral.

The  TOT  (2:1)  layers  negatively  charged
depending on these ion exchanges. This negative
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electrical charge is generally balanced by the Na+

and Ca2+ cations diffused between the TOT layers
and  around  their  edges.  These  can  be
exchangeable  with  the  many  inorganic  and
organic  cations.  The  minerals  having  Na+ and
Ca2+ ions as the major exchangeable cations are
called sodium-rich smectite  (NaS) and calcium-
rich smectite (CaS), respectively. Generally, NaS
has one water layer whereas CaS has two ones in
the  interlayer.  NaS  dispersed  in  water  gives
permanent  suspension  whereas  CaS  gives  a
temporary one (4-6). Natural rocks having NaS
or CaS as major clay minerals are called sodium
bentonite  (NaB)  or  calcium  bentonite  (CaB),
respectively.  The  equivalent  amount  of
exchangeable cations in unit mass such as one
kilogram of smectite or bentonite is defined to be
cation exchange capacity (CEC). The high layer
charge  and  cation  exchange  capacity,  high
nanoporosity and surface area, fine particle size
and  also  swelling  capacity,  high  viscosity  and
thixotropy  of  their  aqueous suspension are  the
excellent  physicochemical  properties  of  the
smectites as well as bentonites (7-10).

Natural  and  chemically  modified bentonites  are
used  either  directly  or  as  an  industrial  raw
materials in a large number areas depending on
the physicochemical properties (11-13). Some of
the  areas  directly  used  are  drilling  mud,  dam
filler,  foundry  sand  binder,  pat  litter,  ceramic,
crayons,  cement,  desiccants,  and  agricultural
carriers (14). Some of the modified bentonite and
their  major  clay mineral  smectites  are  used as
decolorization  earth,  catalyst,  pillared  clay,
organoclay,  and  polymer-clay  nanocomposites
(15-17).  They  are  also  used  as  an  additive  to
prepare  paints,  cosmetics,  adhesives,  emulsion
stabilizers,  animal  feed  bonds,  and  cleaning
agents. Pure smectite minerals are rarely found
in the nature. Therefore, they would be isolated
from bentonites.

The usage area and economic value of bentonites
change depending on the type, crystal structure,
and physicochemical properties of their smectite
as  well  as  other  clay  and  nonclay  minerals.
Beside smectite other clay minerals are harmless
for human health whereas the crystalline silicas
such as quartz, cristobalite, and tridymite as well
as a zeolite mineral named erionite are harmful
(18-20).  Fly  powder  of  these  minerals  of  less
than 5  µm particle size and 0.1% by mass in a
bentonite  would  cause  to  an  illness  called  as
silicosis. Therefore, the aim of the present study
is to characterize the minerals in a bentonite and
its permanent aqueous suspensions.

MATERIAL AND METHODS

A  light  yellow-colored  bentonite  sample  taken
from Reşadiye (Tokat, Turkey) bed was used as

the main material in this study. A sample having
the mass of 10 g was weighed from the bentonite
powder which is previously dried at 100 °C for 2
hours.  The  sample  was  mixed  with  0.5  L  of
distilled  water  in  a  beaker.  The  resulting
heterogeneous mixture was stirred for one day
and  then  left  to  stand.  After  one  week,  the
permanent suspensions was removed by pulling
with  a  pipette.  This  decantation  process  was
repeated until  it  does not  form any permanent
suspension.  The  consecutive  suspensions  were
accumulated  in  a  beaker  and  heated  until  the
water  was  removed.  The  formation  of  the
permanent aqueous suspension indicated that the
separated fraction contain a sodium-rich smectite
as  the  major  clay  mineral.  The  Brunauer-
Emmett-  Teller  (BET)  specific  surface  area (S),
specific nanopore volume (V) and nanopore size
distribution of  bentonite (BE) and also separated
fraction (SF)  were determined in an our previous
study (21). According to this, S values for BE and
SF are 27 and 43 m2g-1 as well as V values 0.055
and 0.065 cm3 g-1, respectively.

The  X-ray  diffraction  (XRD)  patterns  for  the
bentonite (BE) and separated fraction (SF) were
recorded from random mounts prepared by glass
slide method using a Rikagu D-Max 2200 Powder
Diffractometer. It operates at 40 kV and 30 mA,
using Ni  filtered CuKα radiation having 0.15418
nm wavelength  at  a  scanning  speed  of  2°  2θ
min-1.

The  BE  and  SF  samples  were  digested  in  a
furnace at  1000  °C for  2  h  and weighed after
cooling to the room temperature. The mass loss
by  this  process  was  taken  as  loss  on  ignition
(LOI).  Chemical  analysis  of  the  samples  were
performed as the mass percent of metal oxides
by  using  a  Hitachi  Z-2200  Atomic  Absorption
Spectrophotometer.

Cation  exchange  capacity  for  the  BE  and  SF
samples were determined by the methylene blue
method (22). Aqueous suspensions of BE and SF
were prepared by mixing 2 g of the sample and
300 mL of distilled water. The pH values of these
suspensions were adjusted in the interval of 2.5
and  3.8  by  using  0.05  M  H2SO4 solution.  The
prepared suspensions were titrated with 0.01 M
aqueous methylene blue solution. The end of the
titration was determined by the blue coloration of
the suspension on a filter paper. 

Thermal gravimetric analysis (TG) and differential
thermal  analysis  (DTA) plots  of  the BE and SF
samples were recorded between 25 and 1400 °C
with the heating rate 10 Kmin-1 and α-Al2O3 was
used as inert material.

Particle  size  distribution  of  the  BE  and  SF
samples  in  their  aqueous  suspensions  were
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determined  by  using  a  Mastersizer  Instrument
based  on  a  light  scattering  technique.  The
content of the BE and SF samples are 0.0187 and
0.0071  as  Vol.  %  in  the  suspensions,
respectively.

RESULTS AND DISCUSSION
 
Mass fraction of the deflocculated solid
Mass of the SF was determined to be 6 g in the
permanent aqueous suspension which is formed
on the heterogeneous mixture of 10 g of BE and
0.5  L  of  distilled  water.  Accordingly,  the  mass
fraction (χ) of SF in BE must be:

χ = 6 g/10 g= 0.6 (Eq. 1)

Namely, the content of the SF in the BE is 60%
by mass.

XRD- analyses
XRD pattern of the BE and SF are respectively
given in Figures 1 and 2. Accordingly, major and
minor clay minerals in bentonite are a sodium-
rich smectite (NaS) and an illite (I), respectively
(23). Illites are 2:1 layered minerals as well as
smectites  but  they  contain  almost

unexchangeable  K+  cations  between  the  layers
instead of exchangeable Na+ and Ca2+. There are
also clay minerals contained mixture of smectite
and  illite  layers  in  different  ratios.  Nonclay
minerals such as silica, carbonate, feldspar, and
zeolite  are  found  in  the  bentonite  in  various
contents  as  impurities.  Opal-A  (OA:SiO2.nH2O),
opal-CT  (OCT:SiO2.nH2O),  and  quartz  (Q:SiO2)
are  the  amorphous,  paracrystalline  and
crystalline silica polymorphs, respectively. Calcite
(C:CaCO3),  magnesite (M:MgCO3),  and dolomite
(D:CaCO3.MgCO3)  are  the  carbonate  minerals.
Clinoptilolite  (Cln)  is  a  zeolite  that  is  the  non-
hydroxylated but  hydrated silicate mineral.  The
chemical  formula  for  the  clinoptilolite  is  given
nearly  as  (Na,Ca)4-6Al6(Al,Si)4Si29O72.24H2O.
Plagioclase  (PO)  found  in  the  bentonite  is  a
feldspar that are the non-hydroxylated and non-
hydrated silicate mineral. Plagioclase is a mixture
of  the  albite  (NaAlSi3O8)  and  anorthite
(CaAlSi2O8)  minerals.  Its  general  chemical
formula  can  be  given  in  the  following  form
NaxCayAlx+2ySi3x+2yO8 where  x+y=1  and  0≤y≤1.
Plagioclase  is  a  ceramic  flux  as  well  as  other
feldspars.  Although  their  crystal  structures  are
different  the  chemical  composition  of  clay,
feldspar  and zeolite  minerals  are  close to  each
other. 

Figure 1. The XRD-pattern for the natural bentonite (NaS: Sodium smectite, I: Illite, Cln: Clinoptilolite,
OA: Opal-A, OCT: Opal-CT, Q: Quartz, PO: Plagioclase, C: Calcite, D: Dolomite, M: Magnesite).

The SF contains feldspar and lesser opal-CT as
the impurities. Evaluating of the XRD-reflection at
2θ=28.2°  indicated  that  the  feldspar  is  a
plagioclase.  The  position  (2θ)  intensity  (I)  and
full width at half maximum (FWHM) peak height

for  the  sodium smectite  (NaS)  and  plagioclase
(PO) minerals were evaluated and represented on
the Figure 2. The type, abundance, and crystallite
for a mineral are characterized by the position,
intensity and width of the major XRD reflections.
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Figure 2. The XRD-pattern for a fraction (SF) of the natural bentonite (BE) that is permanently
deflocculated in water (NaS: Sodium smectite, OCT: Opal-CT, PO: Plagioclase)

The  XRD  reflection  at  2θ=7.3°  is  the  most
characteristic  for  sodium-rich  smectite  (NaS).
This peak results from diffraction of X-rays with
the wavelength λ= 0.15418 nm reflected by the
successive  2:1  (TOT)  layer  surfaces  (n=1).

Accordingly,  the  total  thickness  (d)  of  the  TOT
and  a  water  layers  located  in  the  interlayer
position is calculated from the Bragg equation in
the following form:

d=
nλλ
2 sinλθ

=
1(0.15418nλm)

2sin (7.3/2)°
=1.21nλm (Eq. 2)

Ideal value of the of d for NaS and CaS is 1.2 nm
and  1.5  nm,  respectively.  For  this  reason,  the
clay minerals permanently separated in water is
called sodium-rich smectite.

Full width at half maximum (FWHM) peak height
above  background  for  the  most  characteristic

XRD reflection of NaS is evaluated to be 3.94°
(6.87x10-2 rd)  as  indicated  in  Figure  1.  The
average size (23) of the smectite crystal  in the
direction perpendicular to the reflection surfaces
is calculated from the Scherrer equation (24) in
the following form: 

L=
K λ

FWHM cosθ
=

10(0.15418nλm)

(6.87∗10−2rd)cos (
7.3
2

)
0=25.29nλm  (Eq. 3)

where  K=10  is  a  constant  when  unit  of
wavelength is nm.

Similarly,  the  d and  L parameters  for  the
plagioclase (PO) were calculated given as 
follows:

d=
nλλ
2 sinλθ

=
1(0.15418nλm)

2sin (28.2/2)°
=0.32nλm (Eq. 4)

L=
Kλ

FWHMcosθ
=

10 (0.15418nλm )

(3.70 x10−2 rd )cos (28.2/2)°
=42.98nλm (Eq. 5)
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where  2θ  and  FWHM  values  were  taken  from
Figure 2. These are larger than those of smectite.

Chemical analysis
Chemical analyses of the BE and SF samples are
given  in  Table  1  as  mass  percentages  of  the
metal oxides. Since the chemical composition of
smectites and other silicate minerals are close to
each other there is  no great  significant  change
between  the  chemical  analyses.  However,  the

greater percentages of Al2O3, Fe2O3 and MgO in SF
than  those  of  BE  are  due  to  the  spontaneous
transfer of NaS and plagioclase into the aqueous
suspension. The lesser percentages of CaO in SF
revealed that the calcium-rich smectite, calcite,
and  dolomite  minerals  do  not  spontaneously
deflocculated  into  water.  Consequently,  clay
mineral in the suspension would be a sodium-rich
aluminum, iron, and magnesium smectite.

Table 1. Chemical analysis of the bentonite (BE) and its permanently separated fraction (SF) in water.

Samples SiO2 Al2O3 Fe2O3 MgO TiO2 CaO Na2O K2O IOL
BE 62.60 16.65 3.44 1.63 0.29 3.37 2.59 0.98 8.45
SF 61.97 19.73 4.74 2.40 0.22 0.91 2.58 0.38 7.08

Cation exchange capacity
The  exchangeable  cations  of  smectite  minerals
can  be  quantitatively  displaced  with  the
methylene  blue  cations  (22).  Cation  exchange
capacity of BE and SF were determined as 65 and
108  meq/100  g,  respectively.  Thus,  the  mass
percent of SF in BE would be as follows: 

x=
65meq /100g
108meq /100g

=0.60 (Eq. 6)

This  result  revealed  that  the  feldspar  mineral
found is SF has exchangeable cations such as Na+

and  Ca2+ as  well  as  smectites.  This  value
matched  to  the  mass  ratio  determined  by  the
weighing as the mentioned above.

Thermal analysis
The TG/DTA patterns for the BE and SF samples
are respectively given in Figures 3 and 4. While
the temperature is increasing in the range of 25
and 450 °C, the endothermic mass decreases are
caused from the loss of  the  zeolitic  as  well  as
hydration water in the minerals. The endothermic
mass  decreases  in  the  temperature  interval  of
450  and  750  °C  are  only  due  to  the
dehydroxylation of clay minerals. The mass loss
for the BE and SF samples is evaluated from the
TG curves as 5.3% and 4.4%, respectively. The
exothermic peaks located between 900 and 1000
°C are due to the decomposition of the silicate
minerals  in  the  bentonite  which are  mentioned
above. The endothermic peaks at almost 1200 °C
are caused from the melting of  the plagioclase
which is a fluxing material for ceramic industry.

Figure 3. The TG/DTA curves for the natural bentonite (BE).
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Figure 4.  The TG/DTA curves for a fraction (SF) of the natural bentonite (BE) that is permanently
deflocculated in water.

Particle size distribution
The particle size distribution curves of the BE and
SF  sample  are  given  in  Figures  5  and  6.  Two
peaks laying on the size interval lesser than 2 µm
would  be  caused  from  the  smectite  and
plagioclase  which  are  spontaneously
deflocculated  in  water.  This  result  also  showed
that the particle size of quartz is larger than 2
µm. The third peak in Figure 5 is originated from
other  clay  and  nonclay  particles  that  are

spontaneously  flocculated  fraction  of  the
bentonite  in  a  short  time.  Thus,  the  volume
percent  of  the  deflocculated particles  was read
from the cumulative particle size curve to be 0.60
as  represented  in  Figure  5.  This  value  is
completely  match with  the  mass percent  found
above.  This  equality  revealed  that  the  mean
density  of the BE and SF is almost equal each
other.

Figure 5. The cumulative and differential particle size distribution curves of the natural bentonite (BE).
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Figure 6. The cumulative and differential particle size distribution curves for a fraction (SF) of the natural
bentonite (BE) that is permanently deflocculated in water.

CONCLUSION

The microsized particles of minerals formed from
the agglomeration of their nanosized crystals. A
bentonite and its  fraction which is  permanently
deflocculated  in  water  would  be  extensively
investigated to obtain using areas and economic
value.  Mineralogy,  chemical  composition,  and
several physicochemical properties such as cation
exchange  capacity,  thermal  behavior,  and
particle size distribution of the samples should be
discussed  according  to  the  possible  uses.  The
evidence  of  the  minerals  such  as  quartz,
cristobalite,  tridymite,  and  erionite  which  are
harmful for human health are ought to preciously
investigated. For example, there is quartz in the
examined bentonite with the particle size larger
than  2  µm,  but  it  is  not  permanently
deflocculated in water. So, this harmless fraction
may  be  used  to  prepare  organoclays,  pillared
clays,  electrodes,  and  clay-polymer
nanocomposites.  On  the  other  hand;  drilling
mud,  foundry  sand  binder,  and  dam  filler
preparation are seen the possible uses areas of
the natural  bentonite. Because of the bentonite
contain  harmful  quartz  the  workers  must  use
dust masks. 
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INTRODUCTION

In  general,  ionic  liquids  (ILs)  are  liquid  at
temperatures below 100 °C and those liquids can
remain fluid in a wide temperature range (1). ILs
have attracted intense interest in both academia
and  industry  in  recent  years  due  to  their
impressive properties such as low volatility, high
dissolution  capacity,  large  electrochemical
window,  and  high  thermal  and  electrical
conductivity  (2-4).  One  of  the  most  important
properties of ILs is their environmentally friendly
and  non-hazardous  nature  due  to  negligible
vapor pressures. Thus, ILs have recently been of
great  interest  as  green  chemicals  rather  than
conventional solvents (5).

PILs are obtained by proton transfer between a
Brønsted  acid  and  a  Brønsted  base  (6).  An
equimolar  amount  of  acid  and  base  react
together  in  a  uniform or  aqueous solution.   In
general,  the  rest  of  ILs  can  be  classified  as
aprotic ILs (AILs), but there are some subclasses
similar to PILs such as Brønsted acidic ILs, which
are  typically  functionalized  to  have  a  proton

present  on  the  anion.  PILs  have  many
applications  as  lubricants  (7,  8),  biologically
active  materials  (9,  10),  electrolytes  (11-13),
catalysts (14 15), etc.

Hydroxylammonium-based  PILs  have  hydrogen
bond donor properties that significantly increase
their  applications.  Hydroxylammonium  IL  has
been used to dissolve many insoluble polymers
such  as  zein  (an  industrially  important  natural
polymer),  polyaniline and polypyrrole  (16).  The
effect  of  the  hydroxyl  group on the dissolution
with  polar  solvents  in  this  type  of  IL  was
disclosed  by  determining  the  solvatochromic
parameter  (17).  Nowadays,  aqueous
monoethanolamine  has  been  used  for  the
removal  of  CO2 from  natural  gas  in  industrial
processes due to serious environmental concerns
about volatility, recovery and abrasiveness (18).
Yuan  et  al.  synthesized  a  series  of
hydroxylammonium  ILs  and  determined  the
solubility  of  SO2 at  atmospheric  pressure  (19).
Garaev  et  al.  found  that  hydroxylammonium-
based  ILs  with  carboxylate  anion  are  highly
biodegradable  and  practically  non-toxic  (20).
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Ahfad-Hosseini et al. developed a new method for
the  synthesis  of  celecoxib  (a  selective  COX-2
inhibitor) with high yield and least environmental
hazard  using  tris-(2-hydroxyethyl)ammonium
acetate (II) as IL and evaluated the effect of IL
concentration and reaction temperatures on the
yield of celecoxib production (21). Furthermore,
the  physicochemical  properties  of
hydroxylammonium-based  ILs  such  as  glass
transition  temperature,  density,  conductivity,
sound  velocity,  viscosity  and  decomposition
temperature at different temperatures have been
studied intensively (22-25).

Herein,  the  PILs  consisting  of  tris(2-
hydroxyethyl)ammonium  cation  and  anions  of
different inorganic or carboxylic acids have been
obtained,  and  these  are  tris(2-
hydroxyethyl)ammonium  methacrylate  (PIL1),
tris(2-hydroxyethyl)ammonium dihydrogenborate
(PIL2),  tris(2-hydroxyethyl)ammonium  formate
(PIL3)  and  tris(2-hydroxyethyl)ammonium
acetate (PIL4) (Scheme 1). The structure of the
synthesized  PILs  was  determined  by  elemental
analysis, FTIR,  1H and  13C NMR techniques. The

viscosity  has  been  measured  at  atmospheric
pressure with ambient temperature. 

EXPERIMENTAL

Material and Methods

Triethanolamine,  methacrylic  acid,  boric  acid,
formic acid, and acetic acid were purchased from
commercial  sources  and  used  without  further
purification. 1H- and 13C-NMR spectra of the PILs
were measured using AC Bruker 400 MHz NMR
spectrometer in Methanol-d4 and D2O at ambient
temperature. FT-IR spectra were recorded on a
Jasco FT-IR 4700 spectrometer in the range of
400-4000  cm-1.  Elemental  analyses  were
recorded  on  a  Elementar  Vario  Micro  Cube
elemental  analyzer.  The  viscosity  of  PIL4 was
measured  using  a  Brookfield  DV2TRVCP
Viscometer. The cone and plate method was used
where the sample (0.5 mL) was placed between a
2 cm cone and a flat plate. The cone was made
to  rotate  and  the  viscosity  of  the  sample  was
measured. 
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Scheme 1. The scheme represents the PILs.

General procedure for the synthesis of PILs
1-4

The  PILs  were  synthesized  according  to  the
previous  literature  (26).  A  mixture  of
triethanolamine (5.00  g,  33.51  mmol)  and
methacrylic acid (2.89 g, 33.51 mmol), boric acid
(2.07 g, 33.51 mmol), formic acid (1.54 g, 33.51

mmol)  or  acetic  acid  (2.01  g,  33.51  mmol)  is
prepared in 1:1 molar  ratio.  Triethanolamine  is
placed in a two-necked 100 mL round-bottomed
flask, which is fitted with a dropping funnel, and
connected to a condenser. Methacrylic acid, boric
acid, formic acid or acetic acid  is placed in the
dropping funnel, and added the acid dropwise to
the  diethylenetriamine in the flask. The reaction
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is  vigorous  and  the  rate  is  controlled  by
regulating  the  addition  of  acid.  The  reaction
should be complete in about 24 h. The PILs thus
prepared was kept in a vacuum oven at 80 °C for
48  hours  to  remove  excess  moisture  formed
during the reaction. The dried solvent was sealed
with laboratory parafilm to prevent any moisture
contamination.

Synthesis of PIL1

Anal. Calc. for C6H16NO3
+(C4H5O2

-)  (%): C, 51.05;
H, 9.00; N, 5.95 Found (%): C, 49.96; H, 8.98;
N, 5.92. FTIR (cm-1):   3232 (O-H), 2922 (C-H
aliph.asym.),  2876  (C-H  aliph.sym.),  1644
(C=C), 1551, 1445 (COO-), 1062 (C-N).  1H NMR
(D2O, ppm, numberings of protons are given in
Scheme 1): 3.91 (t, 6H, 3JHH= 4.7 Hz, H1), 3.38
(t, 6H, 3JHH= 4.7 Hz, H2), 5.62; 5.31 (d, 2H, 2JHH=
1.0 Hz, H4), 1.84 (s, 3H, CH3), 4.69-8.04 (m, 4H,
HN+,  OH).  13C NMR (D2O,  ppm,  numberings  of
carbons  are  given  in  Scheme  1):  55.55  (C1),
55.36 (C2), 177.38 (C=O), 142.42 (C3), 120.24
(CH3), 18.92 (C4).

Synthesis of PIL2

Anal. Calc. for C6H16NO3
+(BH2O3

-)  (%): C, 34.15;
H, 8.60; N, 5.12 Found (%): C, 34.23; H, 8.41;
N, 5.18. FTIR (cm-1):   3270 (O-H), 2951 (C-H
aliph.asym.), 2877 (C-H aliph.sym.), 1369 (B-O),
1065  (C-N).  1H  NMR  (methanol-d4,  ppm,
numberings of protons are given in Scheme 1):
3.88 (t, 6H, 3JHH= 5.8 Hz, H1), 3.21 (t, 6H, 3JHH=
5.8  Hz, H2),  3.61-8.06  (m,  6H,  HN+,  OH).  13C
NMR (methanol-d4, ppm, numberings of carbons
are given in Scheme 1): 63.01 (C1), 59.70 (C2).

Synthesis of PIL3

Anal. Calc. for C6H16NO3
+(CHO2

-)   (%): C, 43.07;
H, 8.78; N, 7.18 Found (%): C, 43.38; H, 8.96;
N, 7.22. FTIR (cm-1):   3239 (O-H), 2935 (C-H
aliph.asym.), 2876 (C-H aliph.sym.), 1588, 1439
(COO-), 1060 (C-N). 1H NMR (methanol-d4, ppm,
numberings of protons are given in Scheme 1):
3.77 (t, 6H, 3JHH= 5.3 Hz, H1), 3.24 (t, 4H, 3JHH=
5.3 Hz, H2), 8.43 (s, 1H, -H), 4.77-7.99 (m, 4H,
HN+,  OH).  13C  NMR  (methanol-d4,  ppm,
numberings of carbons are given in Scheme 1):
57.35 (C1), 57.16 (C2), 169.95 (C=O). 

Synthesis of PIL4

Anal. Calc. for C6H16NO3
+(C2H3O2

-)  (%): C, 45.92;
H, 9.15; N, 6.69 Found (%): C, 46.13; H, 8.91;
N, 6.82. FTIR (cm-1):   3187 (O-H), 2924 (C-H
aliph.asym.), 2864 (C-H aliph.sym.), 1563, 1397
(COO-), 1062 (C-N). 1H NMR (methanol-d4, ppm,
numberings of protons are given in Scheme 1):
3.70 (t, 6H, 3JHH= 5.4 Hz, H1), 3.05 (t, 6H, 3JHH=

5.4 Hz, H2),  1.83 (s, 3H, -CH3),  4.77-7.97 (m,
4H,  HN+,  OH).  13C  NMR  (methanol-d4,  ppm,
numberings of carbons are given in Scheme 1):
58.31  (C1),  57.49  (C2),  23.14  (CH3),  178.80
(C=O). 

RESULTS AND DISCUSSION

Tris(2-hydroxyethyl)ammonium  cation  based
PILs  were  synthesized  by  proton  transfer
between  an  equimolar  amount  of
triethanolamine,  and  different  acids  such  as
methacrylic acid, boric acid, formic acid or acetic
acid  (Scheme  1).  The  triethanolamine  and
various acids have been selected based on their
structural  properties  and  availability.  At  room
temperature,  PIL4 is  liquid,  while  PIL1-3 are
quasi-solid  state.  All  the  PILs  were  soluble  in
polar  protic  solvents  such  as  water,  methanol,
and ethanol. There are publications in which the
triethanolamine salt (PIL3 and PIL4) containing
formic and acetic acid is indicated (20, 21, 27).
However, only 1H NMR (using DMSO as a solvent)
and  FT-IR  (using  a  NaCl  disk)  spectroscopic
techniques  were  used  for  structural
characterization.  A  structural  study  based  on
NMR (1H- and 13C-)  spectroscopy of the prepared
PILs was subsequently performed in concordance
with FT-IR spectra and elemental analysis. Thus,
these  studies  have  confirmed  the  presence  of
protonated amine. 

The  chemical  shifts,  multiplicities and  coupling
constants  of  all  PILs  were  determined  by
interpreting  the  1H  and  13C  NMR  signals
(Supplementary Material, Figures S1-8), and are
presented  in  the  "Experimental  Section".  The
three PILs could easily be dissolved in methanol-
d4,  except  PIL1.  For  the  triethanolammonium
cation,  the resonance signals  of  the CH2 group
protons  (3.91-3.70  ppm  for  H1 and  3.38-3.05
ppm for  H2) in the  1Н NMR spectra of PILs are
downfield-shifted  compared  to  the  original
triethanolamine (3.46 ppm for  H1 and 2.57 ppm
for H2) (28). The chemical shift does not exceed
0.8 ppm. The average coupling constant,  3JHH, is
5.3 Hz. Both the OH and the NH resonances are
relatively broad at 3.61-4.77 ppm and 7.97-8.06
ppm,  respectively.  Further,  the  carboxylic  acid
proton (-COOH) at about 8-12 ppm (29) was not
observed  in  the  1Н NMR  spectra  of  the  PIL1,
PIL3 and  PIL4.  This  may be indicative  of  the
formation of PILs. 13С NMR chemical shifts of the
triethanolammonium cation in the spectra of the
studied PILs are in the range of 63.01-55.55 ppm
for the neighboring the oxygen atom (C1), while
those  of  the  protons  adjacent  to  the  nitrogen
atom (C2) are in the range of 59.70-55.36 ppm.
On the other  hand, the  carbonyl  carbon atoms
(C=O)  of  the  PIL1,  PIL3 and  PIL4 were
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observed  at  177.38,  169.95  and  178.80  ppm,
respectively. 

In  tris(2-hydroxyethyl)-ammonium  based  PILs,
the proton of the acid is  located on the onium
nitrogen  atom  (N+H)  in  the  cation  and  forms
trifurcate  hydrogen  bonds  with  three
hydroxyethyl groups resulting in the formation of
the tricyclic protatran cation (30, 31). Therefore,
these PILs are known as protatranes (Figure 1). 

N

H
HO

H
O

H
O

Figure 1. The structure of the tris(2-
hydroxyethyl)-ammonium cation (protatrane).

The  results  of  the  FT-IR  analyses  were  very
similar for all  of  the PILs. In the absorption IR
spectra  of  the  obtained  PILs,  a  broad
characteristic  ammonium  band  of  ν(N+H)  was
observed in the range of 2400–3000 cm−1 (Figure
S9).  In  the  FT-IR spectrum of  triethanolamine,
the strong band at 3303 cm-1 corresponds to the
stretching vibrations of the OH groups involved in
intramolecular hydrogen bonds. The wide band of
ν(ОH) resulting from the high symmetry of theH) resulting from the high symmetry of the
molecules of the PILs was found at about 3232
cm−1.  This band is due to the vibrations of the
three hydroxy groups of the triethanolammonium
cation  in  which  oxygen  atoms  form
intramolecular  hydrogen  bonds  with  the  N+H
hydrogen  atom  (Figure  1).  A  higher  strength
hydrogen bond formed by the OH groups of the
protatant cation with the carboxylic group of the

acid  anion  results  in  ν(ОH) resulting from the high symmetry of theН)  bands  at  low
frequencies (~3153 cm-1) (32). This explanation
disagrees with the FT-IR results of the PILs, the
spectrum  of  which  does  not  have  this  band.
Protatrane methylene CH2 vibrations correspond
to the bands at 2951–2864 cm−1. The PILs show
two strong absorption bands between 1563-1551
and 1445–1397 cm−1, which are assigned to the
asymmetric and symmetric stretching vibrations
of  the  carboxylate  ion,  ν(COO–),  respectively,
indicating clearly the PIL formation. At the same
time, it was known that the degree and nature of
interaction  between  the  cation  and  anion  in
proptatrane  is  reflected  in  the  frequencies  of
symmetric  and  asymmetric  vibrations  ν(COO–)
(33,  34).  The  difference  between  these  values
(Δν) is used as a criterion of the structure of the
molecule. The value of Δν > 200 cm–1 points to a
significant  asymmetry  of  the  carboxylic  group,
while the value of Δν < 200 cm–1 is indicative of
its approximate symmetry (35). The molecule of
PIL1 is characterized by the vibration bands of
the  carboxylate  anion  at  1551  [νas(СОH) resulting from the high symmetry of theO–)]  and
1445 cm–1  [νs(СОH) resulting from the high symmetry of theO–)]. The value of Δν equal to
106 cm–1 points to a significant symmetry of the
carboxylic group. It can be assumed that other
PIL3 (149 cm-1) and PIL4 (166 cm-1) with Δν <
200  cm–1 have  the  structure  close  to  that  of
PIL1. 

The  viscosity  of  the  PIL4 which  was  liquid  at
ambient temperature was measured. Considering
the fluidity of PIL4, CP52 type spindle was used
to measure the viscosity of this PIL, and viscosity
value was given in Table 1. Most PILs are viscous
liquids, the viscosities being comparable to and
greater  than  the  viscosity  of  water  (water’s
viscosity is 0.7977 cP at 30 °C) (36). Also, the
viscosity of the  PIL4 is higher compared to the
initial triethanolamine (404 cP at 30 °C) (37).

Table 1. Viscosity data of PIL4.
Code Viscosity (cP) Temperature (°C) Speed (RPM) Torque (%) Spindle
PIL4 829 29 60 50.1 CP-52

CONCLUSION

Four  triethanolammonium-based  PILs  which
belongs to the class of protic alkanolammonium
ionic  liquids,  have  been  synthesized  by  proton
transfer  reaction  from carboxylic  and  inorganic
acids to triethanolamine. These  PILs show good
solubility in polar solvents (water, alcohols, etc.).
The  PILs  have  been  established  by  elemental
analysis  and  1H,  13C  NMR,  FT-IR  spectroscopic
methods.  It is shown that the obtained spectral
characteristics confirm salt formation  for all  the
studied  compounds.  The  structure  of  PILs
depends on the type and strength of hydrogen
bonds  between  the  triethanolammonium cation

(protatrane) and carboxylate anion, which affects
the  frequencies  of  stretching  vibrations  of  OH-

and СOO– groups.
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Abstract:  Six thiazolyl-pyrazoline derivatives  were  synthesized starting  from corresponding chalcone
compounds  for  their  antioxidant  capacity  and  antiurease  inhibitory  activities.  In  addition  to  the
conventional method, ultrasonic sonication and microwave irradiation methods which are environmental
methods were used in the synthetic stage. Compound 2-(5-(3-bromophenyl)-3-phenyl-4,5-dihydro-1H-
pyrazol-1-yl)-4-phenyl thiazole (5a) exhibited the most potent antiurease activity with IC50 of 2,28±0,02,
which was comparable to the positive control.
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INTRODUCTION

Thiazoles  and  their  derivatives  have  taken
continuing attention  over  the  years  because  of
their  various  biological  activities  such  as  anti-
hypertensive,  anti-inflammatory,  analgesic,
antimicrobial, anti-HIV, and herbicidal activity (1-
5).  Commercially  available  drugs  such  as
blenoxane,  bleomycine,  and  tiazofurin  have  a
thiazole  ring  in  their  structure  (6).  In  many
studies, it has been seen that thiazole derivative
compounds  have  tuberculostatic,  antibacterial,
antifungal,  antiurease, and antioxidant activities
(7-9).  One  of  the  important  heterocyclic
structure, pyrazoles have attracted the attention
of organic chemists in recent years due to their
wide  biological  activity  properties.  Compounds
containing pyrazole nucleus are known to have
analgesic,  anti-inflammatory,  antipyretic,
antiarrhythmic, muscle relaxant, psychoanaleptic,
anticonvulsant,  hypotensive,  antidiabetic  and

antibacterial activities (10-16). The yield, which
is one of the problems experienced in the field of
synthetic  organic  chemistry,  has  an  important
place  in  modern  drugs  discovery.  In  organic
reactions,  the  compounds  should  be  quick  and
easy to synthesize, and the obtained compounds
should be pure and easy to separate. From this
perspective,  organic  chemists  and  researchers
from many  other  scientific  fields  show  a  great
deal of interest in the application of new methods
and  synthetic  strategies.  Compared  to
conventional  method,  microwave-assisted  and
ultrasonic  sonicated  synthesis  have  applied  as
advantageous  methods  for  achieving  these
objectives (17-27).

Urease  (urea  amidohydrolase;  E.C.3.5.1.5),  a
nickel-containing  metalloenzyme,  catalyzes  the
hydrolysis  of  urea  to  ammonia  and  carbon
dioxide  (28).  Urease  activity  has  been  an
important virulence factor in the pathogenesis of
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many clinical  conditions that are detrimental  to
human and animal health and agriculture. At the
same  time,  urease  is  the  main  cause  of  the
occurrence of pathogens induced by Helicobacter
pylori  and thus the colonization of  the bacteria
survives  even  at  the  low  pH  of  the  stomach.
Therefore, these bacteria can cause gastric and
peptic  ulcers.  (29).  Many  strategies  based  on
urease inhibition are used for the treatment of
infections  caused by urease-producing bacteria.
In this paper, we reported here the synthesis and
biological activity screening studies of a series of
thiazolyl-pyrazoline  derivatives  by  using  green
chemistry techniques (Microwave irradiation and
ultrasound sonication) and conventional method. 

EXPERIMENTAL

All  chemicals  used  in  synthetic  phase  and
biological  activity  assays  were  purchased  from
FlukaChemie AG Buchs (Switzerland). The Büchi
B-540  apparatus  was  used  to  determine  the
melting points of the obtained compounds. The
progress of reactions were followed by thin-layer
chromatography  (TLC)  on  silica  gel  60F254

aluminum  sheets.  Ethyl  acetate:diethyl  ether
(1:1)  and  ethyl  acetate:chloroform  (2:1)  were
used  as  mobile  phase  and  detection  was
performed  using  UV  light.  FT-IR  spectra  were
recorded using a Perkin Elmer 1600 series FTIR
spectrometer. 1H NMR and 13C NMR spectra were
registered in DMSO-d6 on a Bruker Avance II 400
MHz NMR Spectrometer (400.13 MHz for  1H and
100.62  MHz  for  13C).  The  chemical  shifts  are
given  in  ppm  relative  to  Me4Si  as  an  internal
reference,  J values are given in  Hz.  Microwave
and ultrasound mediated syntheses were carried
out  using  monomode  CEM-Discover  microwave
apparatus and Bandelin Sonorex Super RK102H
ultrasonic  bath,  respectively.  The  Mass  spectra
were  obtained  on  a  Quattro  LC-MS  (70  eV)
Instrument.

General  method  for  the  synthesis  of
compounds 3a,b
Method 1. Substituted benzaldehyde compounds
(10 mmol)  and  acetophenone  (10  mmol)  were
dissolved in 30 mL of ethanol. The mixture was
stirred  for  several  minutes  at  10  oC  until
dissolved.  Then  1  mL  of  a  40%  aqueous
potassium hydroxide  solution was added slowly
to  the  reaction  flask  with  a  self-equalizing
addition funnel. The reaction solution was allowed
to stir at room temperature for approximately 4-
5  h.  After  completion  of  the  reaction,  a  solid
precipitate  formed  and  filtered.  The
corresponding  product  was  crystallized  from
ethanol. 

Method  2. The  solution  of  corresponding
benzaldehyde (10 mmol) and acetophenone (10
mmol) in ethanol (5 mL) was irradiated 30 oC, 50
W for 35-40 min in closed vessel in the presence
of 1 mL of a 40% aqueous potassium hydroxide
solution.  After  completion  of  the  reaction  (the
progress of the reaction was followed by TLC), a
solid  precipitate  formed  and  filtered.  The
corresponding  product  was  crystallized  from
ethanol.

Method  3.  The  solution  of  corresponding
benzaldehyde (10 mmol) and acetophenone (10
mmol)  in  ethanol  (5 mL) was sonicated in  the
presence of 1 mL of a 40% aqueous potassium
hydroxide  solution  for  30-35  min.  After
completion of the reaction (the progress of the
reaction was followed by TLC), a solid precipitate
formed and filtered.  The corresponding product
was crystallizated from ethanol.

(E)-3-(3-bromophenyl)-1-phenylprop-2-en-
1-one (3a)
FT-IR(υmax,  cm-1):  3063,  1656,  1604,  1215.  1H
NMR (DMSO-d6, δppm): 7.42 (t, 1H, ppm): 7.42 (t, 1H,  J=16.0 Hz,
arH), 7.58 (t, 2H, J=16.0 Hz, arH), 7.64 (d, 1H,
J=8.0 Hz, arH), 7.68 (d, 1H, J=8.0 Hz, arH), 7.88
(d,  1H,  J=4.0  Hz,  CH),  8.03  (d,  1H,  J=4.0
Hz,CH), 8.18 (s, 1H, arH), 8.21 (d, 2H, J=8.0 Hz,
arH).  13C NMR (DMSO-d6,  δppm): 7.42 (t, 1H, ppm): arC:  (126.86
(C), 128.74 (CH), 129.13 (2CH), 129.28 (2CH),
131.33 (CH),  133.81 (CH),  137.65 (C),  137.80
(C)), 124.02 (CH), 142.69 (CH), 189.53 (C=O).
EI  MS  m/z (%):287.17  ((M)+,  100),  289.19
((M+2)+, 44).

(E)-3-(2-chloro-6-fluorophenyl)-1-
phenylprop-2-en-1-one (3b)
FT-IR(υmax,  cm-1):  3090,  1664,  1598,  1270.  1H
NMR (DMSO-d6, δppm): 7.42 (t, 1H, ppm): 7.42 (t, 1H,  J=20.0 Hz,
arH),  7.49-7.57  (m,  2H,  arH),  7.60  (t,  2H,
J=16.0 Hz, arH), 7.71 (t, 1H,  J=16.0 Hz, arH),
7.83 (s, 1H, CH), 7.86 (s, 1H, CH), 8.06  (d, 2H,
J=4.0 Hz, arH). 13C NMR (DMSO-d6, δppm): 7.42 (t, 1H, ppm): arC:
(116.05 (d,  J=20.0 Hz, CH), 121.80 (d,  J=15.0
Hz,  C),  128.95  (2CH),  129.25  (d,  J=12.0  Hz,
CH), 129.49 (2CH), 132.68 (d,  J=10.0 Hz, CH),
133.72 (CH),  134.04 (CH),  137.49 (C),  135.51
(C),  161.73  (dC-F,  J=253.0  Hz,  C)),  126.82 (d,
J=3.0 Hz, CH), 142.69 (CH), 189.78 (C=O).  EI
MS m/z (%):261.70 ((M+1)+, 100).

General  method  for  the  synthesis  of
compounds 4a,b
Method 1.  A mixture of chalcone derivatives (10
mmol),  thiosemicarbazide (15 mmol),  and KOH
(10 mmol) was refluxed in ethanol (30 mL) for 6-
7 h. After cooling, the solution was poured into
ice-water  and  stirred  for  a  few  minutes.  The
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precipitate  was  filtered  and  crystallized  from
ethanol.

Method 2.  A mixture of chalcone derivatives (10
mmol),  thiosemicarbazide (15 mmol),  and KOH
(10 mmol) in ethanol (10 mL) was irradiated in a
closed vessel at 100 W, 100  oC for 40-50 min.
After cooling, the solution was poured into ice-
water  and  stirred  for  a  few  minutes.  The
precipitate  was  filtered  and  crystallized  from
ethanol.

Method 3.  A mixture of chalcone derivatives (10
mmol),  thiosemicarbazide (15 mmol),  and KOH
(10 mmol) in ethanol (10 mL) was sonicated at
50 oC for 35 min. After cooling, the solution was
poured  into  ice-water  and  stirred  for  a  few
minutes.  The  precipitate  was  filtered  and
crystallized from ethanol.

5-(3-bromophenyl)-3-phenyl-4,5-dihydro-
1H-pyrazole-1-carbothioamide (4a)
FT-IR(υmax, cm-1): 3482, 3343, 3063, 1564, 1470,
1341.  1H NMR (DMSO-d6,  δppm): 7.42 (t, 1H, ppm):  3.20  (q,  1H,
J=20.0 Hz), 3.91 (q,  1H,  J=32.0 Hz), 5.94 (q,
1H, J=12.0 Hz, CH), 7.14 (d, 1H, J=8.0 Hz, arH),
7.30 (d, 2H,  J=4.0 Hz, arH), 7.43-7.47 (m, 4H,
arH), 7.89 (d, 2H, J=8.0 Hz, arH), 8.12 (bs, 2H,
NH2).  13C NMR (DMSO-d6,  δppm): 7.42 (t, 1H, ppm):  42.69  (CH2),
62.82  (CH),  arC:  (122.14  (C),  124.88  (CH),
127.65  (2CH),  128.57  (CH),  129.16  (2CH),
130.29 (CH),  131.12 (CH),  131.22 (C),  131.33
(CH), 146.14 (C)), 155.46 (C=N), 176.14 (C=S).
EI MS  m/z (%): 300.22 (42),  361.29 ((M+1)+,
100). 

5-(2-chloro-6-fluorophenyl)-3-phenyl-4,5-
dihydro-1H-pyrazole-1-carbothioamide (4b)
FT-IR(υmax,  cm-1):  3255,  3084,  1583,  1473.  1H
NMR (DMSO-d6, δppm): 7.42 (t, 1H, ppm): 3.25 (q, 1H, J=20.0 Hz),
3.99 (q, 1H, J=28.0 Hz), 6.17 (q, 1H, J=16.0 Hz,
CH), 7.14-7.20 (m, 1H, arH), 7.31 (s, 2H, arH),
7.48 (s, 3H, arH), 7.88 (s, 2H, arH), 8.03 (s, 2H,
NH2).  13C NMR (DMSO-d6,  δppm): 7.42 (t, 1H, ppm):  43.20  (CH2),
58.37  (CH),  arC:  (115.68  (CH),  125.78  (CH),
127.48 (2CH), 128.51 (d,  J=6.0 Hz, C), 129.14
(2CH), 129.81 (d, J=10.0 Hz, CH), 130.90 (CH),
131.29 (C), 133.98 (d, J=7.0 Hz, C), 161.32 (dC-

F, J=248.0 Hz, C)), 154.76 (C=N), 175.99 (C=S).
EI MS m/z (%): 334.83 (60), 356.88 ((M+Na)+,
100).

General  method  for  the  synthesis  of
compounds 5a-f
Method  1. The  mixture  of  corresponding
compound (10 mmol)  and substituted  phenacyl
halides  (10  mmol)  in  ethanol  (25  mL)  was
refluxed in 80  oC for 3-4 h. After completion of
reaction,  the  solvent  was  evaporated  under

reduced  pressure  and  a  solid  appeared.  The
precipitate  was  filtered  by  washing  cold  water
and crystallized from methylene chloride/ethanol
(1:1).

Method  2. The  mixture  of  corresponding
compound (10 mmol)  and substituted  phenacyl
halides  (10  mmol)  in  ethanol  (10  mL)  was
irradiated  in  monomode  microwave  reactor  in
closed vessel at 100 oC, 100 W for 20 min. After
completion  of  reaction,  the  solvent  was
evaporated under reduced pressure and a solid
appeared. The precipitate was filtered by washing
cold  water  and  crystallized  from  methylene
chloride/ethanol (1:1).

Method  3. The  mixture  of  corresponding
compound (10 mmol)  and substituted  phenacyl
halides  (10  mmol)  in  ethanol  (10  mL)  was
sonicated at 50oC for 15 min. After completion of
reaction,  the  solvent  was  evaporated  under
reduced pressure and a solid was appeared. The
precipitate  was  filtered  by  washing  cold  water
and crystallized from methylene chloride/ethanol
(1:1).

2-(5-(3-bromophenyl)-3-phenyl-4,5-
dihydro-1H-pyrazol-1-yl)-4-phenylthiazole
(5a)
FT-IR(υmax, cm-1): 3107, 2916, 1617, 1532, 1318.
1H NMR (DMSO-d6, δppm): 7.42 (t, 1H, ppm): 3.46 (q, 1H,  J=24.0
Hz),  4.06  (q,  1H,  J=32.0  Hz),  5.67  (q,  1H,
J=20.0 Hz, CH),  7.34 (t,  1H,  J=16.0 Hz, arH),
7.41 (s, 1H, arH), 7.43 (s, 3H, arH), 7.49 (d, 5H,
J=4.0  Hz,arH),  7.69  (s,  1H,  CH),  7.74 (d,  2H,
J=8.0 Hz, arH), 7.80 (d, 2H, J=8.0 Hz, arH). 13C
NMR (DMSO-d6, δppm): 7.42 (t, 1H, ppm): 42.69 (CH2), 62.82 (CH),
105.87  (CH),  arC:  (122.07  (C),  126.21  (2CH),
126.98  (2CH),  127.65  (2CH),  128.99  (2CH),
129.31 (2CH), 130.58 (CH), 130.70 (CH), 130.96
(CH),  131.26  (C),  131.30  (CH),  132.48  (C),
133.72  (C),  144.63  (C)),  149.62  (C),  153.74
(C=N),  164.95  (thiazole  C2).  EI  MS  m/z (%):
304.39 (35), 384.46 (48), 461.41 ((M+1)+, 100).

2-(5-(3-bromophenyl)-3-phenyl-4,5-
dihydro-1H-pyrazol-1-yl)-4-(4-
chlorophenyl)thiazole (5b)
FT-IR(υmax, cm-1): 3061, 2917, 1609, 1532, 1306.
1H NMR (DMSO-d6, δppm): 7.42 (t, 1H, ppm): 3.38 (q, 1H,  J=16.0
Hz),  4.03  (q,  1H,  J=28.0  Hz),  5.67  (q,  1H,
J=20.0  Hz,  CH),  6.91  (d,  2H,  J=8.0  Hz,  arH),
7.31 (d, 2H,  J=8.0 Hz, arH), 7.45 (s, 1H, CH),
7.49 (d, 3H,  J=8.0 Hz,arH), 7.64 (s, 2H, arH),
7.75 (d, 1H, J=8.0 Hz, arH), 7.81 (d, 3H, J=8.0
Hz,  arH).  13C  NMR  (DMSO-d6,  δppm): 7.42 (t, 1H, ppm):  43.25
(CH2),  64.27  (CH),  105.89  (CH),  arC:  (122.92
(C), 126.21 (CH), 126.98 (2CH), 127.66 (2CH),
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128.99  (2CH),  129.30  (2CH),  130.58  (CH),
130.70 (CH),  130.95 (CH),  131.27 (C),  131.30
(CH),  132.47  (C),  133.73  (C),  144.63  (C)),
149.61 (C), 153.75 (C=N), 164.95 (thiazole C2).
EI  MS  m/z (%):  246.76  (35),  332.45  (58),
495.88 ((M+1)+, 100).

2-(5-(3-bromophenyl)-3-phenyl-4,5-
dihydro-1H-pyrazol-1-yl)-4-(2,4-
dichlorophenyl) thiazole (5c)
FT-IR  (υmax,  cm-1):  3069,  2919,  1625,  1518,
1358.  1H NMR (DMSO-d6,  δppm): 7.42 (t, 1H, ppm):  3.45  (q,  1H,
J=24.0 Hz), 4.06 (q,  1H,  J=28.0 Hz), 5.67 (q,
1H, J=20.0 Hz, CH), 7.28 (d, 1H, J=8.0 Hz, arH),
7.33-7.38 (m, 4H, arH), 7.50 (d, 4H,  J=8.0 Hz,
arH), 7.71 (d, 1H,  J=4.0 Hz, arH), 7.74 (s, 1H,
CH),  7.81  (d,  2H,  J=8.0  Hz,  arH).  13C  NMR
(DMSO-d6,  δppm): 7.42 (t, 1H, ppm):  43.23  (CH2),  64.35  (CH),
105.05  (CH),  arC:  (122.05  (C),  125.98  (CH),
126.22 (CH), 126.96 (CH), 128.05 (CH), 128.15
(C), 128.98 (2CH), 129.31 (2CH), 130.54 (CH),
130.75 (CH), 130.92 (CH), 131.29 (CH), 131.32
(C), 134.86 (C), 136.45 (C), 144.76 (C)), 150.87
(C), 153.55 (C=N), 164.83 (thiazole C2).  EI MS
m/z (%):  316.41  (30),  461.29  (64),  530.31
((M+1)+, 100).

2-(5-(2-chloro-6-fluorophenyl)-3-phenyl-
4,5-dihydro-1H-pyrazol-1-yl)-4-
phenylthiazole (5d)
FT-IR  (υmax,  cm-1):  3055,  2921,  1605,  1542,
1340.  1H NMR (DMSO-d6,  δppm): 7.42 (t, 1H, ppm):  3.51  (q,  1H,
J=8.0 Hz), 4.05 (q, 1H, J=16.0 Hz), 6.18 (q, 1H,
J=20.0  Hz,  CH),  7.26  (d,  1H,  J=8.0  Hz,  arH),
7.33 (d, 4H, J=8.0 Hz, arH), 7.50 (d, 5H, J=8.0
Hz, arH), 7.70 (s, 1H, CH), 7.80 (d, 4H,  J=8.0
Hz,  arH).  13C  NMR  (DMSO-d6,  δppm): 7.42 (t, 1H, ppm):  43.76
(CH2),  60.21  (CH),  104.60  (CH),  arC:  (125.87
(2CH),  126.78  (2CH),  127.97  (2CH),  128.92
(2CH),  129.32 (2CH),  130.39 (CH),  130.84 (d,
J=9.0 Hz, CH), 131.37 (2C), 134.88 (C), 136.39
(C), 161.88 (dC-F,  J=248.0 Hz, C)), 150.73 (C),
153.05 (C=N), 164.08 (thiazole C2).  EI MS m/z
(%):  434.94  ((M+1)+,  100),  456.95  ((M+Na)+,
57).

2-(5-(2-chloro-6-fluorophenyl)-3-phenyl-
4,5-dihydro-1H-pyrazol-1-yl)-4-(4-
chlorophenyl)thiazole (5e)
FT-IR  (υmax,  cm-1):  3111,  2972,  1612,  1543,
1320.  1H NMR (DMSO-d6,  δppm): 7.42 (t, 1H, ppm):  3.52  (q,  1H,
J=24.0 Hz), 4.06 (q,  1H,  J=28.0 Hz), 6.17 (q,
1H, J=20.0 Hz, CH), 7.39 (d, 4H, J=8.0 Hz, arH),
7.42 (s, 1H, CH), 7.49 (s, 3H, arH), 7.74 (s, 2H,
arH),  7.80  (d,  3H,  J=4.0  Hz,  arH).  13C  NMR
(DMSO-d6,  δppm): 7.42 (t, 1H, ppm):  42.82  (CH2),  60.02  (CH),
105.02 (CH), arC: (126.80 (2CH), 127.53 (2CH),
128.95 (2CH), 129.33 (2CH), 129.75 (C), 130.45
(2CH),  130.84 (CH),  130.94 (CH),  131.32  (C),

132.42 (C), 133.75 (C), 136.54 (C), 161.88 (dC-F,
J=249.0  Hz,  C)),  149.47  (C),  153.27  (C=N),
164.16  (thiazole  C2).  EI  MS  m/z (%):  286.56
(37), 358.46 (58), 469.40 ((M+1)+, 100).

2-(5-(2-chloro-6-fluorophenyl)-3-phenyl-
4,5-dihydro-1H-pyrazol-1-yl)-4-(2,4-
dichlorophenyl)thiazole (5f)
FT-IR  (υmax,  cm-1):  3084,  2918,  1621,  1557,
1306.  1H NMR (DMSO-d6,  δppm): 7.42 (t, 1H, ppm):  3.38  (q,  1H,
J=24.0 Hz), 4.03 (q,  1H,  J=28.0 Hz), 5.65 (q,
1H, J=16.0 Hz, CH), 6.92 (d, 2H, J=8.0 Hz, arH),
7.34 (d, 2H,  J=8.0 Hz, arH), 7.39 (s, 1H, CH),
7.43 (d, 2H, J=8.0 Hz, arH), 7.49 (d, 2H, J=8.0
Hz, arH), 7.76 (d, 1H,  J=8.0 Hz, arH), 7.80 (d,
2H,  J=8.0 Hz, arH).  13C NMR (DMSO-d6, δppm): 7.42 (t, 1H, ppm):
43.46  (CH2),  64.15  (CH),  105.50  (CH),  arC:
(126.87  (2CH),  127.66  (2CH),  128.45  (C),
128.49  (2CH),  129.00  (2CH),  129.31  (2CH),
130.45 (CH), 131.47(C), 132.39 (C), 133.84 (C),
134.10  (C),  136.75  (C),  160.34  (dC-F,  J=243.0
Hz,  C)),  149.69  (C),  153.44  (C=N),  164.87
(thiazole  C2).  EI  MS  m/z (%):  356.63  (36),
430.76 (51), 503.84 ((M+1)+, 100).

Antioxidant activity 
Antioxidant  activity  studies:  In  the  DPPH  (2,2-
diphenyl-1-picrylhydrazyl)  radical  scavenging
activity method developed by Blois (33), freshly
prepared 1mL methanolic DPPH solution and 100
µL  dissolved  compound  in  DMSO  were  mixed.
After mixing, the reaction content was incubated
for 30 min at room temperature in the dark and
was then measured at 520 nm. By drawing the
graph of absorbance readings, the SC50 value is
calculated  by  determining  the  concentration  of
50% of the total amount of DPPH radical.

FRAP (the ferric reducing ability of plasma) assay
described  by  Benzie  &  Strain  (34)  with  some
modification  was  carried  out  to  all  synthesized
compounds. According to this method, To 100 µL
of  each  sample  was  added  2.9  mL  newly
prepared  FRAP  reagent  containing  300  mmol/L
acetate buffer (pH 3.6), 10 mmol/L TPTZ (2,4,6-
tripyridyl-s-triazine) and 20 mmol/L FeCl3.6H2O in
proportions of 10:1:1 (v/v/v). The mixture was
incubated for 30 min at 37  oC and measured at
593 nm. The values were expressed as  µmol of
Trolox/g.  CUPRAC  (cupric  ion  reducing
antioxidant capacity) was measured following the
procedure  described  by  Apak  et  al.  (35)  with
some  modification.  Briefly,  100  µL  of  each
chemical  solution  was  mixed  with  900  mL  bi-
distilled water,  1  mL acetate  buffer  solution (1
mmol/L, pH: 7.0), 1 mL CuCl2 (10 mmol/L) and 1
mL 7.5 mmol/L neocuproine to a final volume of
4 mL. The reaction mixture was then incubated in
the dark for 30 min at room temperature,  and
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the  absorbance  of  the  reaction  mixture  was
measured  at  450  nm  against  a  water  blank.
Trolox  was  used  as  the  standard  calibration
curves, and the results were expressed as  µmol
Trolox equivalent per g.

In vitro antiurease inhibition assay (36)
Reaction mixtures including 25 µL of Jack Bean
urease,  55 µL of  buffer  (0.01 mol/L K2HPO4,  1
mmol/L EDTA and 0.01 mol/L LiCl, pH 8.2) and
10 mmol/L urea were incubated with 5 µL of the
test compounds at room temperature for 15 min
in microtiter plates. The production of ammonia
was measured following the indophenol method
and was used to determine the urease inhibitory
activity.  The  phenol  reagent  (45  µL,  1%  w/v
phenol  and  0.005%  w/v  sodium  nitroprusside)
and  alkali  reagent  (70  µL,  0.5%  w/v  sodium
hydroxide and 0.1% v/v NaOCl) were added to
each  well.  This  mixture  was  incubated  for  15
minutes more at 35 °C and optical density was
measured  at  625  nm  against  a  blank  solution
including distilled water instead of enzyme. For

the  determination  of  the  IC50 value  of  the
extracts, activity assays were conducted at five
different extract concentration and dose-response
curve  was  generated.  Thiourea  was  used  as
standard inhibitor.

RESULTS AND DISCUSSION 

Chemistry
The  synthesis  of  thiazole  derivatives  was
demonstrated  in  Scheme 1.  Acetophenone  was
treated with 3-bromobenzaldehyde and 2-chloro-
6-fluorobenzaldehyde  afforded  substituted
chalcones (3a,b) in excellent yields (92%, 88%),
respectively.  Pyrazoline  derivatives (4a,b)  were
synthesized  by  the  reaction  between  obtained
chalcone  compounds  (3a,b)  and
thiosemicarbazide  in  basic  medium  via  inter-
molecular cyclization. The final compounds (5a-f)
were  obtained  by  condensing  with  pyrazolinyl
substituted  thioamides  (4a,b)  and  α-halo
ketones.

O

+ R1CHO

2a-b1

KOH, EtOH
       rt

O

R1

KOH, EtOH
    reflux

H2N N
H

NH2

S

NN
R1

S
NH2

Phenacyl 
halides

EtOH, reflux

NN
R1

N
S

R2

3a-b 4a-b

5a-f
Scheme 1. Synthesis of thiazolyl-pyrazoline derivatives (5a-f).
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Table 1. Molecular formula of all compounds.
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In  the  present  study,  all  reactions  were  firstly
performed  by  conventional  method.  Microwave
irradiation  and  ultrasonic  sonication  methods
which  are  greener  techniques,  were  performed
instead  of  conventional  method  due  to  lower
yield, longer reaction times and too much solvent
consumption.  When  applied  the  greener
methods, MW and US, for synthesizing chalcone
and thioamide derivatives (3a,b and  4a,b), the
reaction time decreased from 4-5 h to 35-40 min
(for 3a,b) and from 6-7 h to 35 min (for 4a,b).
Also, the reaction yields increased from 76-83%
to 84-92% (Table 4). In order to obtain the final
products,  optimization  studies  were  applied  in
microwave and ultrasound methods. To optimize
reaction  conditions  in  microwave  irradiation
method,  5a was selected  and microwave (MW)
irradiation  was  enforced  at  various  power,
temperature  values  and  time  (the  progress  of
reaction  was  monitored  by  TLC)  (Table  2).
Microwave irradiation reduced the reaction time

from  3  h  to  20  min  when  compared  to
conventional method. Another advantage of the
microwave-irradiated  optimization  study  is  the
increase  in  reaction  yield.  When  Table  2  is
examined, the yields of 76% for have increased
to 83%.

After  observing  the  yield  increase  in  the
microwave  irradiation  method,  we  decided  to
perform  this  study  with  ultrasonic  sonication
method, which was used in previous studies and
obtained  very  good  reaction  yields  (30).  For
optimization  conditions  in  ultrasound  method,
again  5a was chosen, and US was implemented
at  different  temperature  and  time.  When  the
results were investigated, the best reaction yield
was obtained in 50  oC 15 min with 89% (Table
3). When the three methods were compared, the
lowest reaction time, the best reaction yield and
the minimum solvent consumption were obtained
in the ultrasonic method, so the synthesis of the
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remaining  compounds  was  also  performed
according to this method.Table 2. Optimization
conditions  of  the  reaction  in  Microwave
Irradiation.

All of the compounds represented in Table 1 were
characterized  by  spectroscopic  methods  (FT-IR,
1H NMR, 13C NMR and EI-MS). In FT-IR spectra of
compounds  3a and  3b,  a  sharp peak at  1656-
1664  cm-1  verified  the  presence  of  carbonyl
group. The methylene protons were observed at
7.83-8.03 ppm in 1H NMR spectrum and another
evidence  that  supports  the  formation  of
structures  is  the  carbon  peaks  of  the  carbonyl
group in  13C NMR at 189.53-189.78 ppm. FT-IR
spectrum  of  pyrazoline  derivative  compounds
formed by intramolecular cyclization of chalcone
and  thiosemicarbazide,  the  carbonyl  peak  was
lost  and  amino  stretching  vibrations  were
observed. The CH2 and CH protons observed in
the 1H NMR spectrum showed that the pyrazoline
ring was formed. Also, the absence of carbonyl
carbon  in  the  13C  NMR  spectrum  and  the
resonance of the pyrazoline CH2 and CH carbons
at the relevant sites supported the formation of
the structure. C=N stretching bands occurring at
1518-1625  cm-1 in  the  FT-IR  spectrum  of  the
thiazole derivatives (5a-f) and the disappearance
of the amino group in the previous compounds
proved  the  formation  of  structures.  The  CH
protons in the thiazole ring  resonated as a sharp

singlet  between  7-8  ppm  in  the  1H  NMR
spectrum.  Meanwhile,  the  vicinal  protons  in
pyrazole ring appeared in the region of 3.38-4.06
and 5.65-6.18 ppm. In  13C NMR spectra, carbon
atom  of  CH  from  thiazole  ring  occurred  in
164.08-164.95  ppm.  The  appearance  of  (M),
(M+1),  (M+2)  and/or  (M+Na)  ion  peaks  at
corresponding  m/z  values  confirming  their
molecular  masses  for  all  compounds  in  EI-MS
spectrum.

Biological Activity
Antioxidant Capacity:  DPPH, FRAP, and CUPRAC
methods which are important  for  determination
of  antioxidant  capacity  (AC,  µmol  TE/g)  of
synthesized compounds were applied. When the
results  of  all  assays  were  examined,  the  best
activity  among  all  compounds  showed
compounds  5a and  5e.  (Table  5).  For  DPPH
radical scavenging assay, trolox was used as the
standard and the results are given as SC50 value.
According  to  DPPH  method,  all  compounds
showed low activity  except  for  5a and  5e that
exhibited  good  activity  with  1,15±0.02  and
1.20±0.04  SC50 values,  respectively.  On  the
other  hand,  3a  (789.13±25.46  µmol  TE/g)  and
3b  (864.68±16.30  µmol  TE/g)  for  CUPRAC,  3b
(5.87±0.03) for DPPH and 5f (428.62±7.42 µmol
TE/g)  had  the  lowest  AC  values  among  the
synthesized compounds.

Table 2. Optimization conditions of the reaction in Microwave Irradiation.

Entry Solvent Power (W) Temp. (oC) Time (min) Yield (%)

1 EtOH 100 50 5 76

2 EtOH 100 50 10 77

3 EtOH 100 100 10 81

4 EtOH 100 100 20 83

5 EtOH 100 100 30 80

6 EtOH 100 150 20 78

*Compound 5a was selected for optimization.

Table 3. Optimization conditions of the reaction in Ultrasound Sonication.
Entry Solvent Temp 

(oC)
Time 
(min)

Yield 
(%)

1 EtOH 25 10 72
2 EtOH 25 15 74
3 EtOH 40 10 80
4 EtOH 40 15 85
5 EtOH 50 15 89
6 EtOH 50 20 86

*Compound 5a was selected for optimization.
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Table 4. Time and yield data of compounds 3-5 using CM, MW and US methods.
Compd. Time

(min)
Yield
 (%)

mp
(oC)

CMa MWb USc CMa MWb USc

3a 240 35 30 83 89 92 79-81
3b 300 40 35 79 85 88 84-86
4a 360 40 30 76 81 84 199-200
4b 420 50 45 78 82 85 178-179
5a 180 20 15 76 83 89 162-164
5b 180 20 15 78 82 85 155-156
5c 180 20 15 79 84 90 149-150
5d 210 20 15 80 83 88 157-158
5e 210 20 15 78 81 86 150-152
5f 240 20 15 75 79 84 145-147

aConventional Method, bMicrowave Irradiation Method, cUltrasound Sonication Method.

Table 5. Antioxidant capacity (AC) values and antiurease activity of synthesized compounds.
Compd. FRAP

(µmol TE/g)
DPPH
SC50

CUPRAC
(µmol TE/g)

Urease Inh.
 (IC50)

3a 465.42±6.12 5.16±0.02 789.13±25.46 13.55±0.02
3b 528.76±7.18 5.87±0.03 864.68±16.30 11.36±0.02
4a 496.37±6.21 5.36±0.04 986.42±12.66 9.89±0.02
4b 466.57±5.68 4.38±0.01 1001.64±6.96 8.74±0.02
5a 884.93±4.15 1.15±0.02 2274.28±18.54 2.28±0.02
5b 642.55±6.42 2.32±0.03 1286.63±8.23 7.12±0.02
5c 586.44±6.84 2.45±0.04 1558.74±5.10 6.56±0.02
5d 540.16±7.32 3.18±0.02 1440.14±10.56 6.48±0.02
5e 796.24±3.28 1.20±0.04 2145.45±15.43 3.36±0.02
5f 428.62±7.42 3.08±0.06 1232.28±16.12 6.82±0.02
Trolox 0.04±0.00
Thiourea 12.02±0.06

Urease  Inhibitory  Activity:  The  obtained
compounds  were  examined  for  their  in  vitro
urease  inhibitory  activity  against  Jack  bean
urease. Among the synthesized compounds, the
thiazolyl-pyrazoline  derivatives  5a and  5e
displayed  excellent  activity  compared  to  the
thiourea  used  as  the  standard  drug.  Other
compounds showed good-moderate activity with
different IC50 values ranging from  6.48±0.02 to
11.36±0.02. Compound 3a exhibited less activity
than thiourea (Table 5). 

ADME  Prediction:  The  prediction  of  ADME
properties was implemented by a computational
study.  In  this  context,  we  have  calculated
molecular volume (MV), molecular weight (MW),
logarithm  of  partition  coefficient  (miLog  P),
number  of  hydrogen  bond  acceptors  (n-ON),
number  of  hydrogen  bond  donors  (n-OHNH),
topological polar surface area (TPSA), number of
rotatable bonds (n-ROTB) and Lipinski’s  rule of
five  (31)  using  Molinspiration  online  property
calculation toolkit (Molinspiration, 2015). % ABS
was  calculated  by:  %ABS=109-(0.345×TPSA)

(32).  It  was  monitored  that  all  compounds
displayed  an  excellent  %  absorption  (%ABS)
ranging from 94.64% to  100%.  All  results  are
indicated in Table 6. 

CONCLUSION

In  this  study,  thiazolyl-pyrazoline  derivatives
were  synthesized  in  comparison  with  the
conventional method, microwave irradiation and
ultrasonic  sonication methods.  Due to  the  long
reaction  time  and  low  reaction  yield  in  the
conventional studies, green chemical techniques
MW  and  US  were  used  for  synthesis.  It  was
observed that the US method was more effective
when compared to each other. While the reaction
yield in MW method was between 79-89%, it was
in US method between 84-92%. When the results
were  examined  in  terms  of  reaction  time,  the
reaction was carried out in the US method in 5
minutes  less  than  the  MW  method.  Also,
antioxidant  capacity  and  antiurease  inhibition
studies  of  all  compounds  were  investigated.
According to the antioxidant capacity results, all
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compounds except  for  5a and  5e,  showed low
activity.  For DPPH,  5a and  5e  displayed good-
moderate  activity  with  SC50  values  1.15±0.02
and 1.20±0.04, respectively when compared to
used standard Trolox.  Moreover,  all  compounds
exhibited  urease  inhibition  ranging  from
1.15±0.02  to  13.55±0.02  when  compared  to
standard  drug,  thiourea.  And  compounds  5a-f
which  may  be  regarded  as  new  analogues  of
thiazolyl-pyrazoline  derivatives  showed  good-
moderate/excellent  inhibitory  effect  with  IC50
values. Especially 5a and 5e displayed excellent
activity  with  the  IC50  values  1.15±0.02  and
1.20±0.04, respectively. Based on the biological
activity results, it is concluded that these newly
synthesized compounds can be regarded as new
drug  candidates  displaying  antioxidant  and
antiurease activity.
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Table 6. Pharmacokinetic parameters for good oral bioavailability of synthesized compound 3-5.
Compd. % 

ABS
TPSA (A2) n-ROTB MV MW miLog P n-ON acceptors n-OHNH donors N

violations

- - - - ≤500 ≤5 <10 <5 ≤1

3a 103.11 17.07 3 219.74 287.16 4.60 1 0 0

3b 103.11 17.07 3 220.32 260.69 4.38 1 0 0

4a 94.64 41.62 3 271.32 360.28 4.16 3 2 0

4b 94.64 41.62 3 271.90 333.82 4.12 3 2 0

5a 99.17 28.49 4 361.54 460.40 6.77 3 0 1

5b 99.17 28.49 4 375.08 494.85 7.45 3 0 1

5c 99.17 28.49 4 388.61 529.29 8.05 3 0 2

5d 99.17 28.49 4 362.12 433.94 6.73 3 0 1

5e 99.17 28.49 4 375.66 468.38 7.41 3 0 1

5f 99.17 28.49 4 389.19 502.83 8.02 3 0 2

% ABS: percentage absorption, TPSA: topological polar surface area, n-ROTB: number of rotatable bonds, MV: molecular volume, MW: molecular weight,
miLog P: logarithm of partition coefficient of compound between n-octanol and water, n-ON acceptors: number of hydrogen bond acceptors, n-OHNH donors:
number of hydrogen bond donors.

36



Tekin Z, Küçükbay FZ. JOTCSA. 2020; 7(1): 37-42. RESEARCH ARTICLE

   

Evaluation of phytochemical contents and antioxidant activity of
pomegranate flower
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Abstract:  Pomegranate is one of the most abundant fruits consumed in Turkey. This study aimed to
determine the content of total phenolic, total flavonoid, and antioxidant activity of  Punica granatum L.
flower in different extracts. Antioxidant activities of different extracts were determined 2,2-diphenyl-1-
picrylhydrazyl (DPPH•) radical scavenging, reducing power, and metal chelating methods. The results
showed that  the  total  phenolic  content  for  the  extracts  ranged from 14.82 to  90.86  mg gallic  acid
equivalents (GAE) / g extract. The contents of flavonoids were found to range from 7.35 to 500.00 mg
quercetin equivalents (QUE)/ g extract. All pomegranate flower extracts displayed remarkable antioxidant
activity according to DPPH and reducing power assays. Especially the methanolic extract of pomegranate
flower possesses significant scavenging activity against DPPH• (85.80 %), as well as the largest contents
of  flavonoids and  phenolic  compounds.  The  antioxidant  capacity  of  the  methanolic  extract  was  also
greater  than  those  of  BHT  and  α-tocopherol  in  DPPH  and  reducing  power  assays.  The  results
demonstrated that the antioxidant activity of extracts of  Punica granatum  L. flower might, at least in
part, have high content of flavonoids and other phenolics. 
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INTRODUCTION

Punica granatum Linn. known as pomegranate is
a member of the Punicaceae family. Pomegranate
is  a  famous  ancient  fruit  originating  from  the
Middle East. Main producers and exporters in the
world  are  Turkey,  India,  Iran,  China,  United
States,  Spain,  South  Africa,  Peru,  Chile,  and
Argentina (1). In Turkey, the annual production
of  pomegranate  is  537.847  tons  and  it  is
cultivated in Adıyaman, Mersin, Antalya, Adana,
Gaziantep, and Şanlıurfa (2). 

Pomegranate  possesses  a  broad  array  of
pharmacological  properties  such  as  antioxidant
(3),  anti-inflammatory  (4),  anti-cancer  (5,6),
anti-parasitic (7), analgesic (8), antimicrobial (9),
neuroprotective  (10),  antifungal  (11),  antiulcer
(12),  and  antidiarrheal  (13).  The  flowers  of
pomegranate have been ethnomedically used for
their  anti-cholinesterase,  anti-hyperglycemic
(14),  anti-diabetic,  anti-obesity  (15),  anti-
bacterial,  and  antioxidant  (16)  effects.  The
constituents  including  gallic  acid  (17),  ellagic
acid,  ethyl  brevifolin-carboxylate,  maslinic  acid,
ursolic  acid,  oleanolic  acid,  asiatic  acid,  sterol,
daucosterol,  punicaflavone,  pelargonidin  3,5-
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diglucoside and pelargonidin 3-glucoside (18) are
responsible  for  the  pharmacological  effects  of
pomegranate flower extract. 
The content of phytocompounds that contributes
to  the  antioxidant  effect  of  the  pomegranate
flowers  located  in  Adıyaman  is  unknown  and
during  pomegranate  juice  production,
antioxidant-rich  flowers  of  pomegranates  are
discarded.  Moreover  pomegranate  flowers
constitutes  an  inexpensive  source  for  the
extraction  of  phytochemicals  that  might  be
utilized in the pharmaceutical, cosmetic and food
industries. Thus, the objective of this research is
to evaluate the nutritional quality of pomegranate
flowers,  which constitute  the pomegranate  fruit
juice industry wastes. Another aim is to evaluate
whether total phenolic and flavonoid contents of
pomegranate  flowers  are  correlated  with
antioxidant activity. 

MATERIAL AND METHODS

Chemicals 
Ferric chloride and 2,2-diphenyl-1-picrylhydrazyl
(DPPH),  AlCl3,  NaNO2,  ethanol,  and  standard
compounds, quercetin and alpha-tocopherol were
purchased  from  Sigma  Chemical  Co.  (Sigma-
Aldrich  GmbH,  Steinheim,  Germany).  Butylated
hydroxytoluene  (BHT)  and  butylated
hydroxyanisole (BHA) were obtained from Acros.
Folin-Ciocalteu reagent, trichloroacetic acid, and
methanol  were  purchased  from  Merck.  All  the
other chemicals used were of analytical grade. 

Plant material
Dried pomegranate flowers were bought from a
local shop in Adıyaman, Turkey. The flowers were
ground and then the powder was kept  at  4  oC
until the extraction process. 

Preparation of Extract
The powdered flowers (10 g) were extracted with
n-hexane  (H),  methanol  (M),  1%  acidified
methanol  (99%  methanol,  AME  1  and  70%
methanol, AME 2) in a Soxhlet apparatus for 4 h.
Extracts  were  concentrated  using  a  rotary
evaporator (40  oC) under vacuum and kept at 4
oC until analysis. 

Determination of total phenolic content
The total  contents of phenolic compounds were
determined by the Folin-Ciocalteu method (19).
The extracts were dissolved in methanol. 50 µL of
samples  were  mixed  with  450  µL  deionized
water, 250 µL of 1.0 N Folin reagent and 1250 µL
of  7.5% Na2CO3.   The mixture was mixed in a
vortex before allowed to rest for 120 minutes at
room  temperature  and  the  absorbance  was
measured at 765 nm. The calibration curve was
plotted  by  different  concentration  of  gallic  acid
equivalents (in mg/g). 

Determination of total flavonoid content
The  overall  flavonoid  content  of  the  Punica
granatum  L. flower extract was estimated using
the aluminum chloride colorimetric method (20).
500 µL extract solution (1 mg/mL) was blended
with 4500 µL of distilled water and 300 µL 5.0%
NaNO2.  Having waited for 5 min, 300 µL of AlCl3
solution was added to the blend and allowed to
stand for 6 min. Then, 2000 µL of 1.0 M NaOH
was added and volume increased to 10 mL with
distilled  water.  The  absorbance  of  the  mixture
after it turned to pink was measured at 510 nm
using UV/Vis spectrophotometer (Shimadzu UV-
160).  A calibration curve of  standard reference
was  established  using  quercetin  (range  of
concentration from 4 to 20 µg/mL) as standard
reference  plotted.  Total  flavonoid  content  was
expressed  as  mg  of  quercetin  equivalents  g
extract. 

Determination  of  antioxidant  activity  by
DPPH radical scavenging assay
The antioxidant activity of the  Punica granatum
L.  flower  extract  was  determined  by  the DPPH
(2,2-diphenyl-1-picrylhydrazyl)  free  radical
scavenging assay (21). 1 mL of 0.10 mM DPPH
solution was mixed with 3 mL of extract solution
at  different  concentration.  (12.5-125  µg/mL).
Vigorously shaken mixture was incubated in dark
at  room  temperature  30  min.  The  absorbance
was  measured  at  517  nm  by  a  UV/Vis
spectrophotometer.  Butylated  hydroxytoluene
(BHT),  butylated  hydroxyanisole  (BHA)  and
alpha-tocopherol  were  utilized  as  standards.
Using  the  equation  below,  radical  scavenging
percentage was calculated :

Radical scavengingactivity (% )=[ ( AControl−ASample)
AControl ]×100

(Eq. 1)

Acontrol is the absorbance at the addition of ethanol
instead  of  the  extract/standard;  Asample  is the
absorbance at the addition of extract/standard. Reducing power assay
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The reducing power of different Punica granatum
L. flower extracts was evaluated by the method
of Oyaizu (22). 1 mL of the extract at different
concentrations  was  mixed  with  2.50  mL  of
phosphate buffer (0.20 mol/L, pH 6.60) and 2.50
mL 1.0% potassium ferricyanide  and  vortexed.
The  mixture  was  incubated  at  50  °C  for  20
minutes  in  a  water  bath.  2.50  mL  of  10%
trichloroacetic  acid  was  then  added  to  the
mixture,  and  centrifuged  at  6000  rpm  for  10
minutes. 1.25 mL of supernatant was mixed with
1.25 mL of distilled water and 0.50 mL of 0.10%
ferric chloride and mixed well. The absorbance of
final solution was measured at 700 nm using a
UV/Vis spectrophotometer. Higher absorbance of
the  reaction  mixture  meant  higher  reducing
power. 

Metal chelating activity
The  chelation  of  ferrous  ions  of  the  studied
extracts was observed according to the method
as described by Dinis et al. (23). 50 µL of 2.0 mM
FeCl2  was  mixed  with  3750 µL  of  the  extracts
having different concentrations (12.5-125 µg/mL)
and  vortexed.  After  10  min  of  incubation,  the
reaction was started by adding 200 µL of 5.0 mM
ferrozine and the solution was incubated at room
temperature for 20 min and then the absorbance
of the solution was measured at 562 nm using a
spectrophotometer.  EDTA  was  utilized  as  a
positive control. The percentage inhibiton of Fe2+

-  ferrozine  complex  was  calculated  by  the
following equation:

Inhibition(%)=
(Abs control−Abssample )
Abscontrol

∗100
 (Eq. 2)

Acontrol; the absorbance at the addition of ethanol
instead  of  the  extract/standard,  Asample;  the
absorbance at the addition of extract/standard.

RESULTS AND DISCUSSION

The yields of n-hexane, methanol,  1% acidified
methanol  (99%  methanol  and  70%  methanol)
extracts  of  the  flower  of  P.  granatum L.  were
0.03%,  15.19%,  46.04%  and  31.83%,
respectively. 

Total phenolic content
Total  phenolic  contents  of  the  extracts  of
pomegranate  flower  determined  by  Folin-
Ciocalteu  method  are  presented  as  gallic  acid
equivalents (mg gallic acid/ g extract) in Figure
1. The amount of total phenolic contents in the
determined extracts ranged from 14.82±0.01 to
90.86±0.01  mg  GAE  /  g  extract.  The  results
showed that  the  highest  total  phenolic  content
was obtained in the methanolic extract, while the
lowest  was  observed  in  the  n-hexane  extract.
Eddebbagh  et  al.(24)  found  that  the  phenolic
content  of  80%  methanolic  extract  of  dried
pomegranate flower is 90.73 mg GAE/ g of dry
weight flowers. Abdolahi et al. (16) have found
28  mg  GAE/  g  dry  weight  in  70%  ethanolic
extract  and  Rashid  and  Shafi  (25)  have  found
190.50 and 103.81 mg GAE/ g in methanolic and
aqueous  extracts  in  dried  pomegranate  flower.
These differences in phenolic contents might be
due to location, soil and climate. 
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Figure 1. Total phenolic content as equivalent mg
of  gallic  acid  per  g  of  AME 1,  AME 2,  M and H
extracts of pomegranate flower.

Figure 2. Total flavonoid content as equivalent mg
of  quercetin  per  g  of  AME  1,  AME  2,  M  and  H
extracts of pomegranate flower.

Total flavonoid content The  total  flavonoid  contents  in  the  determined
extracts of pomegranate flowers are expressed in
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terms of  quercetin equivalent (mg quercetin/ g
extract)  in Figure 2. The flavonoid content was
350.74±0.01,  172.79±0.02,  500.00±0.01  and
7.35±0.01          mg QUE /g in AME 1, AME 2, M
and H extracts, respectively. The results showed
that  the  greatest  total  flavonoid  content  was
obtained in the methanolic extract. Eddebbagh et

al. (24) have found 221.70 mg QUE/ g dry weight
in  80% methanolic  extract  and  Abdolahi  et  al.
(16)  have  reported  64.38  ± 0.81  mg catechin
equivalents  per  gram  of  dry  weight  in  dried
pomegranate flower. These differences might be
related to solvent used and location.

 

Figure 3. DPPH• radical scavenging activity(%) 
of AME 1, AME 2, M and H extracts of 
pomegranate flower.

Figure 4. Reducing power activity(%) of AME 1, AME 
2, M and H extracts of pomegranate flower.

DPPH radical scavenging activity
DPPH  radical  scavenging  activity  of  the
pomegranate  flower  extracts  is  summarized  in
Figure  3  and  compared  with  the  standard
antioxidants such as BHA, BHT and α-tocopherol.
The  potential  of  different  pomegranate  flower
extracts  to  scavenge free  radical  varied 54.12-
78.54%  in  AME  1,  44.22-76.56%  in  AME  2,
83.82-85.80%  in  M  and  9.57-19.80%  in  H.
Among  them,  the  methanolic  extract  exhibited
the  higher  values  of  DPPH  radical  scavenging
activity.  Pomegranate  flower  extracts  clearly
showed that as the concentration got higher the
antioxidant  activity  against  DPPH  radical  in  all
extracts  increased.  Abdolahi  et  al.  (16)  have
reported  91.04%  inhibition  at  concentration  of
100 µg/mL pomegranate flower extract. On the
other  hand,  Rashid  and  Shafi  (25)  have  found
76.89% and 69.23% in methanolic and aqueous
extract of flowers of pomegranate, respectively.

These differences can also be explained with soil
and climate differences.

Reducing power activity
Reducing power activities of extracts are shown
in Figure 4 with standard antioxidant compounds
(BHA,  BHT  and  α-tocopherol).  The  reducing
power of the all extracts dose with the increase in
concentration (Table 1). In addition, methanolic
extract  showed 2.93 times stronger antioxidant
activity  than  that  of  α-tocopherol  at  an  initial
concentration  of  5.88  µg/mL.  In  the  literature,
the reducing properties are usually related to the
presence of reductones (reducing agents) which
have been found to exert  antioxidant  ability  to
break  the  free  radical  chain  by  donating  a
hydrogen atom (26). So, the data gathered from
the  present  study  suggest  that  pomegranate
flower  might  contain  polyphenol  which  acts  as
reducing agents. 
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Table 1. Reducing power activity of AME 1, AME 2, M and H extracts of pomegranate flower.

Extracts/Standards
Reducing Power (µg/mL, 700 nm)

5.88 14.70 29.41

AME 1 0.260 0.613 1.004

AME 2 0.179 0.342 0.653

M 0.419 0.878 1.683

H 0.085 0.106 0.174

BHA 0.507 1.028 1.900

BHT 0.244 0.525 0.953

α-tocopherol 0.143 0.410 0.841

Metal chelating activity
Metal  chelating  activity  of  the  pomegranate
flower extracts and EDTA are presented in Table
2.  n-Hexane extract  possessed moderate  metal

chelating activity whereas all the other extracts
exhibited  none.  The  highest  metal  chelating
activity of 9.299% was determined in n-hexane
extract. 

Table 2. Metal chelating activity of AME 1, AME 2, M and H extracts of pomegranate flower.*ND; non-
detected.

Extracts/ Standard

 Inhibition, %
12.5

µg/mL
25 µg/mL 37.5

µg/mL
62.5

µg/mL
125

µg/mL
AME 1 *ND ND ND ND ND

AME 2 ND ND ND ND ND

M ND ND ND ND ND

H ND 0.104 1.149 1.985 9.299

EDTA 8.045 40.020 56.426 78.892 84.430

CONCLUSION

Our results show that the flowers of P. granatum
may have health benefits  when consumed. Our
belief is that they display potential as a functional
food or value-added ingredient for years to come.
Also  P. granatum  flower might be considered a
source  of  important  antioxidant  with  bioactive
properties  to  be  explored  for  pharmaceutical
applications.  Further studies can be undertaken
to  investigate  the  effect  of  toxicity  in  these
extracts.
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Abstract: The new metal complex with phenylsuccinic acid (H2psa) and 4,4'-azobispyridine (4,4’-abpy),
{[Zn(psa)(H2O)3(µ-4,4'-abpy)](H2O)}n (I), was synthesized by hydrothermal process. The structure of I
has been characterized by IR spectra,  elemental analysis, and single crystal  X-ray diffraction. Single
crystal X-ray analysis reveals that the psa ligand O-coordinated to the Zn(II) ion and distorted octahedral
geometry of Zn(II) ion is completed by bridging 4,4’-abpy and three aqua ligands.
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INTRODUCTION

Although  it  was  stated  that  coordination
polymers had emerged in 1960s, it has attracted
attention via leading reports on the findings of
the  porous  structures  and  associated
functionalities  since  1990s  (1).  Since  the  past
decade,  the  interest  in  searching  for  the
coordination  polymers  has  aroused  profoundly
for  the  immediate  increase  in  the  publication
ratio  and  number  about  them.  Coordination
polymers which are known as 1D, 2D and 3D are
considered structurally interesting, especially 1D
polymers have intruguing electrical, optical and
magnetic  properties  (2). For  1D  chains,  self-
assembly  of  metal  ions  that  have  specific
directionality  and  functionality  with  organic
ligands that have appropriate functional groups
is  relatively  simple;  however,  this  simplicity
leads  to  corporate  structural  features  at  the
metal centers or in the backbone of the bridging
ligands  (3).  We  have  studied  on  the  metal–
phenylsuccinate–azobispyridine system, in which
4,4-azobispyridine  (4,4'-abpy)  has  a  structure
with  a  π conjugated  system  and  two

coordinatively  active  nitrogen  atoms  in  which
pyridine nitrogens are more basic and are more
accessible  for  polynuclear  arrangements  for
steric  reasons  (4-12).  Furthermore,
azobispyridine  complexes  are  used  as  electro-
optical  devices  for  reversible  data  storage,  in
indicators, therapeutic and drug delivery agents,
and  photochemical  switches.  Even  if  H2psa
displays  coordination  capabilities  of  the  two
carboxylate groups and an amazing phenyl ring
side group, that is  presumed to modulate and
affect  the  orientation relationship  (13),  in  fact
there are still few studies on H2psa. In addition,
more interesting coordination polymers  can be
obtained  through  enforcing  it  as  a
configurationally  asymmetric  bridging  ligand.
The  aim  of  this  work  was  to  prepare  new
coordination  polymers  of  phenylsuccinate
complexes  of  Zn(II)  metal  ion  with  4,4'-
azobispyridine  by  hydrothermally  prosess,  and
to  analyze  their  structural  and  spectroscopic
characteristics  using  single  crystal  X-ray
diffraction and IR technique.
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EXPERIMENTAL

Materials and measurements
All  chemicals  used  were  of  analytical  reagent
quality. The 4,4'-abpy ligand was synthesized by
oxidation  of  the  4-aminopyridine  with  NaOCl
according  to  literature  (Kirpal-Reiter  method)
(15).  Elemental  analysis  was  performed  by
standard  methods  at  IBTAM (İnönü  University
Scientific  Research  Centre).  The  IR  spectrum
was  recorded  on  a  Bruker  Tensor  27  FT/IR
spectrophotometer  using  KBr  pellets  and
operating  at  4000-400  cm-1.  The  X-ray
diffraction  data  of  the  complex  were  collected
with  a  Bruker  Kappa Apex2duo diffractometer.
The structures were solved and refined by full-
matrix least-squares techniques on F2 by using
the SHELXT-2015 program (16). The absorption
corrections  were  done  by  the  multiscan
technique. All non-hydrogen atoms were refined
anisotropically.  All  non-water  hydrogen  atoms
were included in the refinement process by using
a riding model. 

Synthesis of the complex
Zn(Ac)2.2H2O  (24  mg,  0.11  mmol),
phenylsuccinic  acid  (21  mg,  0.11  mmol)  and
4,4'-abpy (20 mg, 0.11 mmol) were placed into
10 mL of  distilled  H2O in  a  pyrex  bottle.  The
bottle was sealed and heated in an oven at 120
°C for 72 h, and then cooled slowly to 25 °C.
Red  blocks  of  1  (33  mg,  58%)  were  isolated
after washing with distilled water and acetone,
and  finally  drying  in  air.  Anal.  Calc.  for
C20H24N4O8Zn:  C,  46.75;  H,  4.71;  N,  10.90.
Found: C, 47.09; H, 4.27; N, 10.12%. IR (cm-1):
3505  (mb),  3433  (m),  3104  (w),  3053  (w),
2976 (w), 2911 (w), 1611 (s), 1583 (s), 1491 

(m), 1423 (s), 1367 (s), 1226 (m), 1168 (m),
1051 (m), 1026 (m), 846 (s), 741 (m), 704 (m),
680 (s), 566 (m), 526 (w). 

RESULT AND DISCUSSION

Vibrational Analysis
The elemental  analysis  results  and selected IR
data  are  consisted  with  assigned  formulation.
The  observation  of  the  IR  spectrum of  I was
performed  by  considering  the  most  important
internal  vibrations  of  carboxylate,  phenyl  and
azo groups, and water molecules. 

The bands of stretching vibrations  ν(O–H) were
found at 3433  cm−1 for compound  I,  indicating
that  the  water  molecules  exist  within  the
structures.  Because of  the  ʋ(CH) vibrations  of
aromatic  and  aliphatic  groups,  the  relatively
weak  bands  are  above  and  below  3000  cm-1,
respectively.  The  absorption  bands  of  the
carbonyl  groups  of  I in  which  psa  is  O-
coordinated  (monodentate)  are  found  out  as
strong  bands  at  1583  cm-1  and  1611  cm-1

respectively (14,17). It is considered that intra-
and  intermolecular  hydrogen  bonding
interactions  involving  the  carbonyl  group  shift
this  band to  higher  frequencies.  The  bands of
symmetric  νs(COO) stretch was found at  1367
cm-1 for I. The values of Δν[νas(COO) - νs(COO)]
in the the complex (more than 200) fall within
the range for a vibrational mode associated with
a monodentate ligand (18). The bands centered
around  1423  cm-1 are  assigned  to  the  N=N
vibrations  of  the  4,4'-abpy  ligand.  C=N
vibrations of 4,4'-abpy appear at ca. 1583 cm-1.

Crystal Structure
The  crystal  data,  experimental  details  and
refinement details of complex are given in Table
1. Selected bond distances, angles and hydrogen
band  geometries  are  listed  in  Tables  2-3,
respectively.
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Figure 1. The crystal structure of I displaying the atom-labelling scheme.
Table 1. Crystal data and structure refinement parameters for complex I.

Crystal data 1

Empirical formula C20H24N4O8Zn

Formula weight 513.83

Crystal system Monoclinic

T (K) 100 (2)

λ (Å) 0.71073

Space group P21/n

a (Å) 12.676(4)

b (Å) 9.681(2)

c (Å) 19.455(6)

 (º) 108.716(9)

V (Å3) 2261.3(11)

Z 4

Dc (g cm–3) 1.5091

μ (mm–1) 1.14 

Measured ref. 75543

Independent ref. 5634

 Range (º) 0.963–1.00

Crystal size (mm) 0.15 × 0.11 × 0.1
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Rint 0.088

S 1.05

R, Rw[I>2(I)] 0.067, 0.189

max/min (eÅ–3) 2.5, / −0.89

Table 2 Selected bond distances and angles for complex I (Å, º)
Bond 
distance

Å Bond 
distance

Å

Zn4‒O5 2.07
4

Zn4‒O6 2.110

Zn4‒N1 2.14
8

Zn4‒O3 2.188

Bond angle ° Bond angle °
O5‒Zn4‒N1 95 O6‒Zn4‒N1 106
O7‒Zn4‒O3 92.6 O6‒Zn4‒O3 177.6

6

According  to  the  X-ray  structural  analysis,  I
crystallized  in  the  monoclinic  space  group  of
P21/n.  The  asymmetric  unit  comprises  of  a
Zn(II)  atom,  one  half  of  the  abpy,  one  PSA
ligand as monodentate, three aqua ligands and
one the lattice water molecule. (Figure 1.) The
zinc  settles  with  an  octahedral  geometry  with

the  PSA  units  and  three  aqua  ligands  on  the
equatorial plane and the axial sites are filled by
two symmetry-related μ-abpy ligands (Zn-N =
2.148(3)  A˚)  and  subsequently,  together  with
the the bridging abpy ligands, compose a one-
dimensional coordination polymer. (Figure 2.). 

Figure 2. Hydrogen-bonding for I

Contrary to expectations, PSA ligand is coordinated monodentate via carboxylate oxygen. The azo N
atoms of 4,4’-azobispyridine was found to be distorted, probably due to unresolved disorder.
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Table 3. Hydrogen-bond parameters for complex I (Å, º)

D-H···A D−H
H···
A

D···A D−H···A

O5—H5A···O4 0.87 2.06 2.795(4) 141.4

O5—H5B···O2i 0.87 1.87 2.649(5) 148.8

O7—H7A···O4ii 0.87 1.82 2.628(4) 153.7

O6—H6A···O1iii 0.87 1.91 2.744(5) 160.4

O6—H6B···O1i 0.87 1.95 2.815(5) 169.0

O8—H8B···O2i 0.85 1.96 2.803(9) 172.5

Symmetry codes: (i) −x+1, −y+1, −z+1; (ii) −x+1/2, y−1/2, −z+1/2; (iii) x, y−1, z.

The crystals  are stabilized by intra- and inter-
molecular hydrogen bonding. As shown in Figure
2, adjacent complex units are connected by O5—
H5A···O4, O5—H5B···O2i, O6—H6A···O1iii and O8
—H8B···O2i hydrogen  bonding  between  aqua
and  carboxy  oxygen  atom  of  phenylsuccinate

ligands.  1D  coordinasyon  polymer  units  are
connected by O5—H5B···O2i and O6—H6B···O1i

hidrogen  bonds  between  aqua  and  carboxy
oxygen atom of phenylsuccinate ligands (Figure
3). 

Figure 3. View of the infinite 1D chain structure of I.

CONCLUSIONS

As a summary,  the  title  coordination polymer,
{[Zn(psa)(H2O)3(µ-4,4'-abpy)](H2O)}n, has been
hydrothermally  prepared  by  utilizing
phenylsuccinic  acid  and  4,4'-azobispyridine
ligands.  X-ray  structural  analysis  and  IR  data
display  that  the  complex  compose  a  one-
dimensional coordination polymer together with
the  the  bridging  abpy  ligands.  It  is  examined
that  phenylsuccinate-azobispyridine  system
should  be  a  good  candidate  to  achieve  the
desired  multifunctionalities  in  coordination
polymer.
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New Homodinuclear Alkyl- and Aryl- Dithiophosphonato Cd(II) and
Hg(II) complexes: Syntheses and Characterizations
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Abstract: New Cd(II) and Hg(II) complexes of five previously known dithiophosphonic acids ((p-
MeO-C6H4)PS(SH)(OR), HLn, (n= 1-5); R= 3-pentyl-, HL1; R=1-phenyl-1-propyl-, HL2; R= 4-tert-
butylbenzyl-, HL3; R=  diphenylmethyl-,  HL4; R=  4-tert-butylcyclohexyl-, HL5) were prepared and
characterized.  To do this,  the  dithiophosphonic acids involved were treated with stoichiometric
amount of the corresponding metal salts in methyl alcohol. The complexes came of as powdery
crystals and were recrystallized from chloroform. The pure complexes were characterized by using
elemental analyses as well as mass-(ESI), FTIR-, Raman-, NMR- (1H, 13C, 31P) spectroscopies.
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INTRODUCTION

Dithiophosphate  (phosphorodithioate,
(RO)2PS2

-),  dithiophosphonate
(phosphonodithioate,  (R)(R’O)PS2

-)  and
dithiophosphinate  (phosphinodithioate,  (R)
(R’)PS2

-) type ligands are an important class
of  phosphorus-sulfur  compounds  and
collectively  named  as  phosphoro-1,1-
dithiolates (1). The three types of compounds
are  synthesized  through  the  reactions  of
either  the  so-called  Lawesson’s  reagent  (2)
(LR,  2,4-bis(4-methoxyphenyl)-1,3-dithia-
2,4-diphosphetane  2,4-disulfide),  or  the
Berzelius’  reagent  (P4S10,  tetraphosphorus
pentasulfide) (3).

Dithiophosphates require the use of P4S10 and
the corresponding alcohol as starting material
(4)  while  the  dithiophosphonates  and
dithiophosphinates  are  obtained  by  the
reaction of LR with a nucleophilic agent, an
alcohol  for  dithiophosphonates  (5) and  a
carbo-anion  for  dithiophosphinates  (6).  The
dithiophosphoric  (DTP),  dithiophosphonic
(DTPOA)  and  dithiophosphinic  (DTPA)  acids
themselves are either liquids or else, difficult
to  crystallize  as  they  are  hygroscopic.
Besides,  all  these  compounds  have
disagreeable  odors,  and  they  have  been
found  to  be  suitable  to  convert  to  their
ammonium  salts  (7),  which  are  easy  to
crystallize.  As an example, the synthesis of
dithiophosphonic  acid  ammonium  salts  is
given in Scheme 1.
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Scheme 1. Synthesis reaction of phosphor-1,1-dithiolates.

The  dithiophosphonato  groups  are  typical,
soft base type ligands and naturally prone to
be coordinated to transition metal cations of
relatively lower charges (8,9). Generally, the
reaction of  the  proper  metal  salts  with  the
corresponding ammonium dithiophosphonate
in  an  organic  solvent  (8)  to  obtained
complexes. Alternatively, a one-pot reaction
starting with the corresponding LR which is
categorized  perthiophosphonic  acid  (PTFA),
nucleophile and metal salt sometimes proves
to be preferable (10).

The  dithiophosphonate  anions  act  as
bidentate  ligands,  because  the  negative
charge  is  delocalized  over  the  two  sulfur
atoms (11).

The coordination topology of the complexes
formed is related to the nature of the metal
cation.  Group  10  metals  tend  to  form
monomeric complexes of the general formula
[M(DTPOA)]2 with  square  planar  geometries
(12), whereas Group 12 metals form dimeric
complexes  of  the  general  formula  [M2(µ-
DTPOAn)2(DTPOAn)2]  and  tetrahedral
geometries.  In  these  dimeric  complexes,
some  of  the  sulfur  atoms  act  as  bridging
ligands.  As  shown in  Figure  1,  the  dimeric
structure  has  an  eight-membered  ring
comprising two metals, two phosphorus and
four sulfur atoms (13). 
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Figure 1. Structures of Group 10 and Group 12 DTPOA complexes.

Due  to  their  affinity  to  transition  metals,
lipophilic  phosphorus-dithiolate  ligands  are
designed  to  prepare  stable  metal  chelates
complexes that are extractable into nonpolar
organic media. These ligands are used in the
mining  industry  as  flotation  aids  (14,15).
Other applications that are DTPOA and their
complexes  including  lubricants  anti-wear
additives  (16,17)  and agricultural  pesticides
(18)  are  also  reported.  Investigations  are

also underway to design molecular complexes
of  radioactive  transition  metal  cations  to
introduce  into  the  human body for  medical
imaging  (19-21).  Some  of  tin  DTPOA
complexes  are  effective  in  chemotherapy
(22) while some cadmium DTPOA complexes
show antibacterial effect (23).

Among  the  transition  metal-DTPOA
complexes,  the Ni(II)-DTPOAs are the most
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extensively  studied  species  (8,9)  while
studies  on  Cd(II)-  and  Hg(II)-DTPOAs  are
relatively  scarce  (13).  Therefore,  we  have
focused  on  the  synthesis  of  Cd(II)-  and
Hg(II)-DTPOA complexes.  In  this  study,  we
prepared  the  cadmium  and  mercury
complexes  of  five,  already  known

dithiophosphonate  ligands  (24)  and
characterized  them  by  using  elemental
analyses, mass spectroscopic (ESI), Infrared
spectroscopic (FT-IR),  Raman spectroscopic,
1H-NMR,  13C-NMR  ve  31P-NMR  data.  The
general  reaction  used  for  the  synthesis  is
shown in Scheme 2.
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Scheme 2. Synthesis reaction of cadmium(II) and mercury(II) dithiophosphonato complexes.

EXPERIMENTAL 

Materials and instruments
Ethanol, CdCl2.H2O and HgCl2 were purchased
from  Sigma-Aldrich.  Ammonium
dithiophosphonates  ([NH4Ln],  n=  1-5)  were
synthesized  as  described  in  the  literature
(24). 

Microanalyses were carried out using a LECO
CHNS-932 CHNS-O elemental analyzer.

Melting  points  were  measured  by  an
Electrothermal 9200 melting point apparatus.

Vibrational spectra were recorded on a Perkin
Elmer  Spectrum  Two  Model  FT-IR
Spectrometer  using  the  ATR method (200–
4000 cm−1) and are presented in cm−1 units.
Raman spectra were run in the range 4000–
100  cm−1,  using  a  Renishaw  in-Via  Raman
microscope,  with  a  Peltier-cooled  CCD
detector (−70⁰C). The Raman microscope was
equipped with a 50X objective. The excitation
was carried out by the 785 lines of a diode
laser.

The  LC/MS  spectra were  obtained  on  a
Waters Micromass ZQ connected to a Waters

Alliance  HPLC  (C-18  column),  using  an
ESI(+) ionizer.

1H-  (400 MHz),  13C- (100 MHz) and  31P-NMR
(160 MHz)  spectra were performed by using
a Varian Mercury (Agilent) FT spectrometer in
CDCl3. SiMe4 was used for  1H-NMR and  13C-
NMR while 85% H3PO4 was used for 31P- NMR
as chemical  shift  standards.  Chemical  shifts
(δ)) are reported in ppm.

Syntheses of compounds
General  Procedure  of  [Cd2(µ-Ln)2(Ln)2]  and
[Hg2(µ-Ln)2(Ln)2]
To an ethanolic  solution of  4.70 mmoles of
the [NH4Ln] of interest (1.45 g of [NH4L1] and
[NH4L2]; 1.68 g of [NH4L3]; 1.80 g of [NH4L4]
and  1.80  g  of  [NH4L5])  were  added  2.35
mmol  of  metal(II)  chloride  (0.48  g  of
CdCl2.H2O; 0.64 g of  HgCl2) dissolved in 50-
60 mL of ethanol. The solution was stirred at
room  temperature  for  15  min.  The  white
complex participated is filtered through filter
paper and dried in a vacuum desiccator.

Bis-{bis-[O-3-pentyl-(4-
methoxyphenyl)dithiophosphonato]cadmium(
II)}, [Cd2(µ-L1)2(L1)2]
Yield: 0.25 g (71%). Yellow. m.p. 177-178⁰C,
(decomposition). 1H NMR (δ):ppm, CDCl3): δ)=
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0.94  (t,  3JHH= 7.5  Hz, 24H,  C8-H), 1.77  (m,
16H, C7-H), 4.8 (m, 4H, C6-H), 3.83 (s, 12H,
OCH3), 6.93 (A-part of AA’MM’X, 4JPH= 3.3 Hz
(JAX),  N= 8.8 Hz, 8H,  m-H), 8.01 (M-part of
AA’MM’X, 3JPH= 14.5 Hz (JMX), N= 8.8 Hz, 8H,
o-H).  13C-NMR (CDCl3): δ)= 9.3 (s,  C8),  27.1
(d,  3JP-C= 4.0 Hz,  C7), 81.1 (d,  2JPC= 8.2 Hz,
C6),  55.4 (s,  CH3O-),  113.5 (d,  3JP-C= 16.2
Hz, C3), 132.2 (d, 2JP-C = 14.2, C2) Hz, 132.2
(d,  JP-C= 123.9 Hz, C1) 162.3 (d,  4JPC= 3.3,
C4). 31P-NMR (CDCl3): δ)= 103.42. LC/MS: m/
z  1406.2 ([M+Na]+,  2%),  1093.1  ([M-L1]+,
100%),  689.1  ([M/2]+,  29%). Anal.  Calcd.
for:  C48H72Cd2O8P4S8 (1382.32g.mol-1):  C,
41.71; H, 5.25; S, 18.56; found: C, 41.82;
H, 5.29; S, 18.79 %.

Bis-{bis-[O-1-phenyl-1-propyl-(4-
methoxyphenyl)dithiophosphonato]cadmium(
II)}, [Cd2(µ-L2)2(L2)2]
Yield: 0.29 g (74%). White. m.p. 137-138⁰C,
(decomposition). 1H NMR (δ):ppm, CDCl3): δ)=
0.87  (t,  3JHH= 7.4  Hz, 12H,  C8-H),  2.01  (m,
8H,  diastereotopic protons, C7-H),  5.70  (m,
4H, C6-H), 3.80 (s, 12H, OCH3), 6.93 (A-part
of AA’MM’X, 4JPH= 3.2 Hz (JAX), N= 8.8 Hz, 8H,
m-H), 7.28 (m, 20H, Ar-CH), 7.93 (M-part of
AA’MM’X, 3JPH= 14.6 Hz (JMX), N= 8.8 Hz, 8H,
o-H).  13C-NMR (CDCl3): δ)= 9.8 (s,  C8),  31.4
(d,  3JP-C= 5.4 Hz,  C7), 80.8 (d,  2JPC= 7.3 Hz,
C6),  55.4 (s,  CH3O-),  113.5 (d,  3JP-C= 16.3
Hz,  C3),  126.9 (s,  C12),  127.5 (s,  C11),
128.1 (s, C10), 129.0 (d, JP-C= 122.7 Hz, C1),
132.4, 140.9 (d, 2JPC= 3.1 Hz, C9), (d, 2JP-C =
14.4 Hz, C2), 162.4 (d,  4JPC= 3.3,  C4).  31P-
NMR (CDCl3): δ)= 104.58. LC/MS: m/z 1597.3
([M+Na]+,  29%),  1237.3  ([M-L2]+,  100%),
810.2  ([M/2]+,  36%). Anal.  Calcd.  for:
C64H72Cd2O8P4S8 (1574.49 g.mol-1): C, 48.82;
H, 4.61; S, 16.29; found: C, 49.01; H, 4.67;
S, 16.56 %.

Bis-{bis-[O-4-tert-butylbenzyl-(4-
methoxyphenyl)dithiophosphonato]cadmium(
II)}, [Cd2(µ-L3)2(L3)2]
Yield: 0.32 g (80%). White. m.p. 189-200⁰C,
(decomposition). 1H NMR (δ):ppm, CDCl3): δ)=
1.32 (s, 36H, C12), 5.34 (m, 8H, C6-H), 3.83
(s,  12H,  OCH3),  6.94  (A-part  of  AA’MM’X,
4JPH= 3.3 Hz (JAX), N= 8.7 Hz, 8H, m-H), 7.35
(m, 16H,  Ar-CH),  8.00 (M-part  of AA’MM’X,
3JPH= 14.5 Hz (JMX), N= 8.7 Hz, 8H, o-H). 13C-
NMR (CDCl3):  δ)=   31.3 (s,  C12),  34.6 (s,
C11), 55.4 (s, CH3O-), 67.6 (d, 2JP-C = 6.7 Hz,
C6), 113.7 (d, 3JP-C= 16.3 Hz, C3), 125.3 (s,
C9),  130.7 (s,  C8), 132.5 (d,  2JPC= 14.5  Hz,
C2), 128.4 (d, JP-C= 121.7 Hz, C1), 133.1 (d,
3JP-C  = 9.9 Hz, C7), 151.2 (s, C10), 162.6 (d,
4JPC= 3.2,  C4).  31P-NMR (CDCl3): δ)= 106.20.
LC/MS:  m/z  1687.90 ([M]+,  17%),  1321.4
([M-L3]+, 100%), 843.4 ([M/2]+, 55%), 479.3

([CdL3]+,  36%). Anal.  Calcd.  for:
C72H88Cd2O8P4S8 (1686.70 g.mol-1): C, 51.27;
H, 5.26; S, 15.21; found: C, 51.33; H, 5.29;
S, 15.39 %.

Bis-{bis-[O-di-phenylmethyl-(4-
methoxyphenyl)dithiophosphonato]cadmium(
II)}, [Cd2(µ-L4)2(L4)2]
Yield: 0.28 g (68%). White. m.p. 101-102⁰C,
(decomposition).  1H  NMR  (δ):ppm,  CDCl3):
7.28  (s,  40H,  Ar-CH),  7.93  (A-part  of
AA’MM’X, 4JPH= 14.7 Hz (JAX), N= 8.8 Hz, 8H,
m-H), 7.28  (m, 16H,  Ar-CH), 6.93  (d, 3JPH=
16.4 Hz 4H,  C6H), 6.79 (M-part of AA’MM’X,
3JPH= 3.3 Hz (JMX), N= 8.8 Hz, 8H, o-H), 3.78
(s, 12H,  OCH3).  13C-NMR (CDCl3): δ)=  55.4
(s, CH3O-), 79.6 (d, 2JP-C = 6.9, C6) Hz, 113.6
(d,  3JP-C= 16.1 Hz, C3),  127.5 (s,  C9), 127.6
(s, C10), 128.2 (s, C8), 129.6 (d, JP-C= 121.5
Hz, C1), 132.3 (d, 2JPC= 14.3 Hz, C2), 141.0
(d, 3JP-C = 4.6 Hz, C7), 162.4 (d, 4JPC= 3.3 Hz,
C4). 31P-NMR (CDCl3): δ)= 106.25. LC/MS: m/
z 1787.80 ([M+Na]+, 31%), 907.9 ([M/2+Na]
+,  32%),  575.9  ([Cd2P3S8]+,  100%). Anal.
Calcd. for: C80H72Cd2O8P4S8 (1766.66 g.mol-1):
C, 54.39; H, 4.11; S, 14.52; found: C, 54.47;
H, 4.14; S, 14.77 %.

Bis-{bis-[O-4 tert-butylcyclohexyl-(4-
methoxyphenyl)dithiophosphonato]cadmium(
II)}, [Cd2(µ-L5)2(L5)2]
Yield: 0.32 g (78%). White. m.p. 115-116⁰C,
(decomposition). 1H NMR (δ):ppm, CDCl3): δ)=
0.82  (m, 36H,  C11-H), 0.96  (m, 4H,  C9-H),
1.11  (m,  8H,  C8’-H),  1.43  (m,  8H,  C8-H),
1.74  (m,  8H,  C7’-H),  2.25  (m,  8H,  C7-H),
3.83  (m, 16H,  C6-H overlapped with  OCH3),
6.92 (A-part of AA’MM’X,  4JPH= 3.3 Hz (JAX),
N=  8.8  Hz,  8H,  m-H),  7.99  (M-part  of
AA’MM’X, 3JPH= 14.5 Hz (JMX), N= 8.8 Hz, 8H,
o-H). 13C-NMR (CDCl3): δ)= 25.7 (s, C8), 27.6
(s, C11), 32.3 (s, C10), 46.9 (s, C9), 34.2 (s,
C7),   78.1  (d,  2JPC= 7.9  Hz,  C6), 55.4  (s,
CH3O-), 113.6 (d,  3JP-C= 16.1 Hz, C3), 129.6
(d, JP-C= 121.5 Hz, C1), 132.3 (d, 2JP-C = 14.3
Hz,  C2), 162.4  (d,  4JPC= 3.3,  C4).  31P-NMR
(CDCl3):  δ)=  102.65.  LC/MS:  m/z  1679.1
([M+Na]+,  28%),  1297.1  ([M-L5]+,  35%),
827.9  ([M/2]+,  32%),  512.8  ([Cd2PS8]+,
100%). Anal.  Calcd.  for:  C68H104Cd2O8P4S8

(1654.79  g.mol-1):  C,  49.36;  H,  6.33;  S,
15.50; found: C, 49.52; H, 6.39; S, 15.71 %.

Bis-{bis-[O-3-pentyl-(4-
methoxyphenyl)dithiophosphonato]mercury(I
I)}, 
[Hg2(µ-L1)2(L1)2]
Yield: 0.27 g (69%). White. m.p. 125-126⁰C,
(decomposition). 1H NMR (δ):ppm, CDCl3): δ)=
0.99  (t,  3JHH= 7.5  Hz, 24H,  C8-H), 1.83  (m,
16H, C7-H), 4.8 (m, 4H, C6-H), 3.85 (s, 12H,
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OCH3), 6.96 (A-part of AA’MM’X, 4JPH= 3.4 Hz
(JAX),  N= 8.6 Hz, 8H,  m-H),  8.6 (M-part  of
AA’MM’X, 3JPH= 14.5 Hz (JMX), N= 8.6 Hz, 8H,
o-H).  13C-NMR (CDCl3): δ)= 9.4 (s,  C8),  27.1
(s,  C7), 81.4 (d,  2JPC= 8.0  Hz, C6), 58.4 (s,
CH3O-), 113.7 (d,  3JP-C= 16.3 Hz, C3), 131.9
(d,  2JP-C  = 14.0 Hz,  C2) Hz,  130.1 (d,  JP-C=
126.6 Hz, C1) 162.4 (d,  4JPC= 3.3,  C4).  31P-
NMR  (CDCl3):  δ)=  100.63.   LC/MS:  m/z
1581.8 ([M+Na]+,  100%),  1268.8  ([M-L1]+,
35%), 803.0 ([M/2]+, 47%). Anal. Calcd. for:
C48H72Hg2O8P4S8 (1558.68g.mol-1):  C,  39.99;
H, 4.66; S, 16.46; found: C, 40.13; H, 4.70;
S, 16.59 %.

Bis-{bis-[O-1-phenyl-1-propyl-(4-
methoxyphenyl)dithiophosphonato]mercury(I
I)}, 
[Hg2(µ-L2)2(L2)2]
Yield:  0.21  g  (48%).  White. m.p.  90-91⁰C,
(decomposition). 1H NMR (δ):ppm, CDCl3): δ)=
0.94  (t,  3JHH= 7.4  Hz, 12H,  C8-H),  2.03  (m,
8H,  diastereotopic protons, C7-H),  5.84  (m,
4H, C6-H), 3.85 (s, 12H, OCH3), 6.93 (A-part
of AA’MM’X, 4JPH= 3.4 Hz (JAX), N= 8.9 Hz, 8H,
m-H), 7.31 (m, 20H, Ar-CH), 7.93 (M-part of
AA’MM’X, 3JPH= 14.4 Hz (JMX), N= 8.9 Hz, 8H,
o-H).  13C-NMR (CDCl3): δ)= 9.8 (s,  C8), 31.2
(s, C7), 55.4 (s, CH3O-), 81.2 (s, C6), 113.7
(d, 3JP-C= 16.3 Hz, C3), 127.1 (s, C12), 127.9
(s,  C11), 128.4 (s,  C10),  129.5  (d,  JP-C=
125.3 Hz, C1), 132.0, (d, 2JP-C = 14.2 Hz, C2),
140.6 (d,  2JPC= 3.0  Hz, C9), 162.5 (d,  4JPC=
3.4,  C4).  31P-NMR  (CDCl3):  δ)=  106.20.
LC/MS:  m/z  1413.3  ([M-L2]+,  32%), 339.2
([L2]+,  28%), 233.0  ([HgS]+,  100%). Anal.
Calcd. for: C64H72Hg2O8P4S8 (1750.85 g.mol-1):
C, 43.90; H, 4.14; S, 14.65; found: C, 43.97;
H, 4.16; S, 14.77 %.

Bis-{bis-[O-4-tert-butylbenzyl-(4-
methoxyphenyl)dithiophosphonato]mercury(I
I)}, [Hg2(µ-L3)2(L3)2]
Yield: 0.36 g (78%). White. m.p. 138-139⁰C,
(decomposition). 1H NMR (δ):ppm, CDCl3): δ)=
1.32 (s, 36H, C12), 5.4 (m, 8H, C6-H), 3.83
(s,  12H,  OCH3),  6.94  (A-part  of  AA’MM’X,
4JPH= 3.3 Hz (JAX), N= 8.7 Hz, 8H, m-H), 7.35
(m, 16H,  Ar-CH),  8.00 (M-part  of AA’MM’X,
3JPH= 14.5 Hz (JMX), N= 8.7 Hz, 8H, o-H). 13C-
NMR (CDCl3):  δ)=   30.9 (s,  C12),  34.6 (s,
C11), 55.4 (s, CH3O-), 67.6 (d, 2JP-C = 6.5 Hz,
C6), 113.8 (d, 3JP-C= 16.3 Hz, C3), 125.5 (s,
C9),  128.1 (s,  C8), 132.3 (d,  2JPC= 14.3  Hz,
C2), 129.3 (d, JP-C= 124.2 Hz, C1), 133.0 (d,
3JP-C  = 9.8 Hz, C7), 151.4 (s, C10), 162.7 (d,
4JPC= 3.3,  C4).  31P-NMR (CDCl3): δ)= 103.94.
LC/MS: m/z  1498.6 ([M-L3]+,  100%), 932.6
([M/2]+,  20%). Anal.  Calcd.  for:
C72H88Hg2O8P4S8 (1683.01 g.mol-1): C, 46.42;

H, 4.76; S, 13.77; found: C, 46.57; H, 4.83;
S, 13.97 %.

Bis-{bis-[O-di-phenylmethyl-(4-
methoxyphenyl)dithiophosphonato]mercury 
(II)}, [Hg2(µ-L4)2(L4)2]
Yield:  0.24  g  (49%).  White. m.p.  89-90⁰C,
(decomposition). 1H NMR (δ):ppm, CDCl3): δ)=
7.36  (s,  40H,  Ar-CH),  7.92  (A-part  of
AA’MM’X, 4JPH= 14.6 Hz (JAX), N= 8.7 Hz, 8H,
m-H), 7.28 (m, 16H, Ar-CH), 6.98 (d, 4H, C6
adjacent  with  Armeta),  6.92  (M-part  of
AA’MM’X,  3JPH= 3.4 Hz (JMX),  N= 8.7 Hz, 8H,
o-H adjacent with C6), 3.84 (s, 12H,  OCH3).
13C-NMR (CDCl3): δ)=  55.4 (s,  CH3O-), 80.1
(d,  2JP-C  = 6.4, C6) Hz, 113.7 (d,  3JP-C= 16.4
Hz, C3), 127.6 (s, C9), 128.0 (s, C10), 128.5
(s, C8), 129.5 (d, JP-C= 125.0 Hz, C1), 132.0
(d,  2JPC= 14.3  Hz, C2), 140.6 (s, C7), 162.6
(d,  4JPC=  3.3,  C4).  31P-NMR  (CDCl3):  δ)=
102.22.  LC/MS: m/z  1381.6 ([(M-HgL4)+Na]
+,  29%),  996.1  ([M/2+Na]+,  47%),  575.9
([HgP2S4-O-CH2(C6H4)2]+, 100%). Anal. Calcd.
for:  C80H72Hg2O8P4S8 (1943.02  g.mol-1):  C,
49.45; H, 3.73; S, 13.20; found: C, 49.63;
H, 3.78; S, 13.41 %.

Bis-{bis-[O-4-tert-butylcyclohexyl-(4-
methoxyphenyl)dithiophosphonato]mercury 
(II)}, [Hg2(µ-L5)2(L5)2]
Yield:  0.18  g  (39%).  White. m.p.  84-85⁰C,
(decomposition). 1H NMR (δ):ppm, CDCl3): δ)=
0.85  (m, 36H,  C11-H), 1.01  (m, 4H,  C9-H),
1.24  (m,  8H,  C8’-H),  1.50  (m,  8H,  C8-H),
1.82  (m,  8H,  C7’-H),  2.34  (m,  8H,  C7-H),
3.85  (m, 16H,  C6-H overlapped with  OCH3),
7.00 (A-part of AA’MM’X,  4JPH= 3.4 Hz (JAX),
N=  8.8  Hz,  8H,  m-H),  8.04  (M-part  of
AA’MM’X, 3JPH= 14.4 Hz (JMX), N= 8.8 Hz, 8H,
o-H). 13C-NMR (CDCl3): δ)= 25.7 (s, C8), 25.7
(s, C11), 32.3 (s, C10), 46.4 (s, C9), 34.2 (s,
C7),  78.2 (s, C6), 55.4 (s, CH3O-), 113.7 (d,
3JP-C= 16.2 Hz, C3), 129.7 (d, JP-C= 124.6 Hz,
C1), 132.1 (d, 2JP-C  = 14.1 Hz, C2), 162.8 (s,
C4). 31P-NMR (CDCl3): δ)= 101.05. LC/MS: m/
z  1854.3 ([M+Na]+, 23%),  1268.8 ([M-L5]+,
31%), 350.9  ([HgS4+Na]+,  100%). Anal.
Calcd.  for: C68H104Hg2O8P4S8 (1831.14 g.mol-
1):  C,  44.60;  H,  5.72;  S,  14.01;  found:  C,
44.67; H, 5.74; S, 14.15 %.

RESULTS AND DISCUSSION

Spectroscopic studies

IR and Raman spectra
IR and Raman spectra are expected to bear
evidence about the existence of PS and M-S
bonds  in  the  structures  of  the  complexes.
Indeed,  (PS)asym and  (PS)sym bands as well
as a couple of bands another relating to the
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coordination,  namely,  (M-S)asym)  and  (M- S)sym are clearly visible in both the spectra as
listed in Table 1. 

Table 1: Selected IR and Raman (R) data (cm-1 ) assignment of vibrational bands for the
complexes.

Complex
(Cd-S)sym (Cd-S)asym (PS)sym (PS)asym

IR R IR R IR R IR R

[Cd2(µ-L1)2(L1)2] 286 288 340 341 539 552 660;64
7

664;63
5

[Cd2(µ-L2)2(L2)2] 283 285 362 366 536 542 676;64
8

680;63
5

[Cd2(µ-L3)2(L3)2]
293;30

8
292;30

7
393 393 543 550 661;64

6
666;63

5

[Cd2(µ-L4)2(L4)2] 295 292 347 347 555;51
7

564;52
3

620 618

[Cd2(µ-L5)2(L5)2] 267 289 294 414 582 540;52
4

663 664

Complex
(Hg-S)sym (Hg-S)asym (PS)sym (PS)asym

IR R IR R IR R IR R

[Hg2(µ-L1)2(L1)2] 389 311 386 310 555 541 629 633

[Hg2(µ-L2)2(L2)2] 335 330 363 350 563 569 637 619

[Hg2(µ-L3)2(L3)2] 363 363 394 389 544 547 645 641

[Hg2(µ-L4)2(L4)2] 382 378 417 407 547 547 622 619

[Hg2(µ-L5)2(L5)2] 356 357 389 389 579 582 627 629

Meanwhile,  the  N-H  stretching  signal  does
not  exist  in  the  vibrational  spectra  of  the
complexes,  indicating  that  the  ammonium
salt is no longer present (24).
IR  and  Raman  data reported  for  similar
compounds agree well with the signals (24-
29).

Mass Spectra
The main features of the mass spectra for the
complexes are given in Table 2. 

The  natural  abundance  of  cadmium  and
mercury,  as  well  as  sulfur  isotopes,  are
reflected  in  the  appearance  of  the  peaks.
Some mass peaks have the mass to charge
values  that  are  23  units  higher  than  the
molecular mass, related to the leaving group.
This discrepancy is suggested to have come
from the Na+ ions that  may have detached
from the buffer solution used in the ionizer.

The  compounds  [Cd2(µ-L1)2(L1)2],  [Cd2(µ-
L2)2(L2)2],  [Cd2(µ-L3)2(L3)2]  and  [Hg2(µ-
L3)2(L3)2] display mass signals corresponding
to the molecule minus a single ligand but the
disintegration  patterns  of  the  other  six
complexes  do  not  appear  to  show  any
commentable  feature.  For  these complexes,
the molecular ion peaks are the sole usable
information. 

The molecular ion peaks corresponding to the
dimeric  [Cd2(µ-Ln)2(Ln)2]  complexes  are
relatively  weak  but  visible  anyway.  On the
other  hand,  Hg(II)  complexes,  except  for
[Hg2(µ-L1)2(L1)2] and [Hg2(µ-L5)2(L5)2] do not
display  any  molecular  ion  peak  at  all.  The
molecular  peak  of  [Hg2(µ-L1)2(L1)2]  is
extraordinarily  intense  (the  main  peak
actually).  Mass  spectral  data  reported  for
similar  compounds  agree  well  (30-33)  with
the signals we observed.
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Table 2: MS spectral data for the complexes.
Removing groups from [M]+

[M]+ m/z
100 % Intensity

[M-Ln]+ [M/2]+

[Cd2(µ-L1)2(L1)2] 1406.2, [M+Na]+; 2% 1093.1, [M-L1]+; 100% 689.1, [M/2]+; 29%

[Cd2(µ-L2)2(L2)2] 1597.3, [M+Na]+; 29% 1237.3, [M-L2]+; 100% 810.2, [M/2]+; 36%

[Cd2(µ-L3)2(L3)2] 1687.90, [M]+; 17% 1321.4, [M-L3]+; 100% 843.4, [M/2]+; 55%

[Cd2(µ-L4)2(L4)2] 1787.80, [M+Na]+; 31% 575.9, [Cd2P3S8]+; 100% - 907.9, [M/2+Na]+; 32%

[Cd2(µ-L5)2(L5)2] 1679.1, [M+Na]+; 28% 512.8, [Cd2PS8]+; 100% 1297.1, [M-L5]+; 35% 827.9, [M/2]+; 32%

[Hg2(µ-L1)2(L1)2] 1581.8, [M+Na]+; 100% 1268.8, [M-L1]+; 35% 803.0, [M/2]+; 47%

[Hg2(µ-L2)2(L2)2] - 233.0, [HgS]+; 100% 1413.3, [M-L2]+; 32% -

[Hg2(µ-L3)2(L3)2] - 1498.6, [M-L3]+, 100% 932.6, [M/2]+; 20% 

[Hg2(µ-L4)2(L4)2] - 575.9, [HgP2S4-O-CH2(C6H4)2]+; 100% - 996.1, [M/2+Na]+; 47%

[Hg2(µ-L5)2(L5)2] 1854.3, [M+Na]+; 23% 350.9, [HgS4+Na]+; 100% 1268.8, [M-L5]+; 31% -
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Figure 2. Numbering scheme for [Cd2(µ-Ln)2(Ln)2] and [Hg2(Ln)2(Ln)2] complexes.

NMR Spectra
The numbering scheme for carbon atoms is
given in Figure 2.

1H-NMR spectra
The  1H-NMR  spectra  of  all  the  compounds
display a signal corresponding to the anisole
group  protons,  a  doublet  of  two  doublets;
therefore  these  four  protons  constitute  an
AA’MM’X spin system in each compound.

In all the complexes the ortho-protons on the
anisole ring are all split by  ~14.5 Hz by the
phosphorus atom. The four bond P-H splitting
of the meta-protons on the same ring is ~3.3
Hz in the Cd(II)-DTPOAs (δ)= 6.93 ppm) and
~3.4 Hz in the Hg(II)-DTPOAs (δ)= 6.93 ppm)
species. 

On  the  1H-NMR  spectra  of  the  complexes
containing  L2,  the methylene protons on C7
show  up  as  a  diastereotopic  couple  as
expected spectra. 

The signals of some of the alkyl protons on
the  cyclohexyl  group  of  L5 overlapped  with
each other in the spectra of  [Cd2(µ-L5)2(L5)2]
and [Hg2(µ-L5)2(L5)2]. There are also overlaps
between C6 protons and the phenyl protons
of  diphenylmethyl  group  of  the  complexes
[Cd2(µ-L4)2(L4)2]  and  [Hg2(µ-L4)2(L4)2].  The
overall  1H-NMR  spectral  data  are  given  in
Table 3. 
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Table 3:   1H NMR spectral data for the complexes.

[Cd2(µ-L1)2(L1)2] [Cd2(µ-L2)2(L2)2] [Cd2(µ-L3)2(L3)2] [Cd2(µ-L4)2(L4)2] [Cd2(µ-L5)2(L5)2]

Arortho

M part of AA’MM’X
N= JAM + JAM'

δ)= 8.01 (8H)
3JPH= 14.5 (JMX); N= 
8.8

δ)= 7.93 (8H)
3JPH= 14.6 (JMX); N= 8.8

δ)= 8.03 (8H)
3JPH= 14.6 (JMX); N= 
8.7

δ)= 7.93 (8H)
3JPH= 14.7 (JMX); N= 
8.8

δ)= 7.99 (8H)
3JPH= 14.5 (JMX); N= 8.8

Armeta

A part of AA’MM’X
δ)= 6.93 (8H)
4JPH= 3.3 (JAX); N= 8.8

δ)= 6.93 (8H)
4JPH= 3.2 (JAX); N= 8.8

δ)= 6.91 (8H)
4JPH= 3.2 (JAX); N= 8.7

δ)= 6.79 (8H)
4JPH= 3.3 (JAX); N= 8.8 

δ)= 6.92 (8H)
4JPH= 3.3 (JAX); N= 8.8

OCH3 δ)= 3.83 (s, 12H) δ)= 3.80 (s, 12H) δ)= 3.81 (s, 12H) δ)= 3.78 (s, 12H)
δ)= 3.83 (s, 16H)
overlapped with C6-HC6-H δ)= 4.8 (m, 4H) δ)= 5.70 (m, 4H)

δ)= 5.3 (d, 4H)
 3JPH= 8.7

δ)= 6.93 (d, 4H)
3JPH= 16.4

C7-H δ)= 1.77 (m, 16H)
δ)= 2.01 (m, 8H)
diastereotopic protons

- -

C7-H, δ)= 2.25 ; (m, 
8H)
C7’-H, δ)= 1.74 ; (m, 
8H)

C8-H δ)= 0.94 (t, 24H)
3JHH= 7.5

δ)= 0.87 (t, 12H)
3JHH= 7.4

- -

C8-H, δ)= 1.43 ; (m, 
8H)
C8’-H, δ)= 1.11 ; (m, 
8H)

C9-H - - - - δ)= 0.96  (m, 4H)

C11-H - - - - δ)= 0.82 ; (m, 36H)

C12H - - δ)= 1.31 ; (s, 36H) - -

Ar-CH - δ)= 7.28 ; (m, 20H) δ)= 7.32 ; (m, 16H) δ)= 7.28 ; (m, 40H) -
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[Hg2(µ-L1)2(L1)2] [Hg2(µ-L2)2(L2)2] [Hg2(µ-L3)2(L3)2] [Hg2(µ-L4)2(L4)2] [Hg2(µ-L5)2(L5)2]

Arortho

M part of
AA’MM’X

N= JAM + JAM'

δ)= 8.6 (4H)
3JPH= 14.5 (JMX); N= 
8.6

δ)= 7.95 (4H)
3JPH= 14.5 (JMX); N= 8.9

δ)= 8.00 (8H)
3JPH= 14.5 (JMX); N= 
8.7

δ)= 7.92 (8H)
3JPH= 14.6 (JMX); N= 8.7

δ)= 8.04 (8H)
3JPH= 14.4 (JMX); N= 8.8

Armeta

A part of
AA’MM’X

δ)= 6.96 (4H)
4JPH= 3.4 (JAX); N= 8.6

δ)= 6.93 (4H)
4JPH= 3.4 (JAX); N= 8.9

δ)= 6.94 (8H)
4JPH= 3.3 (JAX); N= 8.7

δ)= 6.92 (8H)
4JPH= 3.4 (JAX); N= 8.8, 
Ar-Hort. (adjacent C-6H)

δ)= 7.00 (8H)
4JPH= 3.4 (JAX); N= 8.8

OCH3 δ)= 3.85 (s, 12H) δ)= 3.85 (s, 12H) δ)= 3.83 (s, 12H) δ)= 3.84 (s, 12H)

δ)= 3.85 (s, 16H)
overlapped with C6-HC6-H δ)= 4.8 (m, 4H) δ)= 5.84 (m, 8H) δ)= 5.4 (d, 8H)

 3JPH= 9.2

δ)= 6.98 (d, 4H)
3JPH= 16.4 (Armeta 
adjacent)

C7-H δ)= 1.83 (m, 16H)
δ)= 2.03 (m, 8H)
diastereotopic protons

- -

C7-H, δ)= 2.34 ; (m, 
4H)
C7’-H, δ)= 1.82 ; (m, 
4H)

C8-H
δ)= 0.99 (t, 24H)
3JHH= 7.5

δ)= 0.94 (t, 12H)
3JHH= 7.4

- -

C8-H, δ)= 1.50 ; (m, 
4H)
C8’-H, δ)= 1.24 ; (m, 
4H)

C9-H - - - - δ)= 1.01  (m, 4H)

C11-H - - - - δ)= 0.85 ; (m, 36H)

C12H - - δ)= 1.32 ; (s, 36H) - -

Ar-CH - δ)= 7.31 ; (m, 20H) δ)= 7.35 ; (m, 16H) δ)= 7.36 ; (m, 40H) -

(Chemical shifts (d) are reported in ppm. J values are reported in Hz. s: singlet; d:doublet; t:triplet dd:doublet of doublets; m:multiplet).
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13C-NMR spectra 
The  proton-decoupled  13C-NMR  spectra
display a one-bond P-C coupling of about the
same order of magnitude (114.2-123.9 Hz) in
all the Cd(II) complexes. The same couplings
are  within  even  a  narrower  range  (124.2-
126.6 Hz) in the Hg(II) species. The C1 and
C2 carbons appear at further  downfield (by
about  ~7 ppm and ~2 ppm, respectively) in
all the complexes compared to their position
in  the  spectra  of  the  corresponding  ligands
(2). The NMR signals of C8 on the spectra of
[Cd2(µ-L3)2(L3)2]  and  [Hg2(µ-L3)2(L3)2]  are
situated  between  the  two  hands  of  the
doublet corresponding to C1 (split into two by
phosphorus).  Similar  overlap  is  observed
between  the  signals  C8,  C9  and  C10  of
[Cd2(µ-L4)2(L4)2] all  of  which falling between
C1 signals.

13C-NMR  data  of  all  the  complexes  are
presented in Table 4.

31P-NMR spectra
The  chemical  shift  data  for  the  proton-
decoupled  31P-NMR  spectra  of  the  ten
complexes are presented in Table 5.

For  comparison,  31P-NMR  chemical  shift
values  are  also  given.  All  the  compounds
display a single 31P-NMR signal indicating that
the compounds are somehow symmetrical in
solution. This is also evident from the formula
given in Scheme 2.

Table  5  indicates  that  there  is  no  parallel
relation  between the  chemical  shifts  of  the
ligands  and  of  the  complexes,  but  all  lay
within  the  narrow  range,  100.63-107.17
ppm.  This  indicates  that  the  chemical
environment  of  the  phosphorus  atom those
not  undergo  either  geometrically  or
electronically to a drastic change during the
complexation.

Other features of the  NMR spectra (1H-,  13C-
and  31P-) are in a good agreement with the
literature (24,31, 34-36).
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Table 4: 13C-NMR data for the complexes.

[Cd2(µ-L1)2(L1)2] [Cd2(µ-L2)2(L2)2] [Cd2(µ-L3)2(L3)2] [Cd2(µ-L4)2(L4)2] [Cd2(µ-L5)2(L5)2]

C1
δ)= 130.0 (d)
JPC= 123.9

δ)= 129.0 (d)
JPC= 122.7

δ)= 128.4 (d)
JPC= 121.7

δ)= 127.3 (d)
JPC= 114.2

δ)= 129.6 (d)
JPC= 121.5

C2
δ)= 132.2 (d)
2JPC= 14.2

δ)= 132.4 (d)
2JPC= 14.4

δ)= 132.5 (d)
2JPC= 14.5

δ)= 132.4 (d)
2JPC= 14.3

δ)= 132.3 (d)
2JPC= 14.3

C3 δ)= 113.5 (d)
3JPC= 16.2

δ)= 113.5 (d)
3JPC= 16.3

δ)= 113.7 (d)
3JPC= 16.3

δ)= 113.6 (d)
3JPC= 16.4

δ)= 113.6 (d)
3JPC= 16.1

C4
δ)= 162.3 (d)
4JPC= 3.3

δ)= 162.4 (d)
4JPC= 3.3

δ)= 162.6 (d)
4JPC= 3.2

δ)= 162.4 (d)
4JPC= 3.0

δ)= 162.4 (d)
4JPC= 3.3

C5 δ)= 55.4 (s) δ)= 55.4 (s) δ)= 55.4 (s) δ)= 55.4 (s) δ)= 54.4 (s)

C6
δ)= 81.1
(d), 2JPC= 8.2

δ)= 80.8 (d)
2JPC= 7.3

δ)= 67.6 (d)
2JPC= 6.7

δ)= 79.6 (d)
2JPC= 6.9

δ)= 78.1 (d)
2JPC= 7.9

C7
δ)= 27.1 (d)
3JPC= 4.0

δ)= 31.4 (d)
3JPC= 5.4

δ)= 133.1 (d)
3JPC= 9.9

δ)= 141.0 (d)
3JPC= 4.6

δ)= 34.2 (d)
3JPC= 3.8

C8 δ)= 9.3 (s) δ)= 9.8 (s) δ)= 130.7 (s) δ)= 128.2 (s) δ)= 25.7 (s)

C9 - δ)= 140.9 (d)
3JPC= 3.1

δ)= 125.3 (s) δ)= 127.5 (s) δ)= 46.9 (s)

C10 - δ)=128.1 (s) δ)= 151.2 (s) δ)= 127.6 (s) δ)= 32.3 (s)
C11 - δ)=127.5 (s) δ)= 34.6 (s) - δ)= 27.6 (s)
C12 - δ)= 126.9 (s) δ)= 31.3 (s) - -
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[Hg2(µ-L1)2(L1)2] [Hg2(µ-L2)2(L2)2] [Hg2(µ-L3)2(L3)2] [Hg2(µ-L4)2(L4)2] [Hg2(µ-L5)2(L5)2]

C1
δ)= 130.1 (d)
JPC= 126.6

δ)= 129.5 (d)
JPC= 125.3

δ)= 129.3 (d)
JPC= 124.2

δ)= 129.5 (d)
JPC= 125.0

δ)= 129.7 (d)
JPC= 124.6

C2
δ)= 131.9 (d)
2JPC= 14.0

δ)= 132.0 (d)
2JPC= 14.2

δ)= 132.3 (d)
2JPC= 14.3

δ)= 132.0 (d)
2JPC= 14.3

δ)= 132.1 (d)
2JPC= 14.1

C3 δ)= 113.7 (d)
3JPC= 16.3

δ)= 113.7 (d)
3JPC= 16.3

δ)= 113.8 (d)
3JPC= 16.3

δ)= 113.7 (d)
3JPC= 16.4

δ)= 113.7 (d)
3JPC= 16.2

C4
δ)= 162.4 (d)
4JPC= 3.3

δ)= 162.5 (d)
4JPC= 3.4

δ)= 162.7 (s)
4JPC= 3.3

δ)= 162.6 (s)
4JPC= 3.3

δ)= 162.8 (s)

C5 δ)= 58.4 (s) δ)= 55.4 (s) δ)= 55.4 (s) δ)= 55.4 (s) δ)= 54.4 (s)

C6
δ)= 81.4 (d)
2JPC= 8.0

δ)= 81.2 (s)
δ)= 67.6 (s)
2JPC= 6.5

δ)= 80.1 (s)
2JPC= 6.4

δ)= 78.2 (s)

C7 δ)= 27.1 (s) δ)= 31.2 (s)
δ)= 133.0 (d)
3JPC= 9.8 δ)= 140.6 (s) δ)= 34.2 (s)

C8 δ)= 9.4 (s) δ)= 9.8 (s) δ)= 128.1 (s) δ)= 128.5 (s) δ)= 25.7 (s)

C9 -
δ)= 140.6 (s)
3JPC= 3.0

δ)= 125.5 (s) δ)= 127.6 (s) δ)= 46.4 (s)

C10 - δ)= 128.4 (s) δ)= 151.4 (s) δ)= 128.0 (s) δ)= 32.3 (s)

C11 - δ)=127.9 (s) δ)= 34.6 (s) - δ)= 27.6 (s)

C12 - δ)= 127.1 (s) δ)= 30.9 (s) - -

(Chemical shifts (d) are reported in ppm. J values are reported in Hz. s: singlet; d:doublet; m:multiplet)
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Table 5: 31P-NMR data relating to the complexes and the corresponding ligands.

[NH4L1] [NH4L2] [NH4L3] [NH4L4] [NH4L5]

δ),
ppm

101.62 105.56 106.82 103.41 107.17

[Cd2(µ-
L1)2(L1)2]

[Cd2(µ-
L2)2(L2)2]

[Cd2(µ-
L3)2(L3)2]

[Cd2(µ-
L4)2(L4)2]

[Cd2(µ-
L5)2(L5)2]

δ),
ppm 103.42 104.58 106.20 106.25 102.65

[Hg2(µ-
L1)2(L1)2]

[Hg2(µ-
L2)2(L2)2]

[Hg2(µ-
L3)2(L3)2]

[Hg2(µ-
L4)2(L4)2]

[Hg2(µ-
L5)2(L5)2]

δ),
ppm 100.63 106.20 103.94 102.22 101.05

CONCLUSIONS

Five different dithiophosphonato ligands were
synthesized  and  purified  according  to  the
procedure  reported  elsewhere  (22).  New
Cd(II)  and  Hg(II)  complexes  were
synthesized  and characterized  by  elemental
analyses and 1H-NMR, 13C-NMR, 31P-NMR and
MS. 

Based on the MS data, all the complexes were
found to be of dimeric structure. 31P-NMR data
indicate  that  the  complex  molecules  are
symmetrical  in  solution.  A  comparative
examination of the 31P-NMR data of the ligands
and of the complexes show that the process of
coordination  has  some  influence  on  the
electron delocalization within the aromatic ring
attached the P atom, but also that the same
process has of little strain on the environment
of the phosphorus atom.
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Abstract: Covalent Organic Frameworks (COFs) have been considered as promising materials for gas
storage applications due to their highly porous structures and tunable characteristics. In this work,
high-throughput  molecular  simulations  were  performed  to  screen  the  recent  Computation-Ready
Experimental COF Database (CoRE-COF) for H2 storage as a first time in the literature. Predictions for
H2 uptakes were first compared with the experimental data of several COFs. Motivated from the good
agreement between simulations and experiments, we performed Grand Canonical Monte Carlo (GCMC)
simulations to compute volumetric H2 uptakes of 296 COFs at various temperatures and pressures and
identified the best candidates which exhibit superior performance for H2 storage. COFs outperformed
several well-known MOFs such as HKUST-1, NU-125, NU-1000 series, NOTT-112 and UiO-67 at 100
bar/77 K adsorption and 5 bar/160 K desorption conditions. We also examined the effect of Feynman-
Hibbs correction on simulated H2 isotherms and H2 working capacities of COFs to consider quantum
effects at low temperatures. Results showed that the Feynman-Hibbs corrections do not affect the
ranking of materials based on H2 working capacities, but slightly affect the predictions of H2 adsorption
isotherms. We finally  examined the structure-performance relations and showed that  density  and
porosity are highly correlated with the volumetric H2 working capacities of COFs. Results of this study
will  be highly useful in guiding future research and focusing experimental efforts on the best COF
adsorbents identified in this study.
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INTRODUCTION

Developing  energy-efficient  and  safe  hydrogen
(H2)  storage systems has gained importance in
transportation  sector  due  to  non-toxic  and
environmentally friendly products of H2 compared
to  those  of  fossil  fuels.  Additionally,  H2 has
almost triple energy density that of gasoline per

mass  unit.  Many  companies  including  Honda,
Toyota, Hyundai, and General Motors have been
recently  producing  hydrogen-powered  vehicles
(1).  Storing  H2 in  vehicles  is  possible  at  room
temperature and very high pressure (~700 bar).
However,  high  pressure  operating  conditions
bring  safety  issues  to  the  attention  of  the
manufacturers for the critical equipment design.
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As  alternative  to  the  high-pressure  H2  storage
systems, liquefaction at low temperature (77 K)
has  been  also  investigated  for  on-board  H2

storage.  Recently,  cryo-adsorption  processes  in
which H2  molecules are stored at 77 K and 100
bar and desorbed at  160 K and 5 bar  using a
porous  material  have  been  considered  for
automotive  industry  (2).  H2  molecules  can  be
adsorbed  at  moderate  temperatures  and
pressures within a porous adsorbent material due
to  the  van  der  Waals  interactions.  Herein,  the
careful  choice  of  an  adsorbent  material  is
important.  A  promising  adsorbent  should  have
high  working  capacity.  Working  capacity  is
defined as the gas amount that can be delivered
when the storage pressure is decreased to a pre-
determined desorption pressure  (3).  To  have a
high  gas  working  capacity,  adsorbents  should
have the maximum gas uptake at an adsorption
pressure  and  the  minimum  gas  uptake  at  a
desorption pressure.

Many  different  adsorbent  materials  including
activated carbons, (4) zeolites, (5) metal organic
frameworks  (MOFs)  (6)  and  covalent  organic
frameworks (COFs) (7, 8) have been tested for
efficient H2 store systems. To evaluate H2 storage
capacities of these materials, ARPA-E (Advanced
Research Projects Agency-Energy) target set by
the U.S. Department of Energy (DOE) has been
commonly used. The DOE target for on board H2

storage systems was set to 4.5 wt%; 30 g/L for
2020 and 5.5 wt%; 40 g/L for 2025 and 6.5 wt
%; 50 g/L as ultimate target (9). Among these
adsorbent  materials,  MOFs  constructed  from
metal  ions  and organic  linkers  via  coordination
bonds are potential candidates for H2 storage due
to  their  large  surface  areas  and  high  pore
volumes (10). For example, Gómez-Gualdrón et
al.  (2)  investigated  the  isoreticular  series  of
zirconium MOFs including NU-1101, NU-1102 and
NU-1103  (NU:  Northwestern  University)  and
found that NU-1101 gives the highest measured
volumetric  H2 uptake  as  46.6  g/L  (9.1  wt  %),
whereas NU-1103 gives the highest gravimetric
H2 uptake  as  with  12.6  wt% (43.2  g/L)  at  77
K/100 bar adsorption and 160 K/5 bar desorption
conditions  based  on  the  tank  design  criteria
proposed  by  HSECoE,  Hydrogen  Storage
Engineering Center of Excellence (11). Langmi et
al. (12) reviewed H2 uptakes in MOFs at both 77
K and 298 K and showed that MOFs provide total
volumetric H2 uptake in the range of 40-60 g/L
(6-15 wt%) at 77 K whereas it decreases to less
than 15 g/L (0.5-1 wt%) at 298 K. COFs as a sub
class  of  MOFs  have  been  also  considered  as
promising adsorbents  for  H2 storage.  COFs are
consisted of light elements including B (boron), C
(carbon),  N  (nitrogen)  and  O  (oxygen)  and
organic  linkers  which  are  covalently  bonded.
COFs  exhibit  large  surface  areas  (711-1590

m2/g), high porosities (0.25-0.94) and large pore
sizes  (7.0×27.0 Å)  (13).  Furukawa  et  al.  (14)
examined the H2 storage performances of seven
COFs  including  COF-1,  COF-5,  COF-6,  COF-8,
COF-10,  COF-102  and COF-103  at  77  K.  They
found that  saturated H2 uptakes of  these COFs
are in the range of 1.5 wt% to 7.2 wt%. Ding
and Wang (15)  summarized  the H2 uptakes  of
thirteen COFs and reported that COFs with larger
surface areas exhibit higher H2 uptake capacities.
All  these studies  showed that  developing novel
adsorbents which have high storage and working
capacity for H2 at ambient conditions has been
still a critical issue for practical applications.

Both MOFs and COFs can be synthesized using
the  reticular  design  concept  which  provides
numerous  materials  with  different  chemical
functionalities.  Evaluating the  performance of  a
large number of  materials  for H2 storage using
experimental methods is challenging due to time,
cost,  and  equipment  concerns.  Therefore,
molecular simulations play a very useful role for
providing  reliable  gas  adsorption  data  in  a
reasonable time. Many computational studies on
H2 uptake  in  MOFs  were  performed  in  the
literature  (16).  Bucior  et  al.  (1)  performed  a
large-scale molecular simulation study to identify
promising  candidates  for  H2 storage.  Among
54,776  MOFs,  25  materials  were  reported  to
exceed the DOE 2025 volumetric system target
(40 g/L). In a different study, Ahmed et al. (17)
screened  real  and  hypothetical  MOFs  (totally
500,000 MOFs) for H2 adsorption up to 100 bar
at 77 K. Among these halves million MOFs, NU-
100  (also  known  as  PCN-610,  PCN  for  porous
coordination network) surpassed the DOE’s 2020
system level target (30 g/L) and gave H2 uptake
almost 35 g/L. They also investigated the relation
between structural properties of MOFs and their
performances  and  reported  that  porosity  has
positively correlated with the volumetric working
capacity of MOFs. Six different COFs (COF-1, 5,
102, 103, 105 and 108) have also been tested
for H2 storage by Han et al. (7) due to their large
surface areas (up to ~4000 m2/g) and low crystal
densities (~0.2 g/cm3). Among these COFs, COF-
108 gave the highest H2 gravimetric uptake (~19
wt%)  and  COF-102  gave  the  maximum
volumetric H2 uptake (~40 g/L) at 77 K and 100
bar. In a recent study, Cao et al. (18) performed
simulations  of  four  different  three-dimensional
(3D)  COFs  (COF-102,  103,  105  and  108)  and
their  lithium  (Li)-doped  counterparts  for  H2

storage at 298 K up to 100 bar. Results showed
that H2 gravimetric uptake capacities of Li-doped
COFs  (COF-105  and  COF-108)  nearly  doubled
and  both  reached  ~7  wt%  at  ambient
temperature  due  to  the  favorable  interactions
between  H2 and  Li  atom.  Assfour  et  al.  (19)
performed molecular simulations of eleven COFs
for H2 storage at 77 K and 298 K up to 100 bar.
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Similar to  study of  Han et.  al.  (7),  they found
that  COF-108  has  the  highest  gravimetric  H2

uptake as 21 wt% and 4.17 wt% at 77 K and 100
bar  and  at  298  K  and  100  bar,  respectively.
These  results  suggest  that  COFs  can  be
promising  materials  for  H2 storage.  Currently,
309  COFs  were  deposited  in  the  Computation-
Ready  Experimental  COF  Database  (CoRE-COF)
(20)  and  to the best of our knowledge, there is
no  study  in  the  literature  which  evaluates  H2

storage  performances  of  COFs  by  using  high-
throughput  molecular  simulation  techniques.
Therefore,  computational  studies  will  be  highly
useful to identify the potential COF candidates for
H2 capture.

In this work, we screened the recent CoRE-COF
database (20) for H2 storage as a first time in the
literature. We first compared our predictions with
the available experimental data in the literature
for  H2 uptake.  We  examined  the  effect  of
Feynman-Hibbs  corrections  on  simulated  H2

isotherms  in  COFs.  In  many  computational
studies on H2 storage, H2 molecules are treated
as  classical  molecules.  However,  at  sufficiently
low  temperatures,  quantum  effects  should  be
considered in simulations due to the low mass of
H2.  We then performed  Grand Canonical Monte
Carlo (GCMC) simulations to compute volumetric
H2 uptakes  of  296  COFs  at  three  different
operating conditions: (i) at 100 bar/77 K 2 bar/
77 K, (ii) at 100 bar/77 K 5 bar/77 K, and (iii)
at  100  bar/77  K   5  bar/160  K.  Reporting
volumetric  H2 adsorption  is  crucial  because  it
directly relates to the required volume of an on-
board tank. We also investigated the effect of the
Feynman-Hibbs  correction  on  simulated  H2

working capacities of COFs and the ranking of the
best  materials.  The  best  performing  materials
were  then  compared  with  the  top  performing
MOFs  which  were  previously  identified  in  the
literature.  We  finally  examined  the  relations
between  structural  properties  of  COFs  such  as
pore  sizes,  densities,  porosities  and  their  H2

working  capacities  to  provide  structure-
performance relationships.

MATERIALS AND METHODS

Computational details
To validate our computational methodology,  we
first compared our predictions with the available
experimental  data  of  Furukawa  et  al.  (14)  for
single-component  H2 adsorption.  Adsorption
isotherms of  H2  in  four  different  COFs  (COF-5,
COF-6, COF-8 and COF-10) were computed at 77
K up to 80 bar to be consistent with the study of
Furukawa  et  al.  (14).  We  also  computed
saturated H2 uptakes in several COFs reported in
the  literature  by  Li  et  al.  (21)  (ACOF-1),
Stegbauer et al. (22) (ATFG-COF), Furukawa et

al. (14) (COF-1, COF-5, COF-6, COF-8, COF-10,
COF-102,  and  COF-103),  Li  et  al.  (23)  (COF-
JLU2),  Ge et  al.  (24)  (COF-TpAzo),  Neti  et  al.
(25)  (CoPc-PorDBA),  Kaleeswaran  et  al.  (26)
(iPrTAPB-TFP,  iPrTAPB-TFPB,  TAPB-TFP,  and
TAPB-TFPB), Kang et al. (27) (NUS-3), Bhunia et
al. (28) (PCTF-n, n=1-2), and Kahveci et al. (29)
(TD-COF-5).  All  the  crystal  structures  of  COFs
were  taken  from  CoRE-COF  database.(20)  To
compare our simulation results and experimental
values, the absolute adsorbed gas amount (nabs),
which  could  not  be  directly  measured,  was
converted to the excess adsorption (nex).(3) The
excess  adsorption  can  be  explained  by  the
difference between the amount of  the  absolute
adsorption,  and  also  bulk  gas  in  the  adsorbed
region and calculated from Equation 1:

nex=nabs−V p⋅ρ bulk (P ,T )  (Eq. 1)

Herein, nex is the excess adsorption, nabs is the
absolute  adsorbed  gas  amount,  Vp is  the  pore
volume (cm3/g) and ρbulk represents the density
of the gas in the bulk phase calculated with the
Peng-Robinson equation of state at temperature
(T) and pressure (P), respectively.

The crystal  structures  of  309 COFs were  taken
from the solvent-free CoRE-COF database (20).
The largest cavity diameter (LCD), pore-limiting
diameter (PLD), surface area (SA), density, pore
volume (PV) and porosity () were calculated by
Zeo++  software  (30).  SA  calculations  were
performed  using  nitrogen  kinetic  diameter  as
1.86 Å and the trial number was set to 2000. For
PV calculations,  zero probe size was used,  and
the number of trials was set to 50,000. Among
309 COFs, 13 COFs have almost zero accessible
SAs and these frameworks were excluded from
further H2 adsorption analysis.

Grand Canonical Monte Carlo (GCMC) simulations
were performed to compute single-component H2

adsorption in 296 COFs at various temperatures
(77 K and 160 K) and pressures (2 bar, 5 bar and
100  bar)  as  implemented  in  RASPA  software
(31).  Three  different  types  of  moves  including
translation, reinsertion, and swap of the molecule
were  considered  in  GCMC simulations.  Rotation
move was also applied in GCMC simulations for
the three-site model of H2. The Lorentz-Berthelot
mixing rules were employed to calculate pair wise
interactions. The Peng-Robinson equation of state
was  used  to  convert  the  pressure  to  the
corresponding fugacity. Simulations were carried
out for a total of 104 cycles with 3000 cycles for
the  equilibration.  Lennard-Jones  (LJ)  12-6  and
Coulombic  potentials  were  used  to  model
repulsion-dispersion  forces,  and  electrostatic
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interactions,  respectively  using  Equation  2  as
follows:

U ij (r)=4ϵ ij((σ ij

r )
12

−(σ ij

r )
6)+ qiq j
4π ϵ0 r

(Eq. 2)

where  Uij represents  the  potential  energy
between  atoms  i  and  j,  r  is  the  separation
distance from the center  of one particle  to  the
center of the other particle, εij the well depth and
σij is  the  molecular  length  scale  based  on  the
particle  diameter.  In  Equation  2  εo,  qi  and  qj
show the electric constant, partial atomic charges
of  i  and  j,  respectively.  The  cut-off  radius  for
truncation was set to 12.8 Å. The simulation cell

lengths were increased to at least 25.6 Å along
each  dimension.  To  compute  electrostatic
interactions  between  gas  molecules  and  the
frameworks’ atoms, the partial atomic charges of
materials  were  estimated  using  the  charge
equilibration  method as  implemented  in  RASPA
(31). Ewald’s summation (32) was used for the
long-range  electrostatic  calculations.  H2

molecules  were  modeled  using  two  different
models  including  a  single-site  model  (33),  and
three-site linear molecule with two sites located
at  two  atoms and the  third  one  located  at  its
center  of  mass  (COM)  (34).  The  interaction
parameters of H2 used in molecular simulations
were given in Table 1.

Table 1: The interaction parameters and partial charges used for H2 molecules.

Molecule Site ε/kB (K) σ (Å) q(e)

H2 Center of Mass (COM) 36.700 2.958 -0.936

H 0.000 0.000 0.468

H2 Single-site 34.200 2.960 0.000

The  Feynman-Hibbs  correction  (35)  given  in
Equation  3  was  applied  to  include  quantum
effects at 77 K.

U FH (r )=U IJ (r )+U coul (r )+
ℏ2

24μ KT
∇2U IJ (r )

(Eq. 3)

In  Equation  3,  UFH(r) the  potential  energy
calculated  with  the  Feynman-Hibbs  correction,
ULJ(r) is the Lennard-Jones (LJ) R-X potential and
Ucoul(r) is the Coulobic potential shown is Equation
(2).  ℏ is the Planck constant divided by 2π,  μ is
the  reduced  mass,  K  is  the  Boltzman constant
and T is the absolute temperature.

The  potential  parameters  of  COFs  were  taken
from the Universal Force Field (UFF) (36).  This
force  field  was chosen based  on the results  of
previous gas uptake predictions that gave a good
agreement with experiments.(37)

H2 working  capacities  ( WCH2
)  were  calculated

for 296 COFs, which have SAs > 0 m2/g, using
the following equation:

(Eq. 4)

where,  WCH2 is  the  H2 working  capacity  (g/L),
Nads is the adsorbed gas amount calculated at the
adsorption pressure  and Ndes is the adsorbed gas
amount  (g/L)  calculated  at  the  desorption
pressure.

RESULTS AND DISCUSSION

Comparisons of experiments with 
simulations:
Figure 1 shows the comparison of our predictions
with the experimental  measurements of COF-5,
COF-6, COF-8 and COF-10 for single-component
H2 adsorption  at  77  K.  Simulations  were
performed  by  considering  three  different
scenarios:  all  electrostatic  interactions  are  on,
H2-H2 electrostatic  interactions  are  on  and  all
electrostatic interactions are off. For the first case
(all  electrostatic  interactions  are  on),  H2-H2

electrostatic  interactions using the Darkrim and
Levesque  potential  and  H2-framework
electrostatic  interactions  were  computed  during
GCMC  simulations  and  the  Feynman–Hibbs
correction was added into the potential energy.
For  the  second  case  (H2-H2 electrostatic
interactions  are  on),  only  H2-H2 electrostatic
interactions  were  considered using the Darkrim
and Levesque potential (34) and the Feynman–
Hibbs correction was applied during simulations.
For the last case (all electrostatic interactions are
off), a simple single-site LJ potential for H2  was
used and the Feynman–Hibbs correction was not
applied  in  simulations.  As  shown  in  Figure  1,
simulations  performed  using  Feynman–Hibbs
corrections  agreed  well  with  the  experiments.
Simulations  performed  using  the  single-site  H2

model overestimated H2 uptake in all these COFs.
For  example,  Furukawa  et  al.  (14)  measured
35.1  mg H2/g  COF-5  at  80  bar  and  77  K,  we
predicted H2 uptake in COF-5 using the single-
site  model  as  41.2  mg/g  under  the  same
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conditions.  Results  obtained  from  simulations
with the Feynman–Hibbs corrections were found

to be similar. The predicted H2 uptakes in COF-5
obtained 

Figure 1: Comparison of our simulations with the experiments (14) for single-component H2 adsorption
in (a) COF-5, (b) COF-6, (c) COF-8 and (d) COF-10 at 77K. Open, half-closed and closed red spheres
represent our predictions obtained from all electrostatic interactions were on, only H2-H2 electrostatic

interactions were on, and all electrostatic interactions were off, respectively. Black spheres represent the
experimental data measured by Furukawa et al. (14)

from  the  simulations  with  the  Feynman–Hibbs
corrections  were  found  as  37.0  mg/g  H2-H2

electrostatic interactions are on) and 38.0 mg/g
(all electrostatic interactions are on) at the same
conditions.  Results  showed  that  instead  of
assigning partial charges of COFs which requires
high  computation  cost,  only  H2-H2 electrostatic
interactions  may  be  considered  to  compute  H2

adsorption in COFs at cryogenic conditions in a
reasonable time. Similar results were also found
by  Assfour  et  al.  (19)  who  emphasized  that
coulombic interactions between H2-H2 molecules
and COFs do not affect the H2  uptake capacities
of several COFs at both 77 K and 298 K. 

We  also  compared  our  predictions  with  the
experiments  for  the  saturated  H2 uptake
capacities of 20 COFs in Figure 2. COFs’ names
together  with  the  calculated  and  measured  H2

uptakes  at  the  various  temperatures  and

pressures were given in  Table  2.  Among these
COFs, only COF-102 and COF-103 are 3D and the
remaining COFs are all 2D. Simulated H2 uptakes
were obtained from the GCMC simulations with
the  Feynman–Hibbs  corrections  using  the
Darkrim and Levesque potential for H2 (only H2-
H2 electrostatic  interactions  are  on).  The  good
agreement between simulations and experiments
for  saturated  H2 uptakes  in  these  COFs  was
found.  The  large  discrepancy  was  observed
between simulated H2 uptake and experimental
measurements for only  3D COFs,  COF-102 and
COF-103. Simulations dramatically overestimated
H2 uptake in COF-102 and COF-103 which may
be attributed to the remaining solvent molecules
and  defects  inside  these  materials.  Overall,
motivated from the good agreement between our
simulations and the experimental measurements,
we  further  computed  H2 working  capacities  of
296 experimental COFs and discussed below.
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Table 2: Data for comparison of simulations with the experiments for the saturated H2 uptake capacities 
of 20 COFs.

COF Name P (bar) T (K) Our data
(mg/g)

Literature Data
(mg/g)

Reference

ACOF-1[1] 1 77 16.89 9.89 (21)

ATFG-COF[2] 30 308 2.14 8.12 (22)

COF-1 90 77 20.24 14.68 (14)

COF-5 90 77 35.30 34.19 (14)

COF-6 90 77 18.97 20.04 (14)

COF-8 80 77 31.23 33.85 (14)

COF-10 80 77 39.91 37.58 (14)

COF-102 90 77 85.41 67.07 (14)

COF-103 90 77 95.79 65.05 (14)

COF-JLU2[3] 1 77 12.48 15.86 (23)

COF-TpAzo[4] 1 77 13.61 10.29 (24)

CoPc-PorDBA[5] 1 77 41.43 41.24 (25)

iPrTAPB-TFP[6] 1 77 7.09 11.42 (26)

iPrTAPB-TFPB[7] 1 77 8.15 4.18 (26)

TAPB-TFP 1 77 14.90 10.82 (26)

TAPB-TFPB 1 77 9.63 6.26 (26)

NUS-3[8] 1 273 0.14 0.24 (27)

PCTF-1[9] 0.25 77 5.31 9.75 (28)

PCTF-2 0.5 77 8.67 6.86 (28)

TD-COF-5[10] 1 77 27.88 15.89 (29)
[1]ACOF: azine-based COF; [2]ATFG: 1,3,5-triformylphloroglucinol; [3]JLU: Jilin University; [4]TpAzo: 
triformylphloroglucinol 4,4′-azodianiline; [5]CoPc-PorDBA: cobalt-based phthalocyanine- porphyrin 
dehydrobenzoannulenes; [6]iPrTAPB-TFP: 1,3,5-tris(4- aminophenyl)benzene - 1,3,5-
triformylphluroglucinol; [7] TFPB: 1,3,5-tris(4′-formylphenyl)benzene; [8]NUS: : National University of 
Singapore; [9]PCTF: porous covalent triazine-based organic frameworks [10]TD: triptycene-derived.

Figure 2: Comparison of experiments and our
simulations for the saturated H2 uptakes in

different 20 COFs.

Effect of Feynman-Hibbs correction on 
simulated H2 working capacities of COFs
Working capacity is a useful  metric to evaluate
adsorbents  for  gas  separation  applications.
Classical  LJ potential  and a simple spherical  H2

model  are  commonly  used  in  simulations  to
compute H2  working capacities of adsorbents at
77  K  in  the  literature.  However,  at  low
temperatures quantum effects can be important
for  small  molecules.  Therefore,  the  Feynman-
Hibbs correction can be used to account quantum
effects  at  low  temperatures  in  simulations.  In
Figure 3, we compared H2 working capacities of
296 COFs calculated at three different operating
conditions (a) from 100 bar/77 K to 2 bar/77 K,
(b) from 100 bar/77 K to 5 bar/77 K,  and (c)
from 100 bar/77 K to 5 bar/160 K based on their
potential  energies.  Figure  3  shows  that
simulation results obtained from the simulations
using the Feynman-Hibbs corrections were found
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to  be  almost  similar  with  the  results  obtained from  the  simulations  using  the  single-site  H2

model at three different operating conditions.
There are obvious linear  relationships between
the results obtained from only LJ potential and
the  results  obtained  from  LJ  potential  with
Feynman-Hibbs corrections. We then examined
the  ranking  of  COFs  based  on  H2 working
capacities calculated from only LJ potential and
LJ potential with the Feynman-Hibbs corrections
and estimated the Spearman’s rank correlation
coefficient (SRCC) (-1≤SRCC≤1). When SRCC is
1,  there  is  a  perfect  correlation  between  two
rankings.  Table  3  shows  the  comparison  of
ranking of COFs based on volumetric H2 working
capacities  calculated  from  GCMC  simulations
using different potentials. As shown in Table 3,
the ranking of COFs is highly correlated, and the
Feynman-Hibbs  correction  and  adsorbate-
adsorbent  electrostatic  interactions  do  not
actually  affect  the  ranking  of  materials.
Therefore,  we  can  conclude  that  predictions
using  only  LJ  potential  with  the  single-site  H2

model  can  give  quick  and  reliable  information
about  the  volumetric  H2 working  capacities  of
COFs.

Figure 3: Comparison of H2 WCs of 296 COFs
calculated with the Lennard-Jones potential only
(x-axis) and the Feynman-Hibbs corrections (y-

axis). Red (blue) points represent our
predictions obtained from all electrostatic

interactions were on (only H2-H2 electrostatic
interactions were on).

Table 3: Comparison of the ranking of COFs based on their volumetric H2 working capacities. 
Adsorption/desorption conditions LJ vs LJ with the FH*

(all electrostatic
interactions)

LJ vs LJ with the FH
(only H2-H2 electrostatic

interactions)
100 bar/77 K2 bar/77 K 0.96 0.97
100 bar/77 K5 bar/77 K 0.96 0.99
100 bar/77 K5 bar/160 K 0.99 0.98
*: Feynman-Hibbs correction

Evaluating the performance of COFs for H2 
storage:
We  identified  the  top  performing  COFs  for  H2

storage  and  ranked  them  based  on  their  WCs
computed  from  single-component  GCMC
simulations  at  100  bar/77  K  adsorption  and  5
bar/77  K/160  K  desorption  conditions.  Table  4
shows the top performing 10 COFs which exhibit
the highest volumetric H2 WCs (38.9-42.9 g/L) at
100  bar/77  K  adsorption  and  5  bar/77  K
desorption  conditions.  The  WCs  here  were
obtained  from the results  of  GCMC simulations

with  the  Feynman–Hibbs  correction  using  the
Darkrim and Levesque potential for H2 (only H2-
H2 electrostatic interactions are on).
The  densities  (porosities)  of  the  top  10  COFs
range  from  0.16  g/cm3  to  0.24  g/cm3 (0.87-
0.92). The top materials have all  3D structures
except  IISERP-COF3  which  has  2D  structure.
COF-DL-229-3-fold has the highest H2 WC (42.9
g/L) among 296 COFs which can be attributed to
its  high porosity  (0.87)  and large surface  area
(8462.g m2/g).

Table 4: Top performing 10 COFs ranked based on their H2 WCs calculated at 100 bar/77 K adsorption 
and 5 bar/77 K desorption conditions.
COF LCD-PLD (Å) ρ (g/cm3) ϕ WC (g/L)
COF-DL[1]229-3-fold 10.72-10.15 0.24 0.87 42.92
PI[2]-COF-5-2P[3] 13.35-10.52 0.26 0.88 41.14
COF-DL229-2-fold 17.57-14.36 0.16 0.92 40.78
DL-COF-1-ctn 16.21-14.26 0.19 0.90 40.67
DL-COF-2-ctn 16.19-14.24 0.21 0.90 40.47
COF-105 18.80-16.12 0.18 0.91 39.63
DL-COF-1-bor 22.72-16.03 0.17 0.91 39.41
IISERP[4]-COF3 22.16-19.77 0.22 0.90 39.15
Ni-DBA[5]-3D-COF-ctn 20.96-17.60 0.17 0.92 39.04
DL-COF-2-bor 25.15-15.94 0.19 0.91 38.87
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[1] DL: dual linkage; [2] PI: polyimide; [3] 2P: biphenyl-4,4′-dicarboxaldehyde; [4] 
IISERP:Indian Institute of Science Education and Research Pune; [5] DBA: 
dehydrobenzoannulenes. 

It is also important to note that COF-DL-229-3-
fold  has  smaller  pore  sizes  (10.72×10.15  Å)
compared  to  the  remaining  9  COFs  which
enhance  H2-COF  interactions.  Bucior  et  al.  (1)
also discussed that large-pored materials exhibit
weak  H2-adsorbent  interactions  to  bind  H2

molecules.

We  also  ranked  296  COFs  based  on  their
volumetric  H2 WCs  calculated  at  100 bar/77  K
adsorption and 5 bar/160 K desorption conditions
and  listed  in  Table  5.  Since  adsorption  is  an
exothermic  process,  when  the  desorption
temperature increased from 77 K to 160 K, H2

uptakes in COFs decreased as expected. Since H2

WCs  were  calculated  using  the  difference
between H2  uptake  amounts  at  adsorption  and

desorption pressures, volumetric H2 WCs (52.7-
58.0 g/L) were increased as shown in Table 5.
COF-103 exhibited the highest volumetric H2  WC
as 58.0 g/L at 100 bar/77K adsorption and 5 bar/
160 K desorption conditions. The top performing
materials listed in Table 5 have higher densities
(0.24-0.47  g/cm3)  compared  to  the  top
candidates listed in Table 4 whereas they have
narrower pore sizes and lower porosities than the
latter.  These materials  also have 3D structures
except ILCOF-1-AB. Among these 20 materials,
COF-DL229-3fold  is  the  common  COF  that
exhibits high performance for H2 capture at two
different  adsorption/desorption  conditions.
Results  showed  that  different  operating
conditions  should  be  considered  in  order  to
identify the best performing COFs for H2 storage.

Table 5: Top performing 10 COFs ranked based on their H2 WCs calculated at 100bar/77K adsorption 
and 5bar/160K desorption conditions
COF LCD-PLD (Å) ρ (g/cm3) ϕ WC (g/L)
COF-103 9.68-8.50 0.39 0.80 58.04
ILCOF[1]-1-AB 11.09-9.41 0.34 0.82 56.71
COF-102 9.04-7.99 0.42 0.78 56.52
3D-Py[2]-COF-2P 13.47-12.29 0.28 0.85 56.06
BF[3]-COF-1 13.26-8.62 0.40 0.79 54.63
COF-DL229-3fold 10.72-10.15 0.24 0.87 54.13
BF-COF-2 13.28-7.58 0.47 0.78 53.87
3D-CuPor-COF 16.46-13.64 0.33 0.84 53.47
3D-Por[4]-COF 16.31-13.66 0.31 0.84 53.26
COF-DL229-5fold 11.25-11.20 0.37 0.80 52.73

[1] ILCOF: imine-linked; [2] Py: pyrene-based; [3] BF: base-functionalized; [4] Por: porphyrin.

Figure 4: Comparison of volumetric H2 WCs of
the top performing 10 COFs (closed spheres)

with those of the promising MOFs (open
symbols) identified in the literature. (9)

Figure 4 shows the comparison of volumetric H2

WCs of  the  top performing  10  COFs (listed  in
Table  5)  studied  under  different  temperature
and pressure conditions with those of the best-
performing  MOFs  at  the  same  conditions.  All

porous materials surpassed the DOE target for
2025  at  100  bar/77  K  adsorption  and  5
bar/160K  desorption  conditions.  Among  10
COFs,  only  ILCOF-1-AB  has  2D  structure,  the
remaining COFs are all 3D. As shown in Figure 4,
COFs also outperformed the top performing 10
MOFs  including  HKUST-1  (also  known  as  Cu-
BTC,  BTC: benzene-1,3,5-tricarboxylate),  NU-
125, NU-1000, NU-1101, NU-1102, 

NU-1103,  NOTT-112  (NOTT:  University  of
Nottingham),  UiO-68-Ant  (UiO:  University  of
Oslo; Ant: anthracene), UiO-67 and CYCU-3-Al
(CYCU:  Chung-Yuan  Christian  University;  Al:
aluminum)  at  100  bar/77  K  adsorption  and  5
bar/160  K  desorption  conditions.  Among  10
COFs,  COF-DL229-3-fold  exhibited  promising
performance  for  H2 storage  at  two  different
operating  conditions,  exceeding the DOE 2020
and  2025  targets.  This  can  be  attributed  to
optimal pore sizes (10.72 Å × 10.15 Å) of COF-
DL229-3-fold, its adequate porosity (0.87) and
density  (0.24  g/cm3).  Bobbitt  et  al.  (37)  also
discussed that the materials, which have optimal
porosity (~0.9) and pore sizes (~12 Å), tend to
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strongly bind with H2 molecules, resulting in high
H2 uptake capacity.

As  shown  in  Figure  4,  NU-1103  (32.5  g/L)
outperformed  BF-COF-1,  BF-COF-2,  COF-102,
COF-103, and COF-DL229-5-fold at 100 bar/77
K  adsorption  and  5  bar/77  K  desorption
conditions.  This  might  be  explained  that  NU-
1103 has lower density (0.29 g/cm3) and higher
porosity  (0.88)  than  these  5  COFs,  whose
densities were around 0.4 g/cm3 and porosities
~0.80.  Moreover,  NU-1000,  NU-1101 and NU-
1102  have  slightly  higher  porosities  (~0.80)
than BF-COF-1, BF-COF-2, and COF-102 (0.78),
and these MOFs (~30.5 g/L) also outperformed
3 COFs at the same operating conditions. At 100
bar/77 K adsorption and 5 bar/77 K desorption
conditions, BF-COF-2 gave almost similar H2 WC
with  CYCU-3-Al  due  to  their  similar  densities
(~0.45  g/cm3).  The  other  4  COFs,  namely  as
ILCOF-1-AB, 3D-Py-COF-2P, 3D-CuPor-COF, and
3D-Por-COF gave higher H2 WCs than MOFs at
two  operating  conditions.  Overall,  COFs  can
exceed the DOE 2020 and 2025 targets for on
board H2 storage.

Developing  relationships  between  structural
characteristics  of  materials  and  their
performance for gas adsorption is important to
better understand the behavior of materials and
to  synthesize  promising  candidates  for  desired
applications.  For  this  reason,  we  finally
examined  the  structure-performance
relationships for 296 COFs studied in this work.
We  investigated  the  relations  between
volumetric H2 WCs of COFs and their structural
properties including the LCD, PLD, SA, density
(ρ), UV (Unit cell volume), PV, and porosity (ϕ)
in Figure 5. 

Figure 5: (a) R2 values showing the relations
between WC of H2 (g/L) and several physical

parameters. Relations between (b) density and
H2 working capacity (g/L), (c) porosity and H2

working capacity (g/L).

As shown in Figure 5 (a), correlation coefficients
(R2) were found to be higher than 0.8 for the
relations between volumetric WCs and ρ, and ϕ
of  COFs  for  two  operating  conditions:  at  100
bar/77 K for adsorption and at 2 bar/77 K (also
5 bar/77 K) for desorption.  For the third case
(from 100 bar/77 K to 5 bar/160 K), we did not
observe a strong correlation (R2 = 0.5) between
volumetric H2 WCs and ρ, and ϕ of COFs. Weak
correlations between volumetric H2 WCs of COFs
and  their  LCDs,  PLDs,  SAs,  UVs,  PVs  were
observed  for  each three operational  conditions
as shown in Figure 5 (a).

Figure  5(b)  shows  the  relationships  between
volumetric H2 WCs of COFs and their densities
(ranged  from  0.05  to  1.25  g/cm3)  at  three
operating  conditions.  H2 WCs  of  COFs  are
negatively correlated with the density, especially
ρ>0.3 g/cm3, at these conditions. The materials
which have densities in the range of 0.12 g/cm3

and 0.26 g/cm3 exhibited generally high H2 WCs
(32.4-54.1 g/L). For example, COF-DL229-3fold
were found to have the highest H2 WCs as 49.62
g/L (42.92 g/L) at 100 bar/77 K 2 bar/77 K (at
100 bar/77K 5  bar/77 K)  due to  its  optimal
density (0.24 g/cm3) and high porosity (0.87).
In Figure 5(c), the linear relationships between
H2 WCs  of  COFs  and  their  porosities  (ranged
from 0.44 to 0.96) can be seen. The materials
which have high porosities (≥0.8) and quite low
densities (0.2-0.4 g/cm3) generally exhibit high
volumetric H2 WCs.

For  example,  COF-103,  which  gave  the
maximum H2 WC at 100 bar/77 K  5 bar/160K,
has high porosity (0.80) and quite low density
(0.4 g/cm3). On the other hand, COF-DL229-0-
fold  has  the  highest  porosity  (0.96),  however
exhibited an average performance for H2 (~35 g/
L)  at  three  operating  conditions  due  to  its
extremely  low  density  (0.08  g/cm3)  and  very
large  pore  sizes  (24.6×31.9  Å).  Results
emphasized that volumetric H2 storage in COFs
can be negatively (positively) correlated with the
densities  (porosities) of  COFs,  like MOFs.  It  is
also  important  to  note  that  among 296 COFs,
257 COFs have 2D structures, and the remaining
39  COFs  which  commonly  show  high
performance for H2 storage are 3D.

CONCLUSIONS

In  this  work,  H2 storage  performance  of  296
COFs was assessed at various temperatures and
pressures. Top 10 COFs, which gave the highest
volumetric  H2 WCs  were  identified  in  different
operating conditions. Effects of electrostatic in-
teractions and the Feynman-Hibbs correction on
the ranking of the top materials were examined
and results showed that coulombic interactions
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and the Feynman-Hibbs correction do not actual-
ly affect the ranking of COFs based on their H2

WCs.  Among  296  COFs,  COF-DL229-3fold
outper-formed the ultimate DOE 2020 and DOE
2025 technical targets for on board H2 storage.
The COFs which have high porosities (≥0.8) and
ade-quate densities (0.2-0.4 g/cm3) exhibited a
promising performance in terms of volumetric H2

storage. Results of this study will be helpful for
future  experimental  and  computational  studies
to  design  and  synthesize  novel  COFs  for  H2

capture.
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Density Functional Theory (DFT) Approach for Kinetic and
Thermodynamic Study of Reaction Mechanism of Copper(II) Complex

from 2-hydrazinyl-4,5-dihydro-1h-imidazole and anthracene-9-
carbaldehyde
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Abstract:  A  computational  approach  was  employed  to  study  the  reaction  mechanism  for  the
copper(II)  complex  from 2-hydrazinyl-4,5-dihydro-1H-imidazole  and  anthracene-9-carbaldehyde  at
DFT (B3LYP) theory level. The reaction mechanism was proposed and found to have five elementary
steps  which  involve  intermediate  elementary  step  and  three  transition  states.  The  reaction
mechanisms are observed to have bimolecular and unimolecular steps which give rise to two-step
reaction pathway. The bimolecular step appeared to be rate determining step with highest energy
barrier (2925.75 kJ/mol) at the third transition state (TS3). The geometrical variations in bond length
of the intermediate and the transition states during the course of the reaction  were also  studied
which signified that  transformation has occurred from the initial  state  to a  final  state  of  product
formation. The rate equation and general rate law for the reaction pathways were also established.
The kinetics study shows that the reaction mechanism for the formation of copper(II) complex follows
the pseudo-first order and second order reaction with high correlation, while the thermodynamic study
indicates that the overall reaction is non-spontaneous and endothermic.
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INTRODUCTION

Compounds containing nitrogen are very widely
distributed in nature, play significant roles in the
metabolic  activities  of  all  living  organisms.  At
present, imine functionality is found in 60–80 %
of  the  chemical  compounds  which  accounts  for
the biological activities due to the nitrogen units.
The  synthesis  of  peptide  antibiotics  and  other
bio-active  compounds  are  as  a  result  of
stereoselectivity of imines.

Schiff base which is a derivatives of imine with N-
containing  ligands  have  been  reported  to  have
significant biological activities (1,2). Recently, the
pharmacological  and  biological  activities  of
copper(II)  complexes  with  N-containing  ligands
have  been  studied  extensively  and  linked  with
the  DNA  cleavage  and  intercalation.  The
mitochondrial  activation  pathway  for  cell
apoptosis via the redox activity of the copper(II)
center has also been reported (3,4). (5) reported
the  synthesis  and  antitumor  mechanisms  of  a
copper(II)  complex  of  anthracene-9-imidazoline
hydrazone  (9-AIH).  However,  the  reaction
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mechanisms,  the  thermodynamic  and  kinetic
parameters of the synthesized complex are not
explained.  To  the  best  of  our  knowledge,
literature  on  theoretical  and  computational
evaluation  of  kinetic  and  thermodynamic
parameters on the reaction mechanisms of  this
complex is not yet carried out.

The advents of computational techniques help to
predict  the  mechanism  of  new  systems  and
explore  the  chemical  relativities  of  different
systems.  Semi-empirical  models  such  as  PM3,
AM1,  DFT  and  MNDO  are  computational
approaches  employed  to  study  and  examine
system(s)  that  have  complicated  reaction
mechanism  within  short  period  of  time.
Meanwhile,  computational  study  with  Density
Functional  Theory  (DFT)  approach  give  more
accurate  results  than  Semi-empirical  method.
The use of  computational  technique to monitor
reaction and proposed reaction mechanisms have
been reported by some of the researchers (6–9).
Therefore,  this  study attempts  to provide more

information in this area by using theoretical and
computational methods to elucidate the reaction
mechanism, rate  equations and derive the rate
law for the formation of copper(II) complex from
2-hydrazinyl-4,5-dihydro-1H-imidazole  and
anthracene-9-carbaldehyde.

COMPUTATIONAL METHODOLOGY

Structure optimization
The 2D molecular structure presented in Scheme
1 and 2 were drawn by the Chemdraw software.
The compounds were exported from 2D structure
to 3D format using the Spartan 14 V1.1.4 Wave
Function programming software. The entire three
dimensions  (3D  structures)  were  geometrically
optimized  by  minimizing  energy.  Molecular
mechanics  force  field  (MMFF)  approach  was
employed to minimize the compounds in order to
remove  strain  energy.  Thereafter,  the  total
geometric  optimization  of  the  molecular
structures was achieved using Density Functional
Theory DFT (B3LYP) (10).

Scheme 1. The synthetic route of synthesis copper(II) complex from 2-hydrazinyl-4,5-dihydro-1H-
imidazole and anthracene-9-carbaldehyde. (5)

Structure optimization
Fundamental reaction coordinate calculation and
molecular properties were achieved with the aid
of  Spartan  14  V1.1.4  Wave  Function
programming  software  at  DFT  level.  Activating
energy (Ea), rates (k) reaction, the enthalpy of
the  reaction  and  equilibrium  constants  (Keq)
were all  computed using the expressions (1)  –
(5) given below:

             (1)

             (2)

             (3)

         (4)

         (5)

where  k  (298.15  K)  is  the  reaction  rate  at
temperature  (298.15  K);  KB  is  the  Boltzmann
constant  (1.380662  ×  10−23 J/K);  T  is
temperature (298.15 K);  h is  Planck’s  constant
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(6.626176 × 10−34 Js); c0 is concentration (taken
as unity);  R is the molar gas constant (8.31441
J/mol/K).

RESULTS AND DISCUSSION

A computational approach was employed to study
the  reaction  mechanism  for  the  copper(II)
complex  from  2-hydrazinyl-4,5-dihydro-1H-
imidazole and anthracene-9-carbaldehyde at DFT
theory  level.  The  Scheme  2  and  3  show  the
proposed  2D  and  3D  reaction  mechanism  and
schematic  diagram  for  the  formation  of
copper(II)  complex. Figure 1 shows the energy
profile  the  of  the  relative  electronic  energy  of
reaction while Tables 1, 2, 3 and 4 respectively,
present  the  molecular  properties,
thermodynamics,  kinetic  parameters  of  the
computed reaction mechanism and of variation in
bond  length.  The  reaction  mechanism  involves
three activation complexes (transition state) and
intermediate elementary steps. The mechanism is
a  two-step  reaction  pathway  with  bimolecular
and a unimolecular step as shown in Scheme 2
and 3.

In the scheme, the mechanism began with partial
cleavage of the C=O and N–H, C–N and O–H with
an  observed  activation  energy  of  +2664.84
kJ/mol at the first transition state (TS1). The first
(TS1) formation is endothermic with Gibbs’  free
energy  found to  be  non-spontaneous.  The  first
transition  state  (TS1)  proceeds  to  form  the
intermediate  (INT)  through  O–H  single  bond
formation, C–N single bond formation, C=O bond
cleavage to the single bond formation and N–H
single  bond  cleavage  with  their  corresponding
bond  length  presented  in  Table  4.  The
intermediate has a lower stabilization energy of
(144.34  kJ/mol)  and  non-spontaneous  step
(+54.42  kJ/mol)  lower  than  the  activated
complex (TS1) as shown in Figure 1 below. The
intermediate  state  is  found  to  be  endothermic
and  non-spontaneous  which  is  accomplished
through C=N, O–H bond formation and N–H bond
cleavage  with  an  energy  barrier  of  2624.95
kJ/mol.  The  intra-molecular  interaction  of  the
intermediate state proceeds to form the second
transition state (TS2) via the C=N double bond
formation,  O–H  single  bond  formation,  N–H
single  bond  cleavage  and  C–O  bond  cleavage.
The second transition state (TS2) has the higher
activation energy of (2814.95 kJ/mol), enthalpy
of  (334.34  kJ/mol)  and  Gibb’s  free  energy  of
(+88.13  kJ/mol).  The  transition  state  (TS2)

formed  the  first  product  (2-(2-(anthracen-9-
ylmethylene)hydrazinyl)-4,5-dihydro-1H-
imidazole) via cleavage bond of  C–O bond and
successful  removal  of  the  molecule.  The  first
product  formed  reacted  with  the  copper(II)
chloride to form the third transition state (TS3)
which is accomplished through Cu–N1 and Cu–N3

partial bond formation with an energy barrier of
(2925.75 kJ/mol). The interaction is found to be
endothermic and non-spontaneous with (445.12
kJ/mol)  and  (+90.14  kJ/mol)  respectively.
Finally,  through  Cu–N1 and  Cu–N3 partial  bond
formation,  the  third  transition state  (TS3)  form
the  second  product  copper(II)  complex  of
anthracene-9-imidazoline  hydrazine).
Unimolecular  and  bimolecular  were  the  two
consecutive steps competing for the reaction rate
determination,  but  as  a  result  of  the  highest
energy  barrier  (2925.75  kJ/mol)  at  the  third
transition state (TS3) as shown in Figure 1, the
bimolecular  step  is  considered  to  be  the  rate-
determining  step.  The  two-step  reaction
mechanism presented by the potential and free
energy  profiles  shows  that  the  overall
transformation is  endothermic while  Gibbs’  free
energy  for  each  elementary  step  reported  in
Table  3  indicate  that  the  reaction  is  non-
spontaneous. The kinetics parameters reported in
Table  3  shows  that  the  reaction  mechanism
follows the pseudo-first order and second order
reaction.

Variations in bond length as the reaction progress
from  transition  state  to  intermediate  were
reported Table 4. A Decrease of about 0.05 Å in
N1–C1 bond length as the reaction proceeds from
TS1 to  INT  was  observed  while  an  increase  of
0.03  Å was  observed  as  the  reaction  proceeds
from INT to TS2. The bond length also decreases
with 0.02 Å in C1–O as the reaction proceed from
TS1 to  INT  while  an  increase  of  0.06  was
observed  as  the  reaction  proceed  to  TS2.  A
similar  trend  was  observed  in  Cu–N1  with
variation in bond length of 0.168 Å and 0.134 Å
as  the  reaction  progresses  from  the  third
transition state (TS3) to the final product. Also,
the same trend was also noticed in Cu–N3 with
variation in bond length of 0.154 Å and 0.136 Å
as  the  reaction  progresses  from  the  third
transition  state  to  the  final  product.  All  these
variations  that  arise  from  the  aforementioned
states signified that transformation has occurred
from the initial state to a final state of product
formation.
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Scheme 2. 2D structure of reaction mechanism for the formation of copper(II) complex.

Scheme 3. 3D structure of reaction mechanism for the formation of copper(II) complex. Key: M = 2-
hydrazinyl-4,5-dihydro-1H-imidazole, N = anthracene-9-carbaldehyde, P1 = 2-(2-(anthracen-9-

ylmethylene)hydrazinyl)-4,5-dihydro-1H-imidazole, Q = copper(II)chloride, P2 = copper(II) complex of
anthracene-9-imidazoline.
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Figure 1: Profiles of the potential energy surface for copper(II) complex from 2-hydrazinyl-4,5-dihydro-
1h-imidazole and anthracene-9-carbaldehyde.

Mechanism  and  derived  rate  law  of  the
Reaction
From reaction scheme given above, the reaction
mechanism, rate equations and derived rate law
for  copper(II)  complex  form  2-hydrazinyl-4,5-
dihydro-1H-imidazole  and  anthracene-9-
carbaldehyde are expressed below:

where ‘‘MN#’’ represent the first Transition state
(TS1)

where ‘‘O’’ represent the Intermediate state (INT)

where ‘‘O#’’ represent the second Transition state
(TS2)

where ‘‘P1Q#’’ represent the third Transition state
(TS3)

The rate law for the first product (P1) is derived
below;

(6)

(7)

(8)

 (9)

Applying  steady  state  approximation,  Equation
(7) becomes;

         (10)

Substitute Equation (8) in (10)

         (11)

Similarly, from Equation (9) we have

         (12)
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Equation (11) and (12) yield

         (13)

From Equation (13) and (10), we have

         (14)

Substituting Equation (14) in (6), the overall rate
law for the first product will be written as;

         (15)

The  rate  law  for  the  second  product  (P2)  is
derived below;

         (16)

  (17)

Applying  steady  state  approximation  Equation
(17) becomes;

       (18)

Substituting  Equation  (18)  in  (16),  the  overall
rate law for the second product will be written as;

         (19)

CONCLUSION

A reaction mechanism for the copper(II) complex
from  2-hydrazinyl-4,5-dihydro-1H-imidazole  and
anthracene-9-carbaldehyde  have  been
investigated  at  the  DFT  theory  level.  The
mechanism of the reaction was found to consist
of  three  transition  states  with  the  bimolecular
and unimolecular step.  The bimolecular step was
found to be the rate-determining step with the
highest energy barrier of 2925.75 kJ/mol at the
third  transition  state  (TS3)  while  the  fastest
reaction is observed with the unimolecular step.
The rate laws have been derived for the reaction
mechanism.  The  kinetics  study  shows  that  the
reaction  mechanism  follows  the  pseudo-first
order  and  second  order  reaction  with  high
correlation while the thermodynamic study shows
that the overall reaction is endothermic and non-
spontaneous.
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Table 1. Calculated molecular properties for copper(II) complex from 2-hydrazinyl-4,5-dihydro-1H-imidazole and anthracene-9-carbaldehyde using DFT at

298.15 K.

Reacting

species

Formular Energy

(Vacuum)

(kJ/mol)

Energy

(aq)

(kJ/mol)

Solvation

Energy

(kJ/mol)

Weight

(amu)

Point

group

Dipole

Moment

(debye)

E HOMO

(ev)

E LUMO

(ev)

A C3H8N4 41.43 77.54 -63.90 100.125 C1 2.94 -9.34 0.90

B C15H10O 51.71 54.73 -2.26.96 206.244 CS 2.56 -8.45 -1.22

TS1 C18H17N3O 129.68 131.74 -53.91 291.354 C1 1.77 -8.25 -1.05

INT C18H17N3O 107.96 110.07 -62.93 291.354 C1 2.63 -8.32 -1.12

TS2 C18H16N3O 308.89 321.67 -187.09 290.346 C1 4.43 -12.07 -6.35

P1 C18H16N4 83.06 94.23 -60.75 288.354 C1 2.03 -8.34 -1.14

C CuCl2 77.74 89.43 -126 134.45 C2V 3.65 -16.58 -8.89

TS3 C18H16CuCl2N4 357.7 376.34 -176 422.806 C1 9.91 -10.67 -6.31

P2 C18H16CuCl2N4 143.98 157.54 -143 422.81 C1 8.40 -11.13 -5.85
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Table 2. Calculated thermodynamic parameters for copper(II) complex from 2-hydrazinyl-4,5-dihydro-1H-imidazole and anthracene-9-carbaldehyde using DFT

at 298.15 K.

Reacting

Species

CV

(J/mol)

Zero

Point

Energy

(kJ/mol)

∆H0 (kJ/

mol)

∆S0

(kJ/mol)

∆G0

(kJ/mol)

Ea

(kJ/mol)
∆H# (kJ/

mol)

∆S#

(kJ/mol)

∆G#

(J/mol)

A 30.63 44.11 48.87 +0.23748 24.66 2529.48
B 48.42 44.54 56.85 +0.3308 35.41 2537.46

TS1 168.85 161.41 2664.84 184.23 +0.515 73.68
INT 138.04 137.76 144.34 +0.4149 54.42 2624.95
TS2 164.48 310.34 2814.95 334.34 +0.4093 88.13
P1 164.14 224 243.88 +0.4146 76.45 2724.49
C -22.59 94.18 104.32 +0.196 63.13 2584.93

TS3 192.63 423.70 2925.75 445.12 +0.4766 90.54
P2 163.65 345.5 317.75 +0.4624 82.04 2798.36
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Table 3. Calculated rate constant (k’s), equilibrium constant (Keq) and frequency factor (A) for copper(II) complex from 2-hydrazinyl-4,5-dihydro-1h-imidazole

and anthracene-9-carbaldehyde using DFT at 298.15 K.

Kinetics parameters

Step k2

(dm3mol-1S-1)

k2
'

(dm3mol-1S-1)

k1

(S–1)

k1
'

(S–1)

k2
' '

(dm3mol-1S-

1)

k1
' '

(S–1)

Keq A

6.04 × 1012 0.971 2.06 × 1012

6.08 × 1012 2.11 × 1012

6.00 × 1012 0.965 1.93 × 1012

6.03 × 1012 2.01 × 1012

5.99 × 1012 0.964 1.84 × 1012

6.02 × 1012 1.18 × 1012
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Table 4. Variations in bond length during transformation through TS1, INT, TS2 TS3 and P2

TS1 INT TS2 TS3 P2

Bond Bond

length

(Å)

Bond Bond

Length

(Å)

Bond length

Bond

(Å)

Bond Bond

Length

(Å)

Bond Bond

Length

(Å)
N1–C1 1.499 N1–C1 1.494 N1–C1 1.497 Cu–N1 1.886 Cu–N1 1.732
C1–O 1.412 C1–O 1.409 C1–O 1.415 Cu–N3 1.930 Cu–N3 1.794
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INTRODUCTION

Studies  on  heterocyclic  compounds  have
intensified  over  the  past  decade  because  they
have  important  medicinal  properties,  especially
small-ring  heterocyclic  compounds.  Coumarin
derivatives  are  also  one  of  these  and  some
properties such as antibacterial,  antifungal,  and
anticoagulant agents in pharmaceutical  industry
were  studied  (1).  As  well  as  being  an  optical
whitening reagent, it is present in the structure
of  fluorescent  and  laser  dyes  (2),  perfumes,
soaps, cleansing products and food, because of
their pleasant smell and sweetening effect (3).

Coumarin  is  an  oxygen-containing  heterocyclic
compound that is isolated from plants, especially

from  green  plants.  Synthesis  of  coumarin  is
usually  performed  with  one  of  the  reactions
known  as  Pechmann,  Perkin,  Knoevenagel,
Reformatsky, and Wittig. Various catalysts such
as  H2SO4,  H3PO4,  CF3COOH,  p-toluenesulfonic
acid, POCl3, Bi(NO3)3 .5H2O, AlCl3, TiCl4, ZnI2 and
ionic liquids were used in these reactions.

Coumarin is a compound suitable for substitution
at six points in the structure. The attachment of
different  substituents  at  different  points  adds
different properties to the coumarins. Therefore,
various mono-, di-, and tri-substituted coumarins
have  been  synthesized  (Scheme  1) and
compared with standards for antioxidant activity
according to DPPH and CUPRAC methods.
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Scheme 1. Synthesized compounds.

EXPERIMENTAL SECTION

Instruments
Recovery of the solvents during the recovery of
the  products  and  during  the  crystallization
processes was carried out in a BÜCHI Rotavapor
R-200  rotary  evaporator.  In  thin  layer
chromatography  (TLC),  a  Silicagel  60F254 layer
(Merck)  was  used.  The plates  were  illuminated
with a UV lamp to make the stains on the film
sheets  visible.  Melting  points  of  the  coumarin
compounds  were  examined  in  a  Buchi  Melting
Point  B-540  melting  point  apparatus.  Fourier
Transform  Infrared  (FT-IR)  spectra  of  the
synthesized coumarin compounds were taken on
a Mattson 1000 Series FT-IR spectrometer. Mass
spectra  were  checked with  a  Shimadzu  GC-MS

2010 device.

Coumarin-3-carboxylic acid synthesis (1)
The  synthesis  was  carried  out  by  Knoevenagel
reaction. 1.05 mL (10 mmol) of salicylaldehyde
and  1.56  g  (15  mmol)  of  malonic  acid  were
refluxed with 1 mL of KSF catalyst with 3.3 mL of
H2O at  110-120 °C for  24 hours.  The reaction
was checked by TLC and when a  new product
was  formed,  the  reaction  was  terminated  with
TLC control about the termination of the starting
material.  It  was  cooled  down  to  room
temperature. The remaining solid was triturated
with 60 mL of methanol or ethyl acetate (4).

Yield(%): 95 m.p. 192  0C. Analysis of the GC /
MS revealed  MS peaks  at  m/z  190,  173,  146,
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118,  89,  77,  63.  M=(190),  M-OH = M+1(173),
M+1-CO = M+2  (145), M+2-CO = M+3 (117). FTIR
spectrum shows a  3174 cm-1 (-OH) stretching,
3057 cm-1  (Ar,  C-H) aryl  stretching,  1737 cm-1

(C=O)  lactone  carbonyl  stretching,  1672  cm-1

(C=O) acid carbonyl stretching, 1607 cm-1,1566
cm-1(C=C) double band stretching, and 1226 cm-

1(C-O) stretching (4,5).

Synthesis of 3-acetylcoumarin (2)
It was synthesized by Knoevenagel reaction with
triethylamine as catalyst. 2.65 mL (0.025 mol) of
salicylaldehyde  and  3.175  mL  (0.025  mol)  of
ethyl  acetoacetate  were  refluxed  in  15  mL  of
ethanol and 5 mL of triethylamine as catalyst at
80 °C for 12 hours. The reaction was continued
until TLC showed that a new product was formed.
When the starting material  completely finished,
the reaction was terminated and cooled to room
temperature,  then  filtered  through  a  Büchner
funnel, then the remaining solid was crystallized
from ethanol (6).

Yield(%): 60 m.p. 120 °C. Analysis of the GC /
MS revealed MS peaks at 188, 173,  145, 118,
101, 89, 63. M=(188), M-CH3 = M+1(173), M+1-
CO  =  M+2  (145),  M+2-CO  =  M+3  (117).  FTIR
spectrum  shows  a  3031  cm-1(Ar,  C-H)  aryl
stretching,  2983  cm-1 (C-H)  aliphatic  carbon  –
hydrogen  stretching,  1740cm-1  (C=O)  lactone
carbonyl  stretching,  1675  cm-1  (C=O)  ketone
carbonyl  stretching,  1612  cm-1 (C=C)  double
band stretching, 1265 cm-1(C-O) stretching (6,7).

Synthesis of 3-benzoylcumarin (3)
It was synthesized by Knoevenagel reaction with
pyridine  as  catalyst.  1.05  mL  (0.01  mol)  of
salicylaldehyde  and  3.47  mL  (0.020  mol)  of
ethylbenzoylacetate were refluxed with 10 mL of
ethanol with 0.08 mL of pyridine as catalyst at 80
°C for  12 hours.  The reaction was checked by
TLC and when a new product was formed and the
starting material completely finished, the reaction
was  terminated.  It  was  cooled  to  room
temperature  and  filtered  through  a  Büchner
funnel. The remaining solid was crystallized from
ethanol (8).
 
Yield(%): 60 m.p. 138  0C. Analysis of the GC /
MS revealed MS peaks at 250, 222,  194, 173,
105, 77, 51. M=(250), M-CO = M+1(222), M+1-CO
= M+2 (194). IR spectrum shows a 3046 cm-1(Ar,
C-H)  aryl  stretching,  1716  cm-1  (C=O)  lactone
carbonyl  stretching,  1658  cm-1  (C=O)  ketone
carbonyl  stretching,  1608  cm-1 (C=C)  double
band stretching, 1264 cm-1(C-O) stretching (8).

Synthesis of 4-methyl-7-hydroxycoumarin 
(4)
It was synthesized by Pechmann reaction in the
presence of a catalytic amount of oxalic acid. 1.1
g  (10  mmol)  of  resorcinol  (1,3-

dihydroxybenzene)  and  2.54  mL  (20  mmol)
ethylacetoacetate  were  reacted  at  0.09  g  (1
mmol) of oxalic acid catalyst and at 80 °C for 12
hours  with  some molecular  sieve.  The  reaction
was checked by TLC and when a  new product
was formed and the starting materials completely
finished, the reaction was stopped and allowed to
cool. As the reaction cooled, ice was added and
then filtered on a Büchner funnel. The remaining
solid was crystallized from ethanol (9).

Yield(%): 60. m.p.118 °C. Analysis of the GC /
MS revealed MS peaks at 176, 148,  133, 116,
105,  91,  74,  65.  M=(176),  M-CO = M+1(148),
M+1-CH3 = M+2 (133), M+2- OH= M+3 (116). FTIR
spectrum  shows  a  3225  cm-1(-OH)  stretching,
3077 cm-1  (Ar,  C-H) aryl  stretching,  1673 cm-1

(C=O)  lactone  carbonyl  stretching,  1586  cm-1

(C=C)  double  band stretching,  1272  cm-1(C-O)
stretching (9,10).

Synthesis of 4-methyl-7-amino-, 4-methyl-
7-methoxy-, 4-phenyl-7-aminocoumarin 
They  were  synthesized  by  Pechmann  reaction
with  oxalic  acid  as  catalyst.  (10  mmol)  of  3-
substituted  phenol  and  (12  mmol)  of  ethyl
acetoacetate  or  ethylbenzoyl  acetate  were
reacted at 0.09 g (1 mmol) of oxalic acid catalyst
and a quantity of molecular sieve at 80 °C for 12
hours.  The  reaction  was  checked  by  TLC  and
when a new product was formed and the starting
materials  completely  finished,  the  reaction  was
turned off  and allowed to cool.  As the reaction
cooled, ice was added and then filtered through a
spinner  funnel.  The  remaining  solid  was
crystallized from a mixture of ethanol-water (9:1)
(11-13).

4-Methyl-7-aminocoumarin  (5): Yield(%): 80
m.p. 223,8 °C. Analysis of the GC/MS revealed
MS peaks at 175, 147, 132, 116, 91, 73, 65, 44.
M=(175),  M-CO  =  M+1(147),  M+1-CH3 =  M+2

(132),  M+2-  NH2=  M+3  (116).  FTIR  spectrum
shows a 3249 cm-1  (-NH2) stretching, 1661 cm-1

(C=O)  lactone  carbonyl  stretching,  1603  cm-1

(C=C) double band stretching, and 1294 cm-1(C-
O) stretching (9,14).

4-Methyl-7-methoxycoumarin  (6): Yield(%):
80  m.p.159,2  °C.  Analysis  of  the  GC  /  MS
revealed MS peaks at 190, 162, 147, 116, 91,
77, 65. M=(190), M-CO = M+1(162), M+1-CH3 =
M+2 (147), M+2-OCH3 = M+3 (116). FTIR spectrum
shows a 3028 cm-1(Ar, C-H) aryl stretching, 1711
cm-1 (C=O) lactone carbonyl stretching, 1605 cm-

1 (C=C) double band stretching, 1264 cm-1 (C-O)
stretching (12,15).

4-Phenyl-7-aminocoumarin  (7): Yield(%): 75
m.p.222,6 °C. Analysis of the GC / MS revealed
MS peaks at 237, 209, 193, 116. M=(237), M-CO
= M+1(209),  M+1–NH2 = M+2  (193),  M+2–C6H5=
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M+3 (116). FTIR spectrum shows a 3245 cm-1(N–
H) stretching, 1661 cm-1  (C=O) lactone carbonyl
stretching,  1598  cm-1 (C=C)  double  band
stretching, 1293 cm-1(C-O) stretching (13).

Synthesis of 4-propyl-7-hydroxycoumarin 
(8)
It was synthesized by Pechmann reaction in the
presence  of  oxalic  acid  as  catalyst.  1.1  g  (10
mmol) of resorcinol (1,3-dihydroxybenzene) and
1.6 mL (10 mmol) of ethylbutyryl  acetoacetate
were added to the reaction mixture at 0.08 g (1
mmol) of oxalic acid and a quantity of molecular
sieve were introduced. The reaction was checked
by TLC and when a new product was formed and
the  starting  materials  completely  finished,  the
reaction was turned off and allowed to cool. As
the  reaction  cooled,  ice  was  added  and  then
filtered on a Büchner funnel. The remaining solid
was  crystallized  in  ethanol.  Column
chromatography  was  performed  for  purifying
using chloroform: methanol (5: 1) as the eluent
phase (16).

Yield(%): 65 m.p.133 °C. Analysis of the GC/MS
revealed MS peaks at 204, 189, 176, 161, 148,
133,  105,  91,  77,  44.  M=(204),  M-CH3 =  M+1

(189) M-CO = M+1(176), M+1- C3H7 = M+2 (133).
FTIR  spectrum  shows  a  3253  cm-1  (O-H)
stretching,  1691  cm-1  (C=O)  lactone  carbonyl
stretching,  1614  cm-1 (C=C)  double  band
stretching,  and  1310  cm-1(C-O)  stretching
(16,17).

Synthesis of 4-phenyl-7-hydroxycoumarin 
(9)
It  was  synthesized  by  Pechmann  reaction  with
oxalic  acid  as  catalyst.  2.0  g  (12  mmol)  of
ethylbenzoyl acetate were reacted with 1.1 g (10
mmol) of resorcinol (1,3-dihydroxybenzene) and
0.314 g (1 mmol) of amberlyte 15 catalyst and a
quantity of molecular sieve at 80 °C for 12 hours.
The reaction was checked by TLC and in case a
new product was formed, the starting materials
were  waited  to  finish  completely,  the  reaction
was  turned  off  and  allowed  to  cool.  As  the
reaction cooled, ice was added and then filtered
on  a  Büchner  funnel.  The  remaining  solid  was
crystallized from ethanol (18).

Yield(%): 65 m.p. 249 °C. Analysis of the GC /
MS revealed MS peaks at 238, 210,  181, 152,
139,  127,  76,  63,  51.  M=(238),  M-CO  =
M+1(210), C3H7+ = (76). FTIR spectrum shows a
3115  cm-1(O–H)  stretching,  1684  cm-1  (C=O)
lactone  carbonyl  stretching,  1592  cm-1 (C=C)
double  band  stretching,  1268  cm-1(C-O)
stretching (18).

Synthesis of coumarin-3-carboxylic acid 
chloride (10)
To 1.9 g (0.1 mol) of coumarin-3-carboxylic acid,

10 mL of thionyl chloride (SOCl2) was added to a
round bottom flask, a few drops of pyridine was
introduced, and the reboiler was fitted with a 5%
NaOH solution in a hose over the cooler. It was
refluxed at  80oC for three hours and cooled to
room  temperature.  The  white  precipitate  was
washed several times with dry n-hexane (19).

Yield(%): 95 m.p. 145 °C. Analysis of the GC /
MS revealed MS peaks at 208, 173, 145, 101, 89,
63.  M=(208), M–Cl = M+1(173), M+1-CO = M+2

(145). FTIR spectrum shows a 3038 cm-1(Ar, C–
H)  aryl  stretching,  1747cm-1  (C=O)  lactone
carbonyl  stretching,  1693  cm-1  (C=O)  acyl
carbonyl  stretching,  1605  cm-1 (C=C)  double
band stretching, 1179 cm-1(C–O) stretching and
759 cm-1 (C–Cl) stretching (19,20).

Synthesis of 4-methyl-7-hydroxy-8-
formylcoumarin (11)
This compound was synthesized by Duff reaction.
6.5  g  of  4-methyl-7-hydroxycoumarin,  12  g  of
hexamethylene  tetramine  (hexamine),  61.5  mL
of glacial acetic acid were added and the mixture
was refluxed at 85-90 °C for 12 hours. 92.18 mL
of 20% HCl solution (49.83 mL of HCl, 42.33 mL
of distilled water) was added and refluxed for a
further 4 hours. The reaction was checked by TLC
and  when  a  new  product  was  formed,  it  was
cooled to room temperature and extracted with
diethyl ether. The resulting extract was dried in
sodium sulfate (Na2SO4) for 15 min. The solvent
was removed on the evaporator to give a pale
yellow  solid.  The  residue  was  purified  by
crystallization from a solvent mixture of ethanol-
1,4-dioxane (9:1) (21).

Yield(%): 65 m.p. 176 °C. Analysis of the GC/MS
revealed MS peaks at 204, 176, 148, 119, 91,
77, 65, 44 M=(204), M–CO = M+1(176), M+1 –CO
= M+2(148).  FTIR spectrum shows a 3125 cm-

1(O-H)  stretching,  1742  cm-1  (C=O)  lactone
carbonyl  stretching,  1644 cm-1  (C=O)  aldehyde
carbonyl  stretching,  1518  cm-1 (C=C)  double
band stretching, 1268 cm-1(C-O) stretching (21-
23).

Syntheses  of  4-methyl-7-hydroxy-8-
nitrocoumarin  and  4-methyl-7-hydroxy-6-
nitrocoumarin 
1.2  g  of  4-methyl-7-hydroxycoumarin  was
dissolved in 10 mL of H2SO4 at 0-5 °C. 1.5 mL of
H2SO4 and 0.5 mL of HNO3 were added dropwise
to the reaction flask. It was stirred at 0-5 oC for
four hours and then filtered on a Büchner funnel.
When crystallized from ethanol, the solid residue
on the filter paper was separated as 4-methyl-7-
hydroxy-6-nitrocoumarin.  The  4-methyl-7-
hydroxy-8-nitrocoumarin  which  remains  in  the
filtrate  is  cooled  in  the  refrigerator  and
crystallized, then filtered through Büchner funnel
(24).
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4-Methyl-7-hydroxy-8-nitrocoumarin  (12):
Yield(%):  40  m.p.  254,6  °C.  Analysis  of  the
GC/MS revealed MS peaks at 221, 193, 176, 147,
135, 119, 91, 77, 65, 51, 44. M=(221), M–CO =
M+1(193), M+1– OH = M+2(176). FTIR spectrum
shows a 3265 cm-1(O-H) stretching,  1703 cm-1

(C=O)  lactone  carbonyl  stretching,  1569  cm-1

(C=C) double band stretching, and 1314 cm-1(C-
O) stretching (24,25).

4-Methyl-7-hydroxy-6-nitrocoumarin  (13):
Yield(%): 40 m.p. 261 °C. Analysis of the GC/MS
revealed MS peaks at 221, 193, 147, 135, 119,
91, 77, 65, 51, 44. M=(221), M-CO = M+1(193),
M+1 – NO2 = M+2(147). FTIR spectrum shows a
3244  cm-1(O–H)  stretching,  1727  cm-1  (C=O)
lactone  carbonyl  stretching,  1615  cm-1 (C=C)
double  band  stretching,  1290  cm-1(C-O)
stretching (24,25).

DPPH assay
Concentrations  of  standards  and  coumarin
compounds were studied at 250, 500, and 1000
μg/mL.  In  the  experiment,  1  mL  of  sample
solution was mixed with 1 mL of DPPH solution in
0.002%  concentration  prepared  in  methanol.
After  standing  for  30  minutes  in  the  dark,
absorbance  was  measured  at  517  nm.  The
spectrophotometer  was  made  zero  with
methanolic solution. The mixture prepared from 1
mL of methanol with 1 mL of DPPH solution was
measured as control sample (26).

The DPPH solution was prepared daily, fresh and
kept in the dark and at 4 °C, and covered with
aluminum foil around the flask during use. DPPH
inhibition is calculated by the following formula:

A0: Absorbance of the control sample
At:  The  absorbance  value  of  the  sample  being
tested

CUPRAC assay
1  mL  of  a  solution  of  0.01.10-2 M  copper(II)
chloride,  1  mL  of  a  solution  of  7.5.10-3 M
neocuproine, 1 mL of a 0.1 M ammonium acetate
buffer (pH= 7.0) and 1 mL of a sample solution
(250, 500, 1000 μg/mL) were placed in the tube
and mixed. The mixture was allowed to stand at
room temperature  for  30  minutes,  in  the  dark
and absorbance was read at 450 nm. The reading
was  performed  by  zeroing  against  the  blank,
which was prepared by placing 1 mL of methanol
instead of 1 mL of sample (27).

RESULTS AND DISCUSSION

The  physical  and  spectroscopic  values  of  the
synthesized  coumarin  derivatives  are  in
accordance with the literature values. The DPPH
activity  results  of  the  coumarin  derivatives  are
shown  in  Table  1,  and  the  CUPRAC  activity
results are shown in Table 2.

In  DPPH antioxidant  capacity  determination,  as
shown in Table 1, DPPH activity was observed to
increase  more  as  the  concentration  of  only
coumarin-3-carboxylic acid was decreased. DPPH
activities  decreased  as  concentration  decreased
in  other  substances.  Especially  some  of  the
coumarin  compounds  which  are  coumarin-3-
carboxylic  acid  chloride,  4-methyl-7-
aminocoumarin  and  4-phenyl-7-aminocoumarin,
showed  values  close  to  DPPH  activity  at
concentrations of 1000 μg  mL of α- tocopherol,
NDGA, BHT, BHA and ascorbic acid as standard
antioxidants.

In  the  determination  of  CUPRAC  antioxidant
capacity,  as  shown  in  Table  2,  as  the
concentration  decreased,  CUPRAC  reduction
activities decreased as well.  The compounds 4-
Methyl-7-hydroxy-8-formylcoumarin  and  4-
methyl-7-hydroxy-8-nitrocoumarin  showed
values  close  to  the  CUPRAC  reduction  activity
exhibited  by  BHA  and  ascorbic  acid.  CUPRAC
reduction activity of only four of the synthesized
compounds was observed. In other compounds,
values are too small  to be considered,  so they
are not added to the table.

In  particular,  3-carboxylic  acid  chloride,  4-
methyl-7-amino  coumarin,  4-phenyl-7-
aminocoumarin, 4-methyl-7-hydroxy-8-formyl, 4-
methyl-7-hydroxy-8-nitro  coumarin  compounds
have been found to be more effective in terms of
antioxidant activity. These coumarin compounds
can  be  evaluated  with  antioxidant  activity
properties.
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Table 1. The DPPH activity results of the coumarin derivatives

Entry Sample %DPPH

(1000 µg/mL)

%DPPH

(500 µg/mL)

%DPPH

(250 µg/mL)

1 3-Benzoylcoumarin 5.6 0.4 0

2 Coumarin-3-carboxylic acid 3.2 4.4 5.2

3 3-Acetylcoumarin 6 2.8 0

4 Coumarin-3-carboxylic acid chloride 84 64.4 42.8

5 4-Methyl-7-hydroxycoumarin 18.4 11.2 10.4

6 4-Propyl-7-hydroxycoumarin 13.6 6.4 5.2

7 4-Phenyl-7-hydroxycoumarin 22 11.6 6.4

8 4-Methyl-7-methoxycoumarin 4.4 2 1.6

9 4-Methyl-7-hydroxy-8-formylcoumarin 14.4 11.6 7.6

10 4-Methyl-7-hydroxy-8-nitrocoumarin 28 13.6 3.6

11 4-Methyl-7-aminocoumarin 82 78 70.8

12 4-Phenyl-7-aminocoumarin 82.8 75.2 69.6

13 α-Tocopherol 96.4 93.6 93.2

14 NDGA* 95.6 93.2 92

15 BHT* 95.6 95.2 94.8

16 BHA* 96.8 94 93.6

17 Ascorbic acid 97.2 97.2 96.8

*BHA (Butylated Hydroxy Anisole) BHT (Butylated Hydroxy Toluene) NDGA (Nordihydroguaiaretic Acid)
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Table 2. The CUPRAC activity results of the coumarin derivatives

Entry Sample %Absorbance

(1000 µg/mL)

%Absorbance

(500 µg/mL)

%Absorbance

(250 µg/mL)
9 4-Methyl-7-hydroxy-8-formylcoumarin 0.664 ± 0.0202 0.199 ± 0.0263 0.022 ± 0.0021

10 4-Methyl-7-hydroxy-8-nitrocoumarin 0.457 ± 0.0025 0.226 ± 0.0036 0.116 ± 0.001

11 4-Methyl-7-aminocoumarin 0.209 ± 0.0035 0.136 ± 0.0062 0.095 ± 0.0043

12 4-Phenyl-7-aminocoumarin 0.196 ± 0.0020 0.142 ± 0.0037 0.098 ± 0.0049

16 BHA* 0.734 ± 0.0117 0.489 ± 0.001 0.456 ± 0.0035

17 Ascorbic acid 0.476 ± 0.0041 0.443 ± 0.001 0.432 ± 0.0007

*BHA (Butylated Hydroxy Anisole)Values are means ± SD.
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Abstract: The aim of the study was to synthesise novel photo-exchangeable photochromic fluorescent
compounds.  3,4-Bis(3,5-dimethyl-4-pyrazolyl)-N-butyl-1,8-naphthalimide  6 and  3,4-bis  (1,3,5-
trimethyl-4-pyrazolyl)-N-butyl-1,8-naphthalimide  7 naphthalimide  derivative  new  compounds  were
prepared via two-step Suzuki coupling reaction of pyrazolylboronic acid esters from N-butyl-4-bromo-
3-iodo-1,8-naphthalimide and characterized by  1H-NMR,  13C-NMR, MS and FTIR. Their photochromic
fluorescence properties were investigated. Additionally, a solvent effect on the fluorescent properties
of  6 and  7 was investigated. Increase of organic solvent polarity results in a red shift (to longer
wavelengths) of the fluorescence emissions.
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INTRODUCTION

Photochromic  compounds  can  be  divided  into
several  groups  according  to  their  type  of
photoreaction.  The  most  studied  photochromic
series  are  fulgides,  spiropyranes  and
diarylethenes.  Among  these,  diarylethenes  are
the  most  promising  compounds  for  many
industrial  applications  due  to  their  fatigue
resistance and superior thermal stability.

There  are  many studies  on  the  synthesis  and
photochromic  properties  of  non-fluorescence
photochromic  diarylenes  in  different
environments.  Photochromic  fluorescent
diarylethenes  have  attracted  attention  in  the
development  and  use  of  possible  optical-
electronic devices in recent years as molecular
switches and optical memory systems (1-6).

Photochromic  fluorescent  diarylethenes  must
have  many  important  features  for  industrial
application such as  fatigue resistance,  thermal
stability,  high  quantum  yields  (for  both
photochromic and fluorescence behaviour), and
so on.

It  is  difficult  to  synthesise  excellent
photochromic fluorescent compounds with all the
necessary properties for industrial  applications.
It  is  almost  impossible  to  predict  the  detailed
photochromic and also fluorescent properties of
the  compounds  before  synthesising.  It  is
important  to  synthesise  new  photochromic
compounds that may exhibit this fluorescence.

On the  other  hand,  research  on  photochromic
fluorescent  diarylethenes  is  limited.
Photochromic  fluorescent  diarylethenes  must
meet many important criteria in order to find an
application.  These  criteria  can  be  listed  as
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follows:  Criteria  for  photochromic  properties:
quantum  data  on  ring  opening  and  closing
reactions, the repeatability of ring opening and
ring closing reactions of the molecular structure
over  time  without  degradation,  this  is  called
resistance  to  fatigue.  Thermal  stability  of  the
open and closed forms should not be degraded
at normal temperatures and so on. In addition,
there are criteria for the fluorescent properties
of the molecules of interest (7-13).

In the criteria related to fluorescent properties,
undoubtedly one of the most important features
is  high  fluorescent  quantum  yields.  In
photochromic  fluorescent  molecules,  the
fluorescent properties of both the open form and
closed forms are measured, and in some cases it
is  known  that  the  open  form  exhibits  more
fluorescence and in some cases the closed form
exhibits  stronger  fluorescence.  What  is
important  here  is  that  there  is  a  significant
difference  in  fluorescent  property  between the
ring-open  or  closed  form of  the  photochromic
molecule.

One  of  the  important  points  of  both  the
photochromic  and  fluorescent  properties
mentioned above is the absorption bands of the
open form and the closed form. Open forms are
more  sensitive  to  UV  light  in  photochromic
compounds,  while  closed  forms  (usually
coloured)  are  sensitive  to  light  in  the  visible
region. It  is also important that the maximum
wavelength difference between open forms and
closed  forms  is  large.  Similarly,  in  terms  of
fluorescent  properties,  the  absorption
wavelength and emission wavelength values of
the  molecule  are  important  for  many
applications. In short, it is difficult to synthesise
photochromic  fluorescent  diarylethenes  with
ideal  properties and it  is  often not possible to
predict all of the aforementioned properties. In
this  respect,  it  is  important  to  synthesise
different  photochromic  compounds  that  may
exhibit fluorescence (14-23).

For  this  reason,  in  this  study  we  aimed  to
synthesize  a  diethylether-like  photochromic
fluorescent molecule which has a novel pyrazole
structure based on bisaryl naphthalimide.

EXPERIMENTAL

Material and Methods
Materials
4-Bromo-1,8-naphthalic  anhydride,  3,5-
dimethyl-4-pyrazole-4-boronic  acid  pinacol
ester,  1,3,5-trimethyl-4-pyrazole-4-boronic  acid
pinacol  ester  and  other  starting  chemical
compounds were purchased from the company
Merck, Sigma-Aldrich, Acros Organics and ABCR.
4-bromo-N-butyl-3-iodo-1,8-naphthalimide  1

was prepared according to the procedures in the
literature (24).

Methods
Some parts of solvent were of analytical grade
and  purified  by  distillation  before  use.  Other
reagents were used as received without further
purification.  Some  part  of  studies  of
naphthalimide derivatives were performed under
argon using standard schlenk techniques and dry
solvents.  All  chemicals  were  purchased  from
Merck,  Acros  Organics,  ABCR  and  Aldich
Chemical  Company.  1H  and  13C  NMR  spectra
were recorded on Bruker 400 MHz spectrometers
for samples in CDCl3. The signals are expressed
as  parts  per  million  down  fields  from
tetramethylsilane, used as an internal standard
(δ value). Splitting patterns are indicated as s,
singlet;  d,  doublet;  t,  triplet;  q,  quartet;  m,
multiplet.  Mass spectra were taken with an AB
Sciex  4000  QTRAP  LC-MS/MS. FT-IR  spectra
were  measured  using  a  SHIMADZU  FT-IR
spectrometer.  Luminescence  spectra  were
measured  on  a  SHIMADZU  RF-5301PC
fluorescent  spectrophotometer.  UV-Vis  spectra
were  recorded  on  a  T80+  UV-Vis
spectrophotometer.  Photochemical  reactions  in
organic solvents were carried out in a 10 mm
path length quartz cell using an 8W Three-Way
UV  lamp  (Cole-Parmer)  (for  365  nm)  and  an
Obelux CR9 Forensic Lights Green (for 530 nm).
During  the  photoreaction,  solutions  in  the  cell
were  stirred. Melting points  were  measured in
open capillary tubes with Thermo Scientific 9200
melting point apparatus and are not corrected.
Solvents  were  dried  over  anhydrous  sodium
sulphate.  Flash  column  chromatographic
separation was carried out on Merck Kieselgel 60
(230-400  mesh)  using  ethyl  acetate  and  n-
hexane  as  the  eluent.  Analytical  thin-layer
chromatography was performed on Merck pre-
coated silica gel 60 F-254, 0.25-mm thick TLC
plates.

Synthesis
3-(3,5-Dimethyl-4-pyrazolyl)-4-bromo-N-butyl-
1,8-naphthalimide (4)
Naphthalimide  derivative  (1)  (0.2  g,  0.43
mmol),  3,5-dimethyl-4-pyrazoleboronic  acid
pinacol  ester (0.59  g,  4.3  mmol),
tetrakis(triphenylphosphine)palladium(0)  (0.25
g, 1.29 mmol), potassium carbonate (0.049 g,
0.043  mmol),  catalyst  ratio  of
tris(dibenzylideneacetone)dipalladium(0),  THF
(30 mL), aqueous (10 mL) stirred for 5 hours at
room  temperature.  No  photochromicity  was
observed when TLC was checked. Boiling at 65
°C  for  3  hours,  the  reaction  was  found  to
complete  by  TLC  control.  10%  sodium
bicarbonate  solution  was  added.  The  organic
fraction  was  dried  with  sodium  sulphate.  The
organic  fraction  was  then  evaporated.  The
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residual  raw  product  was  purified  via  column
chromatography  over  ethyl  acetate-n-hexane
(5-20%).  1H NMR analysis showed that 1 mole
was attached. 4 Light coloured brown solid 0.09
g, 50%, m.p.: 141-144 °C.  1H NMR (400 MHz,
CDCl3,  ppm):  δ  0.83  (t,  3H,  -CH2CH3),  1.30-
1.40  (m,  2H,  -CH2CH3),  1.57-1.63  (m,  2H,  -
NCH2CH2-),  1.98 (s, 3H, -CH3,  pyrazole), 2.10
(s,  3H, -CH3,  pyrazole),  4.10 (t,  2H, -NCH2-),
7.02-8.80  (m,  4H,  Ar-napht-H),  12.81  (s,  1H,
NH).  13C  NMR  (100  MHz,  CDCl3,  ppm):  δ=
13.86,  20.02,  22.18,  29.34,  30.63,  39.99,
125.09,  128.16,  128.35,  129.17,  129.52,
130.25,  130.89,  131.58,  132.43,  134.91,
141.65,  143.34,  143.76,  188.96,  189.04.  ESI-
MS(+)  [M+]:  m/z=  C21H20BrN3O2 Found  :
426,3064; Calc. : 426,8538. IR (ATR) υmax(cm-1)
2920,  2854,  1695  (C=O),  1653  (C=O),  1608,
1575,  1435,  1384,  1352,  1303,  1269,  1226,
1182,  1093,  1033,  995,  958,  918,  823,  779,
744, 691.

3-(1,3,5-Trimethyl-4-pyrazolyl)-4-bromo-N-
butyl-1,8-naphthalimide (5)
Naphthalimide derivative compound (1) (0.2 g,
0.43 mmol), 1,3,5-dimethyl-4-pyrazoleboronic
acid  pinacol  ester (0.9  g,  1.3  mmol),
tetrakis(triphenylphosphine)palladium(0)  (0.049
g, 0.043 mmol), potassium carbonate (0.59 g,
4.3  mmol),  catalyst  ratio  of  tris
(dibenzylideneacetone)dipalladium(0),  THF  (30
mL),  aqueous  (10  mL)  stirred  for  5  hours  at
room  temperature.  When  TLC  control  was
performed, it was observed that the product was
not photochromic. After heating for 3 hours at
65  °C,  TLC  was  checked.  10%  sodium
bicarbonate  solution  was  added.  The  organic
fraction  was  dried  with  sodium  sulphate.  The
organic  fraction  was  then  evaporated.  The
residual  raw  product  was  purified  via  column
chromatography  eluting  over  ethyl  acetate-n-
hexane (5-20%). 1H NMR was taken and it was
found to bind 1 mol. 5 Pale coloured yellow solid
0.12 g, 63%, m.p.: 157-160 °C.  1H NMR (400
MHz,  CDCl3,  ppm):  δ  0.83  (t,  3H,  -CH2CH3),
1.29-1.37 (m, 2H, -CH2CH3), 1.51-1.64 (m, 2H,
-NCH2CH2-), 2.02 (s, 3H, -CH3, pyrazole), 2.34
(s,  3H,  -CH3,  pyrazole),  3.50(s,  3H,  -NCH3,
pyrazole), 4.01 (t, 2H, -NCH2-), 7.00-8.50 (m,
4H,  Ar-napht-H).  13C  NMR  (100  MHz,  CDCl3,
ppm):  δ= 13.67,  14.32,  20.07,  23.13,  29.46,
30.25, 40.18, 125.10, 125.33, 128.24, 128.61,
129.30,  129.73,  130.15,  130.47,  131.51,
131.83,  134.16,  134.38,  143.55,  189.03,
189.13.  ESI-MS(+)  [M+]:  m/z=  C22H22BrN3O2

Found : 440,3330; Calc. : 440,0051. IR (ATR)
υmax(cm-1)  2925,  2884,  1701  (C=O),  1667
(C=O),  1613,  1556,  1438,  1377,  1355,  1315,
1267, 1226, 1145, 1078, 1041, 996, 947, 854,
785, 746, 698, 634.

3,4-Bis(3,5-dimethyl-4-pyrazolyl)-N-butyl-1,8-
naphthalimide (6)
3,5-dimethyl-4-pyrazolyl  naphthalimide
derivative  (4)  (0.09  g,  0.21  mmol),  3,5-
dimethyl-4-pyrazoleboronic  acid  pinacol
ester (0.094  g),  0.42  mmol),  tetrakis
(triphenylphosphine)-palladium(0)  (0.024  g,
0.021 mmol), potassium carbonate (0.29 g, 2.1
mmol),  catalyst  ratio  of  tris-
(dibenzylideneacetone)dipalladium(0),  THF  (30
mL), water (10 mL) stirred for 5 hours at room
temperature.  TLC  control  showed  that  the
product was formed. After heating at 65 °C for 3
hours,  the  reaction  mixture  product  was
terminated by checking with TLC. 10% sodium
bicarbonate solution was added. Extraction was
performed  over  ethyl  acetate-n-hexane.  The
organic fraction was dried with sodium sulphate.
The  organic  fraction  was  then  evaporated  in
vacuo. The residual raw product was purified via
column chromatography, with an ethyl acetate-
n-hexane  (5-20%)  mixture.  1H  NMR  of  the
product was taken. 6 Yellow-orange solid 0.03 g,
33%,  m.p.:  160-162  0C.  1H  NMR  (400  MHz,
CDCl3,  ppm):  δ  0.81  (t,  3H,  -CH2CH3),  1.30-
1.38  (m,  2H,  -CH2CH3),  1.55-1.60  (m,  2H,  -
NCH2CH2-),  1.99 (s, 6H, -CH3,  pyrazole), 2.12
(s,  6H, -CH3,  pyrazole),  4.06 (t,  2H, -NCH2-),
7.01-8.80  (m,  4H,  Ar-napht-H),  12.89  (s,  1H,
NH).  13C  NMR  (100  MHz,  CDCl3,  ppm):  δ=
13.84,  14.05,  20.03,  20.32,  29.06,  29.41,
30.08, 40.49, 121.40, 125.14, 125.62, 128.10,
128.46,  129.21,  129.53,  130.18,  130.65,
131.73,  132.28,  132.84,  134.07,  134.35,
141.19,  143.57,  189.04,  189.24.  ESI-MS  (+)
positive  ion  mode  [M+]:  m/z=  C26H27N5O2

Found  :  441,5249;  Calculated  :  441,5629.  IR
(ATR) υmax(cm-1) 3051, 2954, 2924, 2856, 1697
(C=O), 1649 (C=O), 1622, 1583, 1492, 1444,
1390,  1336,  1309,  1261,  1224,  1188,  1101,
1074, 1039, 981, 921, 883, 850, 825, 756, 688,
624.

3,4-Bis(1,3,5-Trimethyl-4-pyrazolyl)-N-butyl-
1,8-Naphthalimide (7)
3-(1,3,5-Trimethyl-4-pyrazolyl)-4-bromo-1,8-
naphthalimide (5) (0.12 g, 0.27 mmol),  1,3,5-
dimethyl-4-pyrazoleboronic  acid  pinacol
ester (0.12  g,  0.54  mmol),  tetrakis-
(triphenylphosphine)palladium(0)  (0.031  g,
0.027 mmol), potassium carbonate (0.37 g, 2.7
mmol),  catalyst  ratio  of  tris(dibenzylidene-
acetone)dipalladium(0), THF (30 mL), water (10
mL)  was  stirred  for  5  hours  at  room
temperature. When TLC control was performed,
it  was  observed  that  the  product  was  not
photochromic.  After  heating  at  65  °C  for  3
hours,  the  reaction  mixture  product  was
terminated by checking with TLC. 10% sodium
bicarbonate solution was added. Extraction was
performed  over  ethyl  acetate-n-hexane.  The
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organic fraction was dried with sodium sulfate.
The  organic  fraction  was  then  evaporated  in
vacuo. The residual raw product was purified via
column chromatography, with an ethyl acetate-
n-hexane  (5-20%)  mixture.  7 Light  brown
coloured solid 0.05 g, 42%, m.p.: 169-171  0C.

1H NMR (400 MHz, CDCl3, ppm): δ 0.82 (t, 3H, -
CH2CH3),  1.28-1.36  (m,  2H,  -CH2CH3),  1.50-
1.62  (m,  2H,  -NCH2CH2-),  2.06  (s,  6H,  -CH3,
pyrazole), 2.33 (s, 6H, -CH3, pyrazole), 3.57(s,
6H,  -NCH3,  pyrazole),  4.09  (t,  2H,  -NCH2-),
7.20-8.60 (m, 4H, Ar-napht-H).
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Figure 1. Syntheses of 6 and 7.
Conditions: i) K2CO3 /Pd(PPh3)4, THF, H2O, 4 hours at room temperature and 3 hours heating at 65 °C; ii) 
Excess of 2 or 3 / K2CO3/Pd(PPh3)4, THF, H2O, 4 hours at room temperature and 3 hours of heating at 65 
°C.

13C  NMR  (100  MHz,  CDCl3,  ppm):  δ=  13.75,
14.21,  20.46,  23.06,  29.17,  29.74,  30.38,
32.10,  40.24,  40.69,  118.81,  119.09,  121.77,
122.15,  126.36,  127.67,  128.54,  128.73,
129.39,  129.71,  130.22,  130.48,  131.32,

131.55,  135.28,  141.34,  164.37,  166.82.  ESI-
MS  (+)  positive  ion  mode  [M+]:  m/z=
C28H31N5O2 Found  :  469,2478;  Calculated  :
469,0253.  IR  (ATR)  υmax(cm-1)  3053,  3026,
2954,  2922,  2854,  1697  (C=O),  1649  (C=O),
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1620,  1585,  1490,  1440,  1390,  1336,  1286,
1261, 1222, 1188, 1097, 1076, 1029, 983, 921,
883, 848, 754, 679, 623.

RESULTS AND DISCUSSION

Previously,  a  study  involving  naphthalimide
derivative compound 1 and pyrazole group with
arylboronic  acid  ester  was  prepared  in  the
literature by a multi-step reaction method (24).

The Suzuki cross-linking reaction forms a new C-
C  bond  using  a  palladium  catalyst  and  base.
These  new C-C  bond formation  reactions  may
find application in the development of organic,
polymeric  and  inorganic  materials  in  many
industrial  fields,  particularly  in  the  fields  of
electrical-electronics, optical properties.

Naphthalimide  compound  containing  3,5-
dimethyl-4-pyrazolyl  group  6,  naphthalimide
compound  containing  1,3,5-trimethyl-4-
pyrazolyl  group 7 were synthesised by a two-
step Suzuki  coupling reaction of naphthalimide
derivative  compound  1  and  3,5-dimethyl-4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1H-pyrazole  and  1,3,5-dimethyl-4-
pyrazoleboronic  acid  pinacol  ester  in  medium
yield (Figure 1).

In  the  reaction  of  naphthalimide  derivative
compound  1  between  both  3,5-dimethyl-4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1H-pyrazole  and  1,3,5-dimethyl-4-
pyrazoleboronic acid pinacol ester (pinacol ester
of arylboronic acid) failed to give new compound
6 and compound 7 when taken as two moles.
Instead of, the new intermediate product 4 and
5 were obtained light brown coloured solid and
pale  yellow  coloured  solid,  respectively.
Although the one-step reaction is repeated with
excessive  amounts  of  3,5-dimethyl-4-(4,4,5,5-
tetramethyl-1,3,2dioxaborolan-2-yl)-1H-
pyrazole 2 and 1,3,5-dimethyl-4-pyrazoleboronic
acid pinacol ester 3 in addition to more effective
reaction conditions,  the desired product  6 and
product  7  were  not  isolated  and  some  by-
products  which  could  not  be  isolated  by  TLC
were  observed.  However,  when  the  pure
intermediate  new  product  3-(3,5-dimethyl-4-
pyrazolyl)-4-bromo-N-butyl-1,8-naphthalimide 4
and  3-(1,3,5-trimethyl-4-pyrazolyl)-4-bromo-N-
butyl-1,8-naphthalimide 5 were treated with an
extreme  quantity  of  3,5-dimethyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
pyrazole 2 and 1,3,5-dimethyl-4-pyrazoleboronic
acid pinacol ester 3, the expected product 6 and
product 7 were achieved in 33% yield and 42%
yield as a yellow orange coloured solid and light
brown coloured solid, respectively.

Irradiation of  pyrazole groups bearing N-butyl-
1,8-naphthalimide,  naphthalimide  compound
containing  3,5-dimethyl-4-pyrazolyl  group  6,
naphthalimide  compound  containing  1,3,5-
dimethyl-4-pyrazolyl group 7 in ethyl acetate via
365 nm light did not cause colour change, due to
the formation close form. The possible coloured
form  (in  photostationary  state,  pss)  was
expected to return to the first colourless or pale
yellow  coloured  naphthalimide  compound
containing  3,5-dimethyl-4-pyrazolyl  group  6,
naphthalimide  compound  containing  1,3,5-
dimethyl-4-pyrazolyl  group 7 solution  when
exposed to visible light (530 nm).

When  examined  for  fluorescence,  these
compounds,  namely  naphthalimide  compound
containing  3,5-dimethyl-4-pyrazolyl  group  6,
naphthalimide  compound  containing  1,3,5-
dimethyl-4-pyrazolyl  group 7 exhibited  good
fluorescence.

Synthesized naphthalimide compound containing
3,5-dimethyl-4-pyrazolyl  group  6 and
naphthalimide  compound  containing  1,3,5-
dimethyl-4-pyrazolyl  group  7 were  not
photochromic.  Otherwise,  these  prepared
naphthalimide  compound  containing  3,5-
dimethyl-4-pyrazolyl group 6 and naphthalimide
compound containing 1,3,5-dimethyl-4-pyrazolyl
group  7 exhibited  a  good  level  of  fluorescent
properties.

Irradiation via 365 nm light  showed no colour
change and no spectral change. The reason why
naphthalimide  compound  containing  3,5-
dimethyl-4-pyrazolyl group 6 and naphthalimide
compound containing 1,3,5-dimethyl-4-pyrazolyl
group 7 does not exhibit any photochromism is
unclear at  this  stage.  However,  it  can be said
that the methyl groups in these carbon groups
form a steric hindrance on the pyrazoles at the
3-position and the naphthalimide group at the 3-
position with hydrogen atoms. In the cyclisation
step during photoreaction, it is believed that the
methyl groups coincide with the hydrogen of the
naphthalimide ring as in Figure 2. 
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Figure 2. Possible photoreaction of non-
photochromic 6C and 7C.

Therefore, it causes deviation from the planarity
required  for  cyclization.  Although  compounds
naphthalimide  compound  containing  3,5-
dimethyl-4-pyrazolyl group 6 and naphthalimide
compound containing 1,3,5-dimethyl-4-pyrazolyl
group  7 are  not  photochromic  compounds,  6
and 7 exhibited fluorescence properties (Figures
3 and 4).

Photochromic and Fluorescent Properties
Naphthalimide  compound  containing  3,5-
dimethyl-4-pyrazolyl  group  6,  naphthalimide
compound containing 1,3,5-dimethyl-4-pyrazolyl
group 7 solutions  had no observed absorption
band in the visible range and were pale yellow or
colourless.  After  irradiation  with  365  nm
ultraviolet light, compound  6 and compound  7
solutions  were  expected  to  return  to  the
coloured form with an increase in new peaks in
the visible region. This would show an expanded
ϖ system on the photochromic reaction.

The  reversible  photoreaction  of  naphthalimide
compound  containing  3,5-dimethyl-4-pyrazolyl
group  6,  naphthalimide  compound  containing
1,3,5-dimethyl-4-pyrazolyl  group 7 in  the
solutions were carried out at 365 nm and 530
nm various  light  wavelengths.  It  was  thought
that  when irradiated  in  solutions  compound  6
and compound  7 with 365 nm ultraviolet light,
from colourless or pale yellow state to coloured
state, when they returned (visible light 530 nm),
it would be transformed into coloured form due
to the formation of closed form C-forms.

In  general,  for  naphthalimide  compound
containing 3,5-dimethyl-4-pyrazolyl group 6 and
naphthalimide  compound  containing  1,3,5-
dimethyl-4-pyrazolyl group 7 compounds are not
in  the  same  plane  due  to  steric  hindrances
between the methyl groups of the two pyrazolyl
groups  and  the  naphthalimide  hydrogens.

However, they always maintain their parallel and
antiparallel  shape.  Thus,  the  observed
characteristic  absorption  peaks  of  the
naphthalimide  moieties  result  in  poor
conjugation between the  pyrazolyl  ring groups
and the naphthalimide moiety. Such a situation
prevents  the  photochromicity  from  being
observed.

The  solvent  effects  on  the  open  forms  of
compounds naphthalimide compound containing
3,5-dimethyl-4-pyrazolyl  group  6 and
naphthalimide  compound  containing  1,3,5-
dimethyl-4-pyrazolyl  group  7 have  been
investigated in various solvents. The polarity of
the solvent showed a shift to long wavelength in
uncoloured forms. Quantum yields could not be
calculated because the new compounds 6 and 7
synthesized were not photochromic.

Electrochemical behavior of both the ring-open
and  ring-closed  forms  of  photochromic
fluorescence compounds can be performed such
as  absorbance  and  emission  properties,
recording-deletion,  and  hologram  acquisition.
The difference in fluorescence emission between
these  reversible  transformations  is  remarkable
because  it  is  easy  to  see.  Here,  the
naphthalimide  structure  serves  as  a  very
important core for fluorescence emission.

It  can  be  mentioned  that  pyrazole  groups
containing naphthalimide ring show fluorescent
photo-transfer  property.  Naphthalimide
compound  containing  3,5-dimethyl-4-pyrazolyl
group 6 and naphthalimide compound containing
1,3,5-dimethyl-4-pyrazolyl  group  7 showed
maximum fluorescence emission at 505 nm and
500 nm, respectively, when light stimulation was
performed at a wavelength of 400 nm.

In addition, emission intensity-wavelength graph
was obtained by taking emission measurements
against wavelength in compound naphthalimide
compound  containing  3,5-dimethyl-4-pyrazolyl
group 6 and naphthalimide compound containing
1,3,5-dimethyl-4-pyrazolyl group 7 in non-polar
n-hexane and polar acetone solvents. While the
maximum  wavelengths  in  non-polar  n-hexane
solvent  were  around  460  nm,  the  maximum
wavelength  in  polar  acetone  solution  gave
emission around 520 nm and 510 nm. As solvent
polarity  increases,  the  maximum  emission
intensity  shifts  to a longer wavelength.  In the
more polar acetone solvent 50 nm and 60 nm
give  longer  wavelength  emission  intensity
(Figures 3 and 4).
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Figure 3. Emission spectra of compound 6 in n-
hexane and acetone (1x10-5), (λex 400 nm).

It can be seen from the graphs that the solvent
polarity for compounds 6 and 7 are an important
factor in shifting the luminescent wavelength to
the  long  wavelength  between  the  non-polar
solvent and the polar solvent. When the polarity
of the solvent increases, the emission intensity
gives  a  peak  at  a  longer  wavelength.  The
fluorescence colour of compounds  6 and  7 can
be  directly  modulated  by  the  naked  eye  by
adjusting the polarity of the solvent.

Naphthalimide  compound  containing  3,5-
dimethyl-4-pyrazolyl group 6 and naphthalimide
compound containing 1,3,5-dimethyl-4-pyrazolyl
group  7  the  emission  spectrum  of  the
compounds  by  the  excitation  intensity  and
wavelength at 400

Figure 4. Emission spectra of compound 7 in n-
hexane and acetone (1x10-5), (λex 400 nm).

nm  in  the  ethyl  acetate  solvent  at  a
concentration of 1x10-5 M is given in Figure 5. At
the same concentration maximum naphthalimide
compound containing 1,3,5-dimethyl-4-pyrazolyl
group  7 at  higher  wavelengths  gives  higher
emission  intensity  while  naphthalimide
compound  containing  3,5-dimethyl-4-pyrazolyl
group 6 gave a lower emission intensity.

Figure 5. Emission spectrum generated by
excitation of different compounds 6 and 7 at

400 nm wavelength in ethyl acetate (1x10-5 M).

Compound 7 gives an emission intensity at 480
nm,  while  compound  6 gives  an  emission
intensity at 510 nm at the same concentration.
It  is  observed  that  the  emission  spectrum  of
compound 6 shifts to a wavelength longer than
30 nm. In addition, compounds 6 emit at longer
wavelengths  and  lower  intensity,  while
compound  7 emit  at  shorter  wavelengths  and
higher intensity.

CONCLUSIONS

Synthesis of naphthalimide derivative compound
1 from  4-bromo-1,8-naphthalic  anhydride
starting  material  was  prepared  according  to
literature  in  several  steps.  Naphthalimide
compound  containing  3,5-dimethyl-4-pyrazolyl
group 6 and naphthalimide compound containing
1,3,5-dimethyl-4-pyrazolyl  group 7 derivatives,
naphthalimide derivative compound  1 and 3,5-
dimethyl-4-pyrazoleboronic acid pinacol ester 2,
1,3,5-dimethyl-4-pyrazoleboronic  acid  pinacol
ester  3 were  synthesized  from  the  Suzuki
coupling reaction of boronic acid pinacol ester.

The photochromic and fluorescent properties of
compounds 6 and 7 were examined. None of the
N-butyl-1,8-naphthalimides  containing  both
pyrazole and N-methyl pyrazole groups exhibited
photochromic properties.

The polar  and non-polar  solvent  factor  on the
fluorescence properties of compounds  6 and  7
were examined. Increasing solvent polarity was
observed  to  shift  fluorescence  emissions  to
longer wavelengths.
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Synthesis and Photophysical Properties of A3B-type Unsymmetrically
Substituted Anthracene-based Zinc(II)phthalocyanine

Sinem Temizel , Altuğ Mert Sevim* 

Technical University of Istanbul, Chemistry Department, TR 34469, İstanbul, Turkey.

Abstract: A novel unsymmetrical zinc(II) phthalocyanine (ZnPc) (3) with an alkynyl functional group was
prepared by an efficient mixed statistical condensation of 4-((4-ethynylbenzyl)oxy)phthalonitrile (1) and
4-(4-tertbutylphenoxy)phthalonitrile (2). FTIR, 1H NMR, UV-Vis, elemental analysis, and MALDI-TOF were
used  to  characterize  this  new  compound.  Working  with  different  concentrations,  the  compound’s
aggregation properties were investigated and concluded that no aggregation tendency has been observed
in the studied concentration range (1.0 x 10-6 M to 1.2 x10-5 M). Fluorescent quantum yields and lifetimes
of the compound were studied and found to be 0.09 and 0.57 ns, respectively. As a fluorescent quencher,
1,4-benzoquinone was used in the experiments at differing concentrations in tetrahydrofuran. The kq
values showed a close follow-up to the diffusion control limits, around 1011 s-1 and they seem to agree
with Einstein-Smoluchowski’s approximation for bimolecular, diffusion-control-including, interactions. For
the new compound, the KSV value was calculated as 27.55, which is lower than that of unsubstituted
ZnPc. The fluorescence of the studied compound 3 was effectively quenched by 1,4-benzoquinone.
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INTRODUCTION

Phthalocyanines,  also  referred  to  as  Pcs,  are
tetrabenzo-containing  tetraazaporphyrin
macrocycles,  famous  for  their  high  stability,
flexibility,  coordination,  and  fine  spectroscopic
behavior (1).  Photodynamic therapy,  optical  data
storage,  reversed  saturable  absorbers,  and  solar
screens are phthalocyanines’ chief important high
technological  applications (2). Thanks to their  π-
electron  conjugation,  Pcs  can  readily  undergo
electron transfer reactions (3). There are two main
substitution patterns for Pcs: Peripheral (2, 9(10),
16(17),  23(24))  and  non-peripheral  (1,  8(11),
15(18),  22(25))  and  these  patterns  allow  for
greater  solubility  in  organic  solvents,  thereby

increasing the spectral behaviors and applications
(4-8).  To  synthesize  substituted  Pcs,  a  reaction
called cyclotetramerization must be exercised, and
substituted  phthalonitriles  will  give  way  to
substituted  phthalocyanines.  The  substitution  of
phthalonitriles  with  hydroxyl,  amine,  azide  or
alkynyl functional groups is preferable (9-12).

Second-order nonlinear optics (13), photodynamic
therapy  of  cancer  (14),  liquid  crystals  (15),
Langmuir-Blodgett  (LB)  film  formation  (16),  and
solar  cells  (17,18)  are  popular  uses  of
unsymmetrical  phthalocyanines.  When  there  are
two  different  types  of  substituents  on  the  Pc
molecule,  multiple  properties  like  enhanced
solubility and reactivity on one or two points of the
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macrocycle are possible, thereby a better control
over the molecule is gained (19). Although there
are  numerous methods to  prepare  symmetrically
substituted  Pcs,  the  number  of  methods  for
unsymmetrically  Pcs  are  fairly  limited  (20).  The
simplest  technique to  prepare  a  unsymmetrically
substituted Pc is  to conduct a statistically mixed
condensation of two different phthalonitriles. The
main drawback of this method is the hardship to
isolate the targeted Pc in a mixture of differently
substituted Pcs; all of them have similar physical
and  chemical  properties.  An  alternative  to  the
method above was proposed by Leznoff and Hall
(21).  This  method  comprises  of  an  insoluble
polymer with a diiminoisoindoline or phthalonitrile
attached  to  it.  A  differently  substituted
phthalonitrile is introduced to the medium and the
two  are  reacted,  and  the  symmetrical
phthalocyanine is isolated from the medium, then,
as  the  last  step,  the  non-substituted
phthalocyanine  is  released  from  the  polymeric
backbone.  A  yet  another method  to  prepare
unsymmetrical  Pcs  has  been  described  by
Kobayashi  and  his  coworkers  (22,  23).  In  this
method,  a  sub-phthalocyanine  undergoes  ring
expansion  in  the  presence  of  a  different
phthalonitrile and a unsymmetrical Pc is obtained.

Photovoltaics, molecular transistors, light-emitting
devices,  and  other  molecular  electronic
applications (24, 25) use organic materials, which
are  capable  of  absorbing various  wavelengths  of
visible  light  and  fluorescence  highly  efficiently.
Since  Pcs  highly  absorb  in  the  Soret  band  of
ultraviolet spectrum (about 300-400 nm), they are
considered as efficient energy acceptors and they
provide the required overlap between the emission
spectrum  of  the  donor  and  the  absorption
spectrum of the acceptor. As a donor group in this
study, we have chosen anthracene unit because it
is very stable thermally and can act as an antenna
to  harvest  and  transfer  energy  in  an  efficient
manner to longer wavelength emission in blends or
composites (26). 

The  poor  solubility  of  Pcs  in  common  organic
solvents  (like  chlorinated  solvents,  ethers,  and
water)  hamper  the  uses  of  them.  If  the  Pc
molecule  is  decorated  with  alkyl,  alkoxy,
alkylsulfanyl,  or  bulky  groups  at  the  peripheral,
non-peripheral  or  axial  positions,  the  solubility
increases  drastically  (27,  28).  Aggregation,  in
general,  is  the bringing together  of  molecules in
dimers  or  higher  oligomers  in  solution  and
aggregates present their hydrophobic part (at the
center) as a group. The extended π system (29,
30)  is  responsible  for  aggregation.  It  hampers
solubility  in  many  solvents,  reduces  nonlinear
optical  properties  drastically,  and detrimental  for
photosensitization in  photodynamic  therapy  (31).
In Pcs, aggregation is frequently encountered at a
concentration as low as 1 x 10-5 M,  but if  bulky

groups  are  introduced  into  the  molecule,
aggregation rate diminishes considerably.

In  this  work,  we  have  reacted  two  different
phthalonitriles  to  obtain  a  novel,  A3B  type,
unsymmetrical zinc phthalocyanine with peripheral
substitution  of  three  anthracene-9-methoxy  and
one ethynylbenzyloxy  groups.  Not  only  have the
anthracene groups the ability to harvest light but
also  they  provide  better  solubility  in  organic
solvents due to their bulky nature. With the aid of
mono  alkynyl  group,  this  novel
zinc(II)phthalocyanine can be modified further by
using  well  known  techniques  such  as  Cu(I)-
catalyzed Huisgen 1,3-dipolar cycloaddition (better
known  as  the  “click  chemistry”)  or  Sonogashira
carbon-carbon cross-coupling reactions that leads
to  expand  the  application  field  of  this  novel
complex.  The  new  compound  was  dissolved  in
volumetric flasks at different concentrations to see
if it undergoes aggregation, by recording the UV-
Vis spectrum. The fluorescent quantum yields and
lifetimes were tabulated for the new compound by
conducting the experiment in tetrahydrofuran. We
have  found  out  that  1,4-benzoquinone  is  an
efficient  fluorescent  quencher  in  tetrahydrofuran
for the Pc molecule we have prepared. 

EXPERIMENTAL SECTION

Materials and methods
Fourier  transform infrared spectra  were collected
with  a  Perkin-Elmer  Spectrum One  spectrometer
by using a universal  attenuated  total  reflectance
(ATR)  module  in  the  600-4000  cm-1 range.  A
Scinco  SD  1000  single-beam  UV-Vis
spectrophotometer was utilized to record the UV-
Vis spectra of the compounds in 1 cm path length
cuvettes  at  room  temperature.  A  Perkin-Elmer
LS55 fluorescence spectrophotometer was used to
obtain  fluorescence  spectra.  Proton  NMR spectra
were  obtained  with  an  Agilent  VNMRS  500  MHz
spectrometer,  employing  tetramethylsilane  (TMS)
as the internal reference. Elemental analyses were
obtained in the Instrumental Analysis Laboratory of
TUBITAK  Marmara  Research  Center.  A  Bruker
Microflex  MALDI-TOF/MS mass  spectrometer  was
used to record the mass spectra  of  the required
compounds. Reagent grade chemicals and solvents
were  used  and  procured  from  commercial
suppliers.  At each reaction step,  we have tested
the  reaction’s  status  and  the  purity  of  the
compounds by running thin layer chromatography
(TLC) on silica. All reactions were run in nitrogen
atmosphere and the solvents we used were dried
over molecular sieves. The two phthalonitriles we
have used, namely 4-hex-5-ynyloxy-phthalonitrile
(1)  and  4-anthracen-9-ylmethoxy)phthalonitrile
(2), were synthesized by referring to the reported
procedures (32, 33). 
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Synthesis
Synthesis  of  9(10),  16(17),  23(24)-tris-(4-
anthracen-9-ylmethoxy)-2(3)-(4-hex-5-ynyloxy)
phthalocyaninatozinc (II) (3): 
0.045 g (0.20 mmol) of 1, 0.201 g (0.60 mmol) of
2,  and  0.050  g  (0.27  mmol)  zinc  acetate  were
charged into a screw-capped tube and immersed
into an oil bath, 3 mL of 2-dimethylaminoethanol
was  added  and  the  temperature  of  the  reaction
was raised to 145 °C and sustained for 24 h. After
this  step,  the  obtained  greenish  product  was
cooled to room temperature,  and precipitated by
pouring  into  3:1  (v/v)  water/methanol  mixture,
then  filtered.  Hot  methanol,  n-hexane,  and
acetone were used to wash the crude product until
there  were  no  yellowish-brown  impurities
observed,  then dried in an oven at 110 °C. The
dried greenish compound was chromatographed on
a silica-loaded glass column with ethyl acetate – n-
hexane (3:1, v/v) as eluent. 

Solubility: Soluble in tetrahydrofuran, chloroform,
dichloromethane,  dimethylsulfoxide,  and
dimethylformamide. Yield: 0.059 g, (23 %). FT-IR
(υmax/cm-1):  3289  (H-C≡),  3052  (Ar-C-H),  2927-
2861  (Aliph.  -C-H),  2210  (C≡C),  1601,  1446,
1387, 1315, 1226 1088, 993, 881, 826, 730. UV-
Vis λmax (nm) THF: 339, 351, 367, 387, 678.  1H-
NMR (500 MHz, CDCl3): δ, ppm: 8.34-7.18 (39H,
m, Ar-H), 4.28 (6H, s, Ar-CH2-O-), 4.11 (2H, t, -
CH2-O-), 2.28 (1H, t, -C≡CH), 1.74 (2H, m, -CH2-
C≡CH), 1.44 (2H, m, -CH2), 1.27 (2H, m, -CH2).
Anal. Calc. for C83H54N8O4Zn (1292,78 g/mol) %: C,
77.11; H, 4.21; N, 8.67 Found: C, 77.42; H, 4.01;
N, 8.96. MALDI-TOF MS: m/z 1292.57 [M]+. 

Photophysical parameters 
Fluorescence quantum yields and lifetimes: 
To determine the fluorescent quantum yields (ΦF)
comparatively,  Equation  1  below  was  employed,
with ZnPc in DMF as the standard compound (ΦF =
0.17) (34,35):

ΦF=ΦF (Std)

FA Stdη
2

FStd A ηStd
2

(Eq. 1)

F  and  Fstd are  the  areas  calculated  under  the
fluorescence curves of the phthalocyanine (3) and
the unsubstituted phthalocyanine,  respectively.  A
and  Astd are  absorbances  of  substituted  and
unsubstituted  phthalocyanines,  respectively.
Normally  they  are  about  0.04  and  0.05  for  all
solvents. η and ηstd are the refractive indices of the
solvents  used.  The  standard  and  sample  were
excited at the same wavelength. 

Fluorescent lifetime (τF) is the average time of the
molecule  residing  at  the  excited  state  before
fluorescing.  These data  were  calculated with  the
Strickler-Berg  equation,  which  was  readily
available  in  the  PhotoChemCad  software.
Fluorescent quantum yield and fluorescent lifetime
(τF)  are  directly  proportional  values.  For  the
calculation  of  natural  radiative  lifetime  (τ0),
Equation 2 was employed (36): 

ΦF=
τ F
τo  (Eq. 2)

1,4-benzoquinone-mediated  fluorescent
quenching:
When  increasing  amounts  of  1,4-benzoquinone
(BQ)  were  added  into  the  solutions  of  zinc
phthalocyanine  at  a  fixed  concentration,  we
observed  fluorescent  quenching;  the
concentrations  of  BQ  at  each  step  were  0.008,
0.016,  0.024,  0.032,  0.040,  and  0.048  M.  A
transfer of energy occurs between BQ which is the
quencher and ZnPc which is the fluorophore. The
fluorescence spectra at each increment of BQ were
recorded  and  by  utilizing  the  Stern-Volmer  (SV)

equation  given  below  (see  Equation  3),  the
changes in fluorescent intensity concerning the BQ
concentration (37).

Stern-Volmer (SV) equation, which is given below,
was used to find the Stern-Volmer constant (KSV)
from a graph and this is the product of bimolecular
quenching  constant  (kq)  and  τF  (see  Equation  4)
(35). In Equation 3, I0 and I are the fluorescent
intensities of the fluorophore in the absence and
presence  of  quencher,  respectively.  [BQ]  is  the
concentration of the quencher. 

I 0
I
=1+KSV [BQ ]

 (Eq. 3)

KSV=kq×τF  (Eq. 4)
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The ratios of I0 / I against [BQ] were plotted and
KSV was determined from the slope of the line. 

RESULTS AND DISCUSSION

Synthesis and spectroscopic characterization
Scheme  1  indicates  the  synthetic  work  of  the
targeted  unsymmetrical  ZnPc  (3).  The  two
phthalocyanine  precursors  leading  to  the
unsymmetrical  phthalocyanine  were  4-hex-5-
ylnyloxyphthalonitrile  (1)  and  4-(anthracene-9-
ylmethoxy)phthalonitrile  (2).  The  two  precursors
were  synthesized  with  a  base-catalyzed
nucleophilic  aromatic  nitro  displacement  (at  the
ipso position) of 4-nitrophthalonitrile with 5-hexyn-
1-ol  and  anthracene-9-ylmethanol  (32,33).  As  a
nitro-displacement base, potassium carbonate was
used and the synthesis was completed in a single
step at 40 °C for (1) and room temperature for
(2). The solvent of choice was dimethylformamide
and  the  reaction  flask’s  atmosphere  was
maintained with nitrogen. 

When a mixture of two phthalocyanine precursors,
A and B, considered to have equal reactivity, are
reacted in a 3:1 ratio will yield an isomeric mixture
of  phthalocyanines  of  A4 (33%),  A3B (44%) and
other cross-condensation products (27%) (20,38).
If the solubilities of the phthalocyanine precursors
are  very  different,  the  final  purification  of  the
targeted phthalocyanine will be a very easy one. 

The  targeted  phthalocyaninatozinc(II)  compound
was  synthesized  with  the  cyclotetramerization  of
three  equivalents  of  dinitrile  (2)  and  one
equivalent  of  dinitrile  derivative  (1),  in  the
presence of 2-dimethylaminoethanol as the solvent
and zinc acetate as the metal source, at 145 °C
under  nitrogen.  Several  other  molar  ratios  were
tried to see if the reaction yield increases, but 3:1
ratio of (1):(2) was found to be the best one (see
Scheme 1). In the work-up, the crude product was
subjected to  column chromatography  over  silica,
the  eluent  being  the  3:1  v/v  mixture  of  ethyl
acetate  /  n-hexane.  The  first  fraction  was
symmetrical  A4 as  compared  with  authentic
samples shown by TLC. The second fraction was
the  targeted  A3B  one  (3),  a  bright  green  solid
obtained with a 23% yield. 

The  new  compound  (3)  was  characterized  by  a
series of spectral  analysis methods, including FT-
IR, 1H NMR, MALDI-TOF MS and UV-Vis, along with
elemental analysis. The results showed that they
are in accordance with proposed structures. 
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Scheme 1. Synthesis of the unsymmetrical zinc(II)phthalocyanine.

The FT-IR spectrum of (3) showed that anthracene
and alkyl moieties appeared at expected positions,
but  C≡N  stretching  disappeared  after
cyclotetramerization,  which  is  also  an  expected
outcome. The alkynyl proton H-C≡, aromatic C-H,
aliphatic  C-H,  C≡C,  aromatic  C=C  and  C–O–C
vibrations  were  observed  at  3289,  3052,  2927-
2861,  2210,  1601-1446  and  1226  cm−1,

respectively. The 1H NMR spectrum of (3) showed
a  multiplicity  between  δ  8.34  –  7.18  ppm  in
deuterated  chloroform  as  the  solvent.  The
methylene  protons  situated  between  the  etheric
oxygen bonded Pc core and anthracenyl group had
a chemical shift of δ 4.28 ppm as a singlet.  The
other methylene group between the etheric oxygen
and the hexynyl group showed a chemical shift of
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δ 4.11 ppm as a triplet. Also, the alkynyl proton H-
C≡ and the aliphatic CH2 protons belonging to the
hexynyl chain were spotted at δ 2.28 ppm (triplet)
and  δ  1.74-1.27  ppm  (multiplet),  respectively.
Also,  the  assignment  of  the  product  to  a  3:1
combination of the reactants was made based on

elemental analysis and mass spectral data results
confirming  the  proposed  structures.  Elemental
analysis confirmed the 3:1 molar ratio and MALDI-
TOF showed the molecular peak of the expected
compound (3) at m/z 1292.57 (see Figure 1). 

Figure 1. MALDI-TOF Mass spectrum of targeted zinc(II) phthalocyanine.

All phthalocyanines’ electronic spectra feature two
intense  π – π* transitions. The first one is Soret
(or B) band, located around 300 and 400 nm, and
the second one is the Q band, located around 600-
700 nm. The tetrahydrofuran solution, compound
(3) showed B and Q bands at 339 and 678 nm,
respectively  (see  Figure  2).  Since  anthracene  is
also a UV-active entity, its peaks were also spotted
at 351, 367, and 387 nm (see Figure 2). Owing to
the presence of anthracenyl  group, the B band’s
intensity is as much as that of the Q band. There
are  reports  in  the  literature,  mentioning  of  an
overlap  between  phthalocyanine’s  B  band  and
anthracene moiety’s absorption at 350 nm (27). 

Phthalocyanine aggregation has been the subject
of  numerous studies.  The extended flat aromatic
structure of phthalocyanines leads to attractive π‐
π* stacking,  thereby forming aggregates starting
from  monomers  to  higher  order  complex
structures. Generally, there is a hypsochromic shift
of  the  aggregate  owing  to  the  cooperative
interaction among the transition dipole moments of
the molecules. This leads to a broadening of the Q
band  and  reducing  its  intensity.  In  general,
concentration,  temperature,  substituents,  the
nature of solvents and the metal ion residing at the

inner  core  are  chief  factors  affecting  the
phenomenon  of  aggregation.  Since  aggregated
species  are  photo-inactive,  aggregation  is  not  a
desired  outcome  in  phthalocyanines.  In  polar
media like water, the problem is very significant;
water  tends  to  self-associate  and  repels  the
hydrophobic π system, forming aggregates. In our
work,  aggregation  behaviors  of  the
metallophthalocyanines  were  investigated  in
tetrahydrofuran,  by  recording  the  absorption  at
different concentrations; the reason for selection of
THF  as  the  solvent  is  the  high  solubility  of  the
complexes  in  this  solvent.  At  the  higher  energy
side of the strong Q band, we have observed weak
peaks  at  610-630  nm  in  the  electronic  spectra.
Studying  the  absorption  values  for  a  series  of
concentrations  is  a method to see if  the system
shows aggregation. We have studied a wide range
of concentrations (1.0 x 10-6 M to 1.2 x10-5 M) and
absorbance values  in  Q band maxima showed a
linear  change  (obedience  to  Lambert-Beer’s  law)
with respect to the increasing concentration for the
monomeric  species.  We  can  conclude  that  no
aggregation tendency has been observed for our
target  compound  (3)  in  studied  concentration
range (Figure 2).
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Figure 2. Electronic absorption spectra observed on the increase in the concentration of the compound
(3) in THF. Inset: Beer–Lambert’s plot for (3) in THF. The range of concentrations: 1.0 x 10-6 M to 1.2
x10-5 M).

Measurements  of  fluorescence  and  fluorescent
quenching studies of compound (3)  were carried
out in tetrahydrofuran, with an excitation of the Q
band at 611 nm. Figure 3 shows the fluorescent
emission, excitation, and absorption spectra of (3)
in THF. 697 nm was the peak fluorescent emission
value of compound (3) and the Stokes’ shift was
19 nm, which was within the expected range of 15-

20  nm  (11).  The  excitation  spectrum  and  the
absorption spectrum are similar to each other and
they are mirror images of the fluorescent spectra
for  compound  (3)  in  tetrahydrofuran.  This
indicates  that  the  nuclear  configurations  of  the
ground and excited  states  have  a  similarity  and
excitation does not affect this (39). 
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Figure 3. Absorption and fluorescence (excitation and emission) spectra of (3) in tetrahydrofuran,
excitation wavelength = 611 nm.

Solutions prepared with THF were employed to find
the  fluorescent  quantum  yield  (ΦF)  of  (3).  As
Equation 1 states, the comparative method is used
to  calculate  the  fluorescent  quantum yield  (ΦF).
Unsubstituted zinc phthalocyanine was used as a
standard  compound,  and  its  solution  in
dimethylformamide had ΦF of 0.17 (35), and the

wavelength  to  excite  the  sample  and  standard
compounds  was  the  same.  The  fluorescent
quantum  yield  for  (3)  was  found  0.09.  In  THF
solution, the ΦF value for compound (3) was lower
than that of the unsubstituted ZnPc (ΦF = 0.25)
(40) and this value is recognized as a typical one
for Pc compounds (see Table 1). 
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τF,  also known as the fluorescent lifetime, is the
average time of a fluorophore which stays at the
excited  state  before  fluorescing  and  fluorescent
quantum  yield  is  very  close  to  this  value.  This
means that if the fluorescent lifetime is long, the
quantum yield is also high. Intersystem crossing,
internal conversions, and such others will cause a
reduction of the fluorophore’s fluorescent lifetime,
thereby causing a reduction in the quantum yield.
The fluorescent lifetime is thereby determined by
the nature and the surroundings of a compound.

To calculate the fluorescent lifetime, Strickler-Berg
equation (see Equation 2) is used. Compound  3’s
τF  value  was  calculated  was  0.57  ns,  which  is
lower  than  that  of  unsubstituted  ZnPc  in
tetrahydrofuran (40), and this has a meaning that
there is more quenching after substitution around
the periphery. 

Natural radiative lifetimes (τo) and fluorescent rate
constant (kF) values are shown in Table 1. In THF
solution, kF value of compound (3) is higher than
the unsubstituted ZnPc solution. 
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Figure 4. Spectral changes of fluorescent emission for (3) (1.50 × 10−6 M) on the addition of increasing
amounts of 1,4-benzoquinone in THF. The concentrations of BQ: 0 mM, 12 mM, 24 mM, 36 mM, 48 mM,

60 mM.
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Figure 5. Stern-Volmer plots for benzoquinone (BQ) quenching of compound (3) (1.50 x 10-6 M) in THF.
The concentrations of BQ: 0 mM, 12  mM, 24 mM, 36 mM, 48 mM, 60 mM.)

Compound (3) is quenched by 1,4-benzoquinone in
tetrahydrofuran, obeying Stern-Volmer kinetics; it
is  also  in  parallel  with  the  diffusion-controlled

bimolecular  reactions.  Figure  4  shows  that
compound  (3)  has  fluorescent  emission  spectral
changes with increasing BQ concentration in THF.
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Using  an  increased  concentration  of  BQ,
fluorescent  intensity  of  compound  (3)  shows  a
decline.  The Stern-Volmer plot  of  compound (3)
shows  a  linear  behavior,  indicating  a  quenching
mechanism with diffusion control (Figure 5). From
Figure 5, the KSV value is found from the slope of
the plot and shown in Table 1, which also shows
the bimolecular quenching constant (kq) for 1,4-
benzoquinone-induced quenching of compound (3)
in THF. The kq values showed a close follow-up to
the  diffusion  control  limits,  around  1011 s-1 (see
Table 1) and they seem to be in agreement with
Einstein-Smoluchowski’s  approximation  for
bimolecular,  diffusion-control-including,
interactions (41). For compound (3), the KSV value
is 27.55, which is lower than that of unsubstituted
ZnPc in THF (40).

CONCLUSION

In  this  work,  we  have  co-cyclotetramerized
anthracene-9-methoxy-  and  ethynylbenzyloxy-
containing phthalonitriles in 3:1 ratio to yield the
A3B-type  unsymmetrical  zinc  phthalocyanine in  a
statistical  condensation  route.  After  the  full
characterization  of  compound  (3),  aggregation
behavior,  photophysics,  and photochemistry  of  it
were studied and the data were compiled in Table
1, along with ZnPc (unsubstituted) as a standard
compound.  Photophysical  fluorescence  of
compound (3) was investigated in THF solution. It
shows that compound (3) has a lower fluorescent
quantum  yield  and  shorter  lifetime  than  the
unsubstituted  counterpart.  In  tetrahydrofuran
solution, compound (3) was effectively quenched
by  1,4-benzoquinone  and  Stern-Volmer  kinetics
were shown. 
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Table 1. Photophysical and photochemical parameters along with fluorescent quenching data of (3) and 
unsubstituted ZnPc complexes in THF.

Complex λmax(nm) Excitation
λmax(nm)

Emission
λmax(nm)

Stokes‘
shift

∆stokes(nm)
ΦF

τF,
ns

τo, ns kF, s-1

(x108)
KSV, M-1 kq, s-

1(x1011)

3 678 611 697 19 0.09 0.57 6.33 1.58 27.55 0.48

ZnPca 667 667 672 5 0.25 2.72 10.9 0.92 48.48 1.78

a= Reference 40. 
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Abstract:  High performance calculations are needed in order  to  resolve analytic  signals of  the day.
However,  it  requires  very  long  periods  of  time  to  perform these  calculations  with  single  processor
systems. In order to reduce these calculation times, there is a need to turn to parallel programming
algorithms  that  share  more  than  one  processor.  Recently,  solving  complex  problems  with  genetic
algorithms has been widely used in computational sciences. In this work, we show a new method of curve
fitting via genetic algorithm based on Gaussian functions, for deconvolution of the overlapping peaks and
find the exact number of peaks in UV-VIS absorption spectroscopy. UV-VIS spectra are different than
other instrumental analysis data. The resolution of UV-VIS spectra are complicated since the absorption
bands are strongly overlapped. Useful information about molecular structure and environment can often
be obtained by resolving these peaks properly. The algorithm was parallelized with the island model in
which each processor computes a different population. This method has been used for resolving of the
UV-VIS overlapping spectrum. The method particular algorithm is robust against bad resolution or noise.
The results clearly show the effectiveness of the proposed method.
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INTRODUCTION

UV-VIS spectroscopy is a common qualitative and
quantitative  evaluation  of  samples  applied  to
instrumental analysis. The analysis of the UV-VIS
spectroscopy which contains the overlapped peaks
reveals information about the molecule’s structure
and its environment. Each individual band in the
UV-VIS spectra is complicated because the UV-VIS
absorption  spectra  are  generally  strongly
overlapped. The resolution of individual bands has
different half-height width, and peaks numbers in
the  overlapped  spectra  are  difficult  to  estimate.
This  method  is  used  for  analytical  signal
measurement because of its speed and simplicity,
and it has been increasing in importance due to

decreasing  cost.  Because  of  these  developments
there  is  a  need  for  more  intelligent  design  of
software in order to decrease computation time.

A genetic algorithm is a part  of the evolutionary
computation influenced by the evolutionary theory
of  Darwin.  It  is  a  stochastic  method  and
optimization  algorithm.  If  we  simply  explain  the
aim, at the end of the process it gives the best
results  and  this  problem  using  the  evolutionary
process. The result is that individuals who survive
have developed capabilities that will lead to finding
the  best  individuals.  The  best  result  is  the
convergence that managed to stay alive. Method
for  optimizing  is  developed by L.  A.  Rastrigin  in
1963  (1).  First,  evolutionary  computation  is
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defined in the work of I. Rechenberg’s "Strategy of
Evolution". After that J. Holland developed genetic
algorithms to  imitate  the  process  of  evolution in
the computer (2). Holland uses a bit sequence to
code complex structures. David E. Goldberg, who
was a student of Holland, has published books that
genetic algorithm, can be used on various topics
(3).

GA  gained  popularity  in  almost  every  branch  in
science and engineering disciplines (4-7). GA has
more  solutions  for  many  problems.  The  GA  is
widely  used  in  complex,  parameter  optimization
and multi-extrema problems. The fields where the
genetic  algorithm  is  most  commonly  used  are
applications  of  the  GA  to  molecular  energy
optimizations  (8-13),  signal  processing  (14,15),
curve  fitting  (5,16),  and  linear  and  non-linear
function  optimization  (17,18).  The  genetic
algorithm is robust and highly efficient at the same
time (19).

We propose the theory of curve-fitting based on
the  Gaussian  model  and  both  the  minimum
separable peak-peak interval and the curve-fitting
error  to  resolve  overlapping  spectra  with  GA.
Finally, we used synthetic spectral and real UV-VIS
spectra to verify the performance of our method.

THEORETICAL

Approach  to  Curve  Fitting  with  Genetic
Algorithm
The aim of curve fitting is finding the mathematical
model coefficients which minimize the total  error
over the set of data points being considered. If a
function  form has  been  selected  from the  data,
curve  fitting  becomes  an  optimization  problem.
GAs  have  been  used  as  global  optimization
techniques problems. They are suitable for curve
fitting  problems  when  it  is  structured  as  a
parameter selection problem. Generally, the point
values  are  data  obtained  from  experimental
results. There is no continuous definition between
data and functions.

Typically, sum of complex functions must be used;
otherwise, a lot of functions must be defined point-
by-point.  This  is  the  curve fitting process.  Since
the  genetic  algorithms  for  continuous  functions
global  optimization technique as being successful
so  this  technique  is  suitable  for  parameter
selection problems to curve fitting. 

Parallel Genetic Algorithm 
Parallel  genetic  algorithms  (PGA)(20-22)  are
programs which parallelize,  distribute,  and break
into pieces the basic program. Multiple processors
then solve simultaneously.

Hardware and Software

Our GA implementation used C++ class  libraries
and  Linux  systems.  Coarse-grained  parallelism,
utilizing  AMD  Opteron  2435  processors  with  six
cores  to  perform  sets  of  100  runs,  and  the
OpenMPI  (23)  parallel  programming  library  was
also used.

UV-VIS Peak Shape
UV-VIS spectroscopy is  an inexpensive technique
applicable  to  mixtures  of  organic  and  inorganic
compounds  for  qualitative  and  quantitative
analysis.  Depending on the type  and number  of
components,  spectra  could  become  complicated.
Location,  height  and  width  of  overlapping  peaks
gives  knowledge  about  spectral  bands.  The
spectral bandwidth of UV-VIS is larger than other
spectroscopic techniques’ spectra. This is because
rotation and vibration transitions are overlaid on
and overlap the electronic transition energy levels.
UV-VIS  produces  spectra  that  are  simpler,  and
containing  a  smaller  number  of  narrower,  more
than other spectra e.g. NMR, IR, etc. overlapped
peaks.  Also,  these  absorption  bands  may  have
different functions from each other. In the analysis
of  spectral  bands  Lorentzian,  Pearson  VII  and
Gaussian  functions  are  preferred  to  the  use  of
Gaussian functions because UV-VIS spectra contain
sum of broad peaks.

In order to simulate overlapping UV-VIS spectra,
three type of functions were used as follows;

Lorentzian : A (v )=∑
i=1

n A i ,0H i
2

H i
2+4 (v−v i ,0)

2

(1)

PearsonVII : A(v )=∑
i=1

n A i,0
[1+4 Z i

2(21/mi−1)] (2)

Gaussian : A(v)=∑
i=1

n

A i ,0e
(−(v−vi ,0)

2 /H i)

(3)

where parameter of Eq. (1), (2) and (3) are that 
Ai,0 is  the  absorbance  in  the  center  of  peak  i,
Zi=(ν−νi , 0) /H i and Hi are the half width of peak
i, vi,0 is the peak position of peak i, mi is the tailing
factor of peak i, and n  is the number of the peak.

EXPERIMENTAL

After synthesized nanoparticles of ZrO2 disperse in
solvent and surface was coated with 2-AAEM. After
drying  and  cooling  modified  nano  particles  are
prepared, analyzed by a Varian Cary 5000 UV-VIS-
NIR to measure absorbance at the solid surface.
Powdered sample (1 mm) was set in the sample

118



Avcu FM, Karakaplan M. JOTCSA. 2020; 7(1); 117-124. RESEARCH ARTICLE

container. After inserting the relevant part of the DRA device absorbance between 200-800 mm was
measured (see Figure 1).

Figure 1: Full UV-Vis Spectrum of ZrO2 Compound.

RESULTS AND DISCUSSION

Optimization of PGA-Parameters
Our previous studies show that a centralized type
of island model is the most effective one among

other types of island models (24). In this study,
the shape of the island model is shown in Figure
2(a) and the flowchart for the algorithm is shown
in Figure 2(b).

Figure 2: Selected Island Model(a) and Flowchart of Island Model(b).

Search space shrinking ratio that is narrowing the
search space with this factor is important factor in
GA  and  PGA.  If  this  value  is  too  low,  the  best
solution  can  be  missed  or  the  algorithm  called
show a local minimum as the best solution. In the

case of wide search space, the algorithm will  be
inefficient.  In  the  present  work  a  search  space
factor of 1.9 was adequate to good convergence as
shown as in Figure 3.
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Figure 3: Effect of Search Space Factor on The Convergence of Parallel Genetic Algorithm.

The main problem is the choice of the analytical
function  describing  the  contour  of  the  individual
spectral  band.  Although  there  are  many  shape
functions,  the  procedure  for  analysis  of  the
overlapping bands is based on the alternative use
of  a Gaussian function,  a Lorentzian function,  or
Pearson  VII  function.  Figure  4  showed  that
Gaussian function most effective in UV-Vis spectra
studied.

The algorithm was tested on theoretical data set.
This theoretical set showed Figure 5.The spectra in
Figure  5  have  been  calculated  with  8  Gaussian
functions  which  include  wide  and  narrow
absorption  bands.  Calculated  data  and
experimental  data  fully  coincide.  Automatic
detection of peaks enough success in here.

The method is based on minimizing the deviation
between calculated data and real model of data.
The quality of result was tested by Eq. (4). 

RMSE=√∑ v∑
j=1

Np

[A j(v)− Ā j(v)]
2

N d (4)

Where  this  formula’s parameters  are  that  RMSE
(Root Mean Squared Error)  is the square root of
mean sum of squared residuals,  Np  is  the number
of the peak, Nd is the number of the data point is
data points number, Aj is the observed absorbance
is observed absorbance,  and  Āj is  the  calculated
absorbance.
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Figure 4: Comparison of Convergence of Three Peak Shapes on Parallel Genetic Algorithm.

Figure 5: Deconvolution of UV-Vis spectrum of C36H44FeN4O2 compound.

A spectrum can be expressed with sum of peaks,
which  is  more  than  the  necessary  number  of
peaks,  but  it  cannot  be  represented  by  fewer
peaks.  The synthetic  experimental  spectrum that

includes  8  peaks  was  recalculated  with  different
peak  numbers  and  the  results  in  Figure  6  were
obtained.  When  it  was  calculated  again  with  8
peaks,  a  sudden  decrease  in  SSR  value  was
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observed.  The  minimum  number  of  peaks  that
must be present in a spectrum can be easily found
by using this comparison. In calculations with more
peaks  than  necessary,  you  can  reach  the  lower

SSR  values,  but  it  requires  more  time  for
computation.  In  addition,  the  positions  of  the
peaks can be changed in every calculation.

Figure 6: Number of peaks and SSR values in C36H44FeN4O2 compound.

Experimental Data
The experimental spectrum in Figure 12, with high
levels  of  overlap and noise,  was investigated  by
the proposed method.

Although the spectrum consists  of  4  peaks,  it  is
difficult to resolve these with 4 Gaussian peaks. It
was resolved with 8 Gaussian peaks. If the number

of  iterations  is  increased,  value  of  SSR  will
decrease.  However,  the  value  of  0.0008  sum of
squared residuals  was observed to  be significant
enough.  This  result  shows  that  a  reasonable
resolution  can  be  obtained  for  the  experimental
data. In addition, this method seems to be a good
tool for the resolution of the components with very
similar UV-Vis spectra.

Figure 7: Deconvolution of UV-VIS Spectrum of ZrO2 Compound.
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The  individual  bands  in  UV-Vis  absorption
spectroscopy of ZrO2 compound are best described
with  Gaussian  functions  using  PGA.  The
parameters of individual peaks of ZrO2 compound
are shown in Table 1.

Table 1: Individual Peaks Parameters of UV-VIS
Spectrum of ZrO2 Compound.

Peak
Number

X Y
Half-Height

Width
1 0.648942 209.548289 43.992142
2 0.249610 261.542086 38.881243
3 0.359505 300.469008 30.534187
4 0.376847 358.057764 45.094099
5 0.082054 430.533495 48.046265
6 0.039971 504.090613 57.958996
7 0.051891 623.967310 132.833099
8 0.113161 844.744351 130.713092

CONCLUSIONS

In this study, we implemented a PGA to perform
curve fitting.  The PGA was developed to  resolve
overlapping  spectra  with  Gaussian  peak  shapes.
The method can be used to represent all peaks of
an  overlapping  spectrum,  respectively,  by
optimizing  the  parameters  of  each  peak.  The
performance  of  PGA  was  validated  by  the
resolution  of  the  simulated  and  experimental
overlapping  spectrum.  The  results  showed  that
number of  individual  bands in overlap spectra in
UV-VIS spectra that they are best described with
Gaussian  function  estimated  easily  and  the
individual peaks can be correctly resolved in very
highly overlapped areas.  The algorithm shown is
unresponsive to poor resolution or noise. In order
to  perform  genetic  algorithm  accounting  more
quickly  and  effectively,  we  apply  parallel
computing  models  to  the  calculation.  This
application was shown to improve spectra fit and
speed.
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Preparation of Anti-bacterial Biocomposite Nanofibers Fabricated
by Electrospinning Method
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Abstract: Developing technology and increasing the number of living creatures on Earth increase
the  demand  for  biomaterials  each  passing  day.  Recently,  biocomposites  and  biodegradable
biomaterials have begun to attract attention in many areas of use. Electrospinning technique is
preferred  as  a  quite  consolidated  technique  in  the  production  of  outstanding  polymer  and/or
nanofiber  matrixes.  However,  obtained  biocomposite  nanofibers  can  cause  microbiological
infections during or after their  usage. Therefore, it is very important  that such materials have
controlled antibacterial properties. In this study, Hydroxyapatite (HAp), known as biocompatible
and bioactive, was firstly synthesized by wet precipitation method. Molecular structure of obtained
HAp  particles  was  researched  by  Fourier  Transform Infrared  Spectroscopy (FT-IR),  its  crystal
structure was analyzed by X-ray Diffraction analysis (XRD) and its morphology was investigated by
Scanning Electron Microscopy (SEM). HAp particles were combined with a mixture of biodegradable
polylactic acid (or polylactide, PLA) and polycaprolactone (PCL) and biocomposite nanofibers were
prepared  by  electrospinning  method  by  loading  chitosan  and  /or  silver-based  inorganic
antimicrobial agent in different proportions to this composite structure. Molecular structure of PLA-
PCL  polymer  matrix  was  investigated  by  FT-IR  analysis.  The  obtained  biocomposites  are
characterized  morphology  (SEM  analysis),  thermal  behavior  (TGA  analysis)  and  mechanical
properties. In vitro degradation test is performed to evaluate  anti-bacterial biocomposite nano-
fibers biodegradability. The anti-bacterial efficiency of biocomposite nano-fibers containing chitosan
and/or Ag+ in different proportions was investigated against Escherichia coli (Gram-negative) and
Staphylococcus  aureus (Gram-positive)  bacteria.  The  results  showed  increasing  mechanical
properties and thermal stability. Biocomposite nano-fibers containing 1% chitosan and 0.25% Ag+

were found to have ≥4.78 log reduction and ≥99.99% reduction in the bacterial population against
the tested bacterial species and showed strong antibacterial properties. It was also observed that
the combination of Ag+ and chitosan may show synergistic effects. The results of the study confirm
the  great  potential  of  biodegradable,  biocompatible  and  bioactive  fibers  for  antibacterial
application.

Keywords:  Biopolymer,  Biocomposite  nano-fiber,  Hydroxyapatite,  Antibacterial  efficacy,
Electrospinning.
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INTRODUCTION

The increase in the number of people living on
Earth and the increase in the proportion of the

elderly population in the society in parallel with
this  increase  stimulates  the  demand  for
biomaterials (1).  Facial trauma, bone resection
due  to  cancer,  periodontal  diseases,  bone
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atrophy after tooth extraction cause defects on
bone and other  tissues as a result  of various
accidents and these problems often do not heal
spontaneously  (2).  Therefore,  a  variety  of
medical devices and/or biomaterials are needed
for these conditions.

Many medical technologies include the usage of
synthetic  materials  in  many  fields,  from
materials  used  in  surgical  procedures  to
scaffolds for tissue engineering. Some materials
used  in  the  medical  field  do  not  show  the
biodegradable  property (3–5).  The  major
disadvantage  of  these  materials  is  that  they
require removal from the implanted site by the
second surgical  operation.  This again leads to
tissue damage and recovery time (6). However,
these disadvantages can be overcome by the
use  of  biodegradable  materials.  The  most
common biodegradable materials are synthetic
polyesters which are polylactic acid, polyglycolic
acid,  polycaprolactone  or  copolymers  thereof
(7–10).  These aliphatic polyester polymers are
biocompatible  materials  and  are  degraded  by
hydrolytic  or  enzymatic  pathways,  and  this
makes  them  suitable  for  medical  use.
Furthermore,  the  biodegradation  rate  and
mechanical properties can be varied depending
on the polymer composition and concentration
of the components (11,12).

Polylactic  acid  (or  polylactide,  PLA)  and
polyglycolide (or poly(glycolic acid), PGA) have
glass transition temperatures (Tg) above room
temperature  and  this  makes  them  hard  and
brittle.  However,  polycaprolactone  (PCL)  is  a
crystal  and  has  a  low  glass  transition
temperature, so is tough but has a modulus an
order  of  magnitude  smaller  than  PLA  (13).
However,  these  independent  features  cannot
provide ideal conditions for all  applications. In
order  to  eliminate  the  disadvantages  of
properties of the material, the properties of the
obtained  materials  must  be  adjustable.  The
mechanical  properties  of  the  polymers  are
characterized as a competition between elastic
and plastic deformation and the preparation of
different  polymer  mixtures  is  among  the
alternative methods for adjusting the material
properties obtained.  The new polymer mixture
obtained by combining polymer structures with
different  properties  provides  the  possibility  of
obtaining  new  polymers  with  different
properties  depending  on  the  mechanical
properties  of  the  components  and  the
microstructure of the mixture and the interface
between the phases. In addition to the interface
and  mixture  microstructure  between  these
polymer  mixtures  and  the  phases,  different
properties  can  be  obtained  which  depend

precisely  on  the  mechanical  properties  of  the
components (14–17).

Most  natural  materials  are  composites  of
inorganic and organic components arranged in
complex structures.  The bone is  composed of
collagen  matrix  (organic)  strengthened  with
hydroxyapatite (HAp) (inorganic). Bone cells, in
other  words,  osteoblasts,  osteocytes,
osteoclasts,  and  osteoprogenitor  cells  are
present  in  and  around  the  matrix.  While
bioactive  materials  bind  physically  and
chemically  to  the  bone,  a  bioabsorbable
material is slowly absorbed, ideally substituted
by  new  bone  formation.  In  addition,
osteoconductive  materials  (such  as  calcium
orthophosphate)  are  suitable  for  adherence,
growth, proliferation and spread of bone cells,
while  osteoinductive  materials  (such  as
hydroxyapatite) are effective in the growth and
maturation of primitive stem cells or immature
bone  cells.   Also,  the  inorganic  part  in  the
organic  matrix  not  only  improves  the
mechanical properties of the obtained materials
but  also  supports  the  physical  environment
(18–20).

Many  methods  have  been  developed  to
synthesize  HAp  particles.  Some  of  these  are
precipitation  method  (21–23),  sol-gel  method
(24,25), hydrothermal technique (26), emulsion
technique (27), biomimetic precipitation (28,29)
and  electrophoretic  precipitation (30).  Among
these  methods,  the  sol-gel  allows  controlling
the purity, composition, and size of the particles
to  be  produced  at  the  molecular  level. The
crystallization  of  the  amorphous  particles
produced  in  this  method  may  require  a  high
temperature. The  thermal  treatment  required
for the production of particles having a crystal
structure  is  not  required  in  the  hydrothermal
method  which  is  operated  at  high  pressure
(31). 

In recent years, electrospinning method is one
of the production methods that are frequently
used in the production of tissue scaffolds (32).
The length, width, orientation and total porosity
of the nanofibers having submicron fineness can
be  adjusted  to  the  extent  expected  by  this
method. Thus,  it  is  provided  to  form  three-
dimensional  structures  very  similar  to  the
extracellular  matrix  form  by  arranging  these
fibers  dispersedly  side  by side  and on top  of
each other. Situations such as the fact that as
the surface properties become more functional
as  the  diameter  of  polymer  fibers  become
smaller, increasing in mechanical performance,
providing  high  porousness  and  high  surface
area,  which  are  important  in  terms  of  tissue
engineering emerge  (33).  In addition, the fact
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that it requires a small amount of raw material
in the studies carried out by the electrospinning
method  provides  superiority  in  terms  of
production.  It  is  also  possible  to  accelerate
tissue formation by biological  factors that  can
be  added  during  or  after  the  electrospinning
process (34,35). 

Most  of  the  biocompatible  and  biodegradable
polymers  can  be  obtained  by  electrospinning
(36).  However, many devices can often cause
bacterial infections  (37).  Also, infection of the
treatment site should be prevented so that the
trauma in the areas of usage of the biomaterials
can be eliminated as soon as possible and the
wound  closes  quickly.  For  this  purpose,
antibiotic treatment is applied before and after
the  operation.  However,  there  are  also  cases
where  infection  develops. The  presence  of
infections  can  be  a  serious  challenge  in  the
tissue  engineering  process.  The  materials
obtained in order to minimize these and similar
conditions  can  be  gained  anti-bacterial  (AB)
properties. In particular, the use of drug release
composites  for  implant  coating  is  effective  in
the  prevention  and  treatment  of  these
infections and diseases (38,39).

Antibacterial  agents  can  be  classified  as
inorganic  and  organic,  and  the  anti-bacterial
materials  described  in  the  literature  include
direct impregnation with antibiotics and the use
of  silver  or  antibiotic-coated  polymer  layers.
Silver-based  anti-microbials  have  attracted
attention  due  to  their  non-toxicity  for
mammalian cells and the anti-microbial effect of
silver  ions.  The  addition  of  Ag+ ions  into
polymeric materials has been used extensively
for several years. Ag+ layer decreased infections
especially in urinary and venous catheters (40–
42). In addition, the antibacterial property can
be obtained from natural materials. Chitosan is
obtained  by  deacetylation  of  chitin  which  is
obtained from shrimp shells (43).  Chitosan is
widely used in wound treatment. Also, it can be
sorted  as  medical  artificial  skin,  surgical
sutures, anti-fungal, anti-bacterial effects, etc.
and in-vivo tests have shown that chitosan does
not  have  any  adverse  effects  to  the  human
body (44).    

In this study, bioactive Hap particle prepared by
wet  precipitation  method  was  added  to  the
biodegradable organic PLA / PCL blend to form
a composite structure and fiber was obtained by
electrospinning  method  by  adding  different
ratios  of  various  antibacterial  agents.  The
chemical structure of HAp particle obtained by
precipitation  method  was  investigated  by
Fourier  Transform  Infrared  Spectroscopy  (FT-
IR), its crystal structure was examined by X-ray

Diffraction and its morphology was analyzed by
Scanning  Electron  Microscopy (SEM).  The
molecular  structure  of  the  obtained  polymer
was analyzed by FT-IR analysis. Morphology of
biocomposite nanofibers was examined by SEM.
Antibacterial  efficiencies  were investigated
against  Staphylococcus aureus (Gram-positive)
and Escherichia coli (Gram-negative) by ASTM:
E2149–01.  In  addition,  the  obtained
biocomposites  were  characterized  thermal
behavior,  mechanical  properties, and  in  vitro
degradation  test. In  particular  this  study
involves  setting  up  anti-bacterial  agent
parameters in order to achieve an anti-bacterial
biocomposite  nano-fiber  materials  to  be  used
various area. Electrospinning process has been
investigated  by  authors  in  the  literature
demonstrate  that  electrospinning  process  is
very important for polymer and their properties.
In consequence,  according to  the author  it  is
important  to  add  their  contribution  to  the
literature  on  the  topic,  and  a  novel  anti-
bacterial biocomposite nano-fiber is suitable for
further  studies  as  an  alternative  material  for
tissue engineering. 

EXPERIMENTAL SECTION

Materials
The poly(lactic acid)  (PLA, 6252D, MW =
150.000 (45)) was obtained from Nature-works
Co., Ltd. (USA) and the Polycaprolactone (PCL,
average MW 80.000) was obtained from Aldrich.
Both  polymers  were  used  as  received.
Chloroform (analytical  grade) was supplied by
Merck  and  used  without  further  purification.
Diammonium hydrogen phosphate ((NH4)2HPO4,
Merck),  calcium  nitrate  tetrahydrate
(Ca(NO3)2.4H2O, Merck),  ammonium hydroxide
(NH4OH, Merck)  were used for the HAp powder
synthesis.  All  reagents  were  of  analytical
reagent  grade  and  used  without  further
purification.  Deionized  water  was  used  in  all
synthetic  steps.  Chitosan  (Sigma-Aldrich),
silver-based inorganic antimicrobial  agent (2.5
wt%  Ag+,  AJ10N,  Sinanen  Zeomic  Co.  Ltd.)
were used as anti-bacterial agents. 

Preparation  of  HAp  powder  and
biocomposite  solution,  electrospinning
process
Hydroxyapatite nanoparticles were synthesized
by the wet chemical method (46). 200 mL 3 M
diammonium hydrogen phosphate was stirred in
a beaker at room temperature and 200 mL 5 M
calcium  nitrate  tetrahydrate  was  added  drop
wise  over  2  h.  The  pH  of  the  system  was
maintained  at  10.8  throughout  the  stirring
process,  by  using  25%  NH4OH  solution.  The
mixture  was  allowed  to  remain  stirred
overnight.  A  white  precipitate  was  formed.  A
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milky and somewhat gelatinous precipitate was
held at 100 °C for 12 h in the oven followed by
calcination  at  750  oC  for  8  h.  The  prepared
powder  was used  for  further  characterization.
The schematic presentation of the procedure is

given in Figure 1. This precipitation reaction for
the  synthesis  of  hydroxyapatite  nanoparticles
was  first  proposed  by  Yagai  and  Aoki,  as
indicated by Bouyer et al. (2000). 

Figure 1: Flowchart of hydroxyapatite powder preparation by wet chemical method.

The required amounts  of  PLA and PCL were
dissolved in chloroform. The PLA solution was
then  transferred  into  the  PCL  solution  drop
wise  with  continuous  stirring.  After  all  the
PLA  solution  was  transferred  into  the  PCL
solution,  the  resultant  mixture  was  then
stirred  for  1  h.  PLA  and  PCL  blends  were
prepared with a total polymer mass fraction of
10%.  The  required  prepared  HAP  was  then
added into the dissolved PLA/PCL blend in the
small  portion.  The  mixture  was  then
ultrasonically stirred for 15 min to make sure
that  the HAp particles fully  dispersed in the
organic  solution.  In  the  next  step,  chitosan
and/or Ag+ (as AJ10N) were added and stirred
for  1  hour.  Each  final  nanofiber  solutions
were designed as shown in Table 1. Then, the
nanocomposite nanofibers were produced by
an electrospinning method.

Electrospinning  was  performed  using  an
Inovenso, NE300  model Electrospinning
Machine.  A high voltage supply was used to
generate an electric field, in the range 20–25
kV  between  needle  and  collector.  The
biocomposite solution was placed in a 10 mL
syringe and a pump system was used to feed
the  solution  through  the  needle  at  5  mL/h
flow rates. The needle was set up vertically in
the spinneret. The collector was a rectangular
copper plate covered with aluminum foil and
located  15  cm  from  the  needle  tip  and
electrospinning  time  of  30  min  were  used.
The electrospinning process was performed at
room  temperature  (25  °C)  and  controlled
humidity value (~50% R.H.).
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Table 1. Composition of organic-inorganic biocomposite materials.

Sample

w/w content in the biocomposite nanofiber mixture

Organic matrix Inorganic matrix
AB Agent, 

% in solid
PLA PCL Chloroform HAp Chitosan Ag+

PLA-PCL

4 6 90 

– – –
CF-0

1

– –
CF-1C 1.00 –
CF-2.5C 2.50 –
CF-5C 5.00 –
CF-0.25A – 0.25
CF-0.5A – 0.50
CF-1A – 1.00
CF-2.5A – 2.50
CF-5A – 5.00
CF-1C-0.25A 1.00 0.25
CF-2.5C-0.25A 2.50 0.25
CF-1.5C-0.25A 1.00 0.50

Characterization
Structural  characterization  and  functional
groups  identification of  the  obtained  HAp
particle  was  done  using  Fourier  Transform
Infrared Spectroscopy (FT-IR) analyses with a
Tensor  27  model  spectrophotometer.  X-ray
Diffraction (XRD) patterns were collected using
Bruker  Axs  d8  advance  model  XRD.  The
morphological pattern of granules was observed
using a Scanning Electron Microscope (ZEISS-
LEO 1430 SEM equipment).

The FTIR spectra of the organic matrix were
recorded  on  Tensor  27  model
spectrophotometer  at  ambient  temperature.
The  sample  was  scanned  at  16  scans  at
wavenumber  range  of  400-4000  cm-1.  The
morphological  aspect  of  the  biocomposite
nanofibers  was  measured  by  a  scanning
electron  microscope  (ZEISS-LEO  1430  SEM
equipment).  Thermogravimetric analysis (TGA)
of  the  obtained  samples  was  performed  by
using  a  Seiko  SII  TG/DTA  7200  thermo-
gravimetric analyzer. The tests were run from
30 to 800 OC with a heating rate of 10 OC/min
under a nitrogen atmosphere. Tensile test was
carried  out  on  Shimadzu  Autograph  AGS-X
series at ambient environment. The specimens
were  cut  into  approximate  dimensions  of  65
mm × 10 mm. The cross head speed was 10
mm/min  and load  applied was  10  N/mm2.  In
vitro degradation studies were carried out in a
simulated  bodily  fluid  (SBF)  at  37  OC.  SBF
solution was prepared with the reagents NaCl,
NaHCO3,  KCl,  K2HPO4·3H2O,  MgCl2·6H2O,
CaCl2·2H2O and Na2SO4 into distilled water (47).
Samples  were  immersed  in  SBF  solution  for
time periods  of  144,  288,  432,  576 and 720

hours.  Before  the  weight  losses  were
determined,  the  samples were  extracted  from
the  SBF  solution,  and  left  to  dry  at  room
temperature  to a stable mass.  Three samples
were  measured  for  the  obtained  weight  loss
value.  The modified American standard ASTM:
E2149–01  was  used  to  investigate  the
antibacterial activity by using facultative gram-
negative Escherichia coli (E. Coli,  ATCC 11775)
and  gram-positive  Staphylococcus  aureus  (S.
aureus, ATCC 25923).

RESULTS AND DISCUSSION

Hydroxyapatite powder 
The wavenumber of the peaks observed in the
FT-IR  spectrum of  the  wet  chemically
precipitated HAp powder in Table 2 are reported
as details about which types of vibration they
are and to which organic groups they belong. 

The  FT-IR  spectrum  showed  a  characteristic
peak  of  hydroxyapatite  in  Figure  2;  the
stretching  and  bending  vibrations  of  water
(corresponded  to  adsorbed  water)  were
observed  at  3448  cm-1 and  1644  cm−1

wavenumbers,  respectively.  The  peaks
appeared  at  3572  cm−1  and  636  cm−1

wavenumbers,  respectively,  was  corresponded
to  the stretching and bending vibrations of the
(OH−) ions in the molecular structure of HAp.
Characteristic bands that belong to the (PO4

3-)
ions were detected at 1096 cm−1,  1036 cm−1,
962  cm−1,  604  cm−1,  596  cm−1  wavenumber
values  (22,48).  These  results  confirm  the
synthesis of HAp structure. 

The  peaks  in  the  XRD  spectra  (Figure  3)
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demonstrated  that  hexagonal  hydroxyapatite
(HAp,  syn.,  Ca5(PO4)3OH)  phase  with  COD
9011092 card number exist in the sample. The

obtained results with narrow and sharp peaks
are the signs of well-developed crystals.

Table 2. FTIR wavenumbers and observed assignments of HAp powder.
Assignments Observed peak (cm−1) Definition

Ѵs –OH 3572 OH- structural

Ѵas H2O 3448 Stretching vibrations of H2O
δ  H2O 1644 bending vibrations of H2O

Ѵas P-O 1096 PO4 bending

Ѵas P-O 1036 PO4 bending

Ѵs P-O 962 PO4 tension

Ѵs –OH 636 OH structural

δ  O-P-O 604, 596 PO4 of bending

Figure 2: FT-IR spectrum of the hydroxyapatite powder sample.
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Figure 3: XRD results of the hydroxyapatite powder sample.

Scanning  Electron  Micrograph  (SEM)  of  the
obtained HAp is shown in Figure 4.  As can be
seen from the morphologies of particles, there
is  a  distribution  of  small  particles  and  large

agglomerates. The particle size ranged between
1 and 15 µm (120 particles were measured).
These agglomerates consist of fine particles. 

     
Figure 4:  SEM images of the hydroxyapatite powder sample.
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Organic matrix and biocomposite materials FT-IR  analysis  gives  information  on  the
molecular  structure  of  the  PLA,  PCL  and
PLA/PCL blends. 

Figure 5: FTIR spectra of PLA, PCL, PLA/PCL blend.
 

The FT-IR spectrum of the polymer (Figure 5)
shows peaks in the 3000–2900 cm-1 and 1760
cm-1 of PLA and 2949, 2869 and 1736 cm-1 of
PCL range due to CH (CH2 and CH3) stretching
and  due  to  ester  –C=O  group  stretching,
respectively. In the PLA/PCL blend, these peaks
were found in the neutralized regions of 2949,
2868 and 1742 cm-1.

Figure  6 shows  SEM  images  of  electrospun
ultrafine  biocomposite  nanofibers.  The
diameter  of  the  obtained  electrospun
nanofibers was around 172 ± 90 nm. It  was
observed that HAp was homogeneously formed
on  the  nanofiber  material.  The  SEM  results
suggest  that  HAp  particles  can  be
homogeneously  incorporated  with  PLA+PCL
matrix. 
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Figure 6. SEM images of the biocomposite nanofibers containing Hap. 
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The  thermal  properties  of  the  samples  were
evaluated  with  the  TGA  analysis.  When  we
examine  the  TGA  and  differential
thermogravimetric (DTG) thermograms for the
sample PLA/PCL, CF-0 and CF-1C-0.25A given
in  Figure 7, the main weight loss for PLA/PCL
organic matrix was observed in the temperature
range  265  OC  –  456  OC  due  to  the
decomposition  of  polymer  structure.  The
residual mass might due to PCL, which may not
completely  decompose over  700  OC. The DTG
curve of PLA/PCL organic matrix follows a two-
stage  at  367°C  and  411°C  respectively,
consistent  with  the  result  shown  in  the
literature (49,50). The degradation temperature
of  the composite sample for the sample CF-0
increase with the adding of HAP to the PLA/PCL

organic  matrix,  the  decomposition  of  the
sample  CF-0  starts  at  around  279  °C  and
completes  at  462  °C  the  DTG  curve  of  the
sample  CF-0  shows  a  two-stage  thermal
decomposition  at  372  °C  and  415  °C.  The
degradation  temperature  of  the  AB composite
sample  for  the  sample  CF-1C-0.25A  increase
with the adding of HAP and AB agents to the
PLA/PCL  organic  matrix,  the  decomposition of
the  sample  starts  at  around  301  °C  and
completes  at  463  °C  the  DTG  curve  of  the
sample shows a two-stage peak at 376 °C and
416  °C.  The  temperature  of  the  main
degradation  is  shifted towards  a  higher  value
when  HAP  and  HAP/AB  agents  are  used
compare to the PLA/PCL organic matrix (51). 

Figure 7: Thermo-gravimetric analysis (TGA) thermograms for the samples.

According to the literature Hap particle which is
thermally stable up to 1300 OC (52). Therefore,
the residual mass remaining in these samples
were  assigned  to  the  Hap  particle  and  AB
agents. 10 wt.% HAP particle and 10 wt.% HAP
particle,  1  wt.% chitosan,  and 0.25  wt.% Ag
were added to PLA/PCL organic matrix  during
the  preparation  of  sample  CF-0  and  CF-1C-

0.25A, respectively. According to the obtained
results  of  the  TGA  measurement,  it  was
detected  that  the  percentage  of  residual  in
sample CF-0 and CF-1C-0.25A were 11.25 and
12.06 wt. %, respectively (Table 3), which is in
accordance  with  their  initial  addition.  In  this
case, the content of HAp particle and AB agents
in the final composite samples can be precisely
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manipulated  with  predetermined  HAp  particle
and  AB  agents  concentrations  in  the  mixed

solution  to  fabricate  fibers  through
electrospinning. 

Table 3. Thermal analysis results for the samples.

Sample
Weight Loss Temperature (OC)

Residual (%)
T10% T30% T50%

PLA-PCL 342 366 387 5.25
CF-0 347 371 395 11.75

CF-1C-0.25A 359 378 401 12.06

In Table 3 the results  obtained from the TGA
curves  of  Figure  7  are  summarized.  The
temperature  corresponding to  the degradation
of 10 – 30 and 50 wt. % of the samples (T10%,
T30%,  T50%) is  higher  than for  the  sample  PLA-
PCL,  indicating  that  the  HAP  particle and  AB
agents addition improve the thermal stability of
PLA-PCL organic matrix.
In order to determine the mechanical properties
of  the  obtained samples,  tensile  strength and

elongation  at  break tests  were  performed.
Tensile  strength value  of  the sample PLA-PCL
and  CF-0  were  21.20  and  24.54  MPa
respectively. As it can be observed in Figure 8,
the  addition  of  HAP  particle  leads  to  a  clear
change in the fracture behavior of PLA-PCL.  In
addition,  there was not  a noticeable difference
in  tensile  strength  and  elongation  at  break
between  the  sample  CF-0  and  CF-1C-0.25A
containing AB agents.

Figure 8: Results of the tensile strength and elongation-at-break of the samples.

It  is  known  from  the  literature  that  PCL
degradation  time  can  be  12  or  24  months,
according  to  its  molecular  weight,  while  PLA
degradation time can be from 15 days up to 6
months, according to its molecular weight (53).
The changes in weight loss of the samples as a
function of degradation time in SBF are shown
in Figure 9. After 144-hour of immersion in SBF,
the mass loss was less than 2% for the sample
PLA-PCL,  less  than  3% for  the  samples  CF-0

and CF-1C-0.25A. After 720-hour of immersion
in SBF, a linear mass loss was observed for all
the  samples.  The  highest  weight  loss  was
determined for CF-0 and CF-1C-0.25A whereas
the lowest for the sample PLA-PCL. According to
the  obtained  results,  degradation  rate  of  the
biocomposite  samples  increased  with  HAP
particle  and  AB  agents  added  to  PLA-PCL
organic matrix.
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Figure 9: Weight loss of the samples as a function of degradation time in SBF solution.

According to the modified E2149-10 standard,
anti-microbial tests were performed at 12 and
24  hour  contact  times.  An  obtained  average
reduction  of  colony  formation  unit  (CFU)  and
Log reduction for  E.coli and  S.aureus  bacteria
samples  were  shown in  Tables  4  and  5,  and
change  of  % reduction  in  bacteria  population
compared to anti-bacterial agent were shown in
Figure 10 and visual results were presented in
Figure  11.  Anti-bacterial  efficiency  was
investigated  by  adding  different  amounts  of
chitosan  and/or  Ag+ to  the  biocomposite
structure  prepared  as  anti-bacterial  agent.
Increased rates of both AB agents increased the
antibacterial effect.

The sample containing 5% chitosan provided a
reduction in  the  bacterial  population of  up to
60%  at  the  end  of  24  hours  against  both
bacterial species, while similar results could be
achieved in the sample containing 0.25% Ag+

under the same conditions. In the biocomposite

sample  containing  1%  Ag+,  an  effective  AB
property  is  achieved  and  a  decrease  in  the
99.99% bacterial population is observed.

The  biocomposite  nanofibers  containing
chitosan  inhibit  the  growth  of  bacterial
populations considering AB efficiency and show
that  chitosan  has  a  bacteriostatic  effect
compared to Ag+.

It  was  found  that  samples  containing  1%
chitosan  and  0.25%  Ag+ separately  reduced
bacterial populations at the end of 12 hours by
2.5% and 40%, respectively. However, it was
determined that composite nanofibers prepared
by using these amounts of AB agents together,
decreased  at  the  end  of  the  same  period  in
approximately 80% bacterial population. It was
concluded  that  both  AB  agents  were  in
compliance with each other and had effects on
test bacteria with a synergistic interaction.
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Table 4:  Anti-Bacterial activity against E. coli of biocomposite nanofibers.

Sample

Escherichia coli

Initially
(CFU/
mL)

After 12h After 24h

(CFU/
mL)

Average
Reduction,

Log10

Average
CFU

Reduction,
%

(CFU/
mL)

Average
Reduction,

Log10

Average
CFU

Reduction,
%

Control, Blank

1.22x106

8.85x107 – – 2.17x108 – –
CF-0 8.52x107 – – 2.11x108 – –
CF-1C 1.19x106 0.01 2.46 8.50 x105 0.16 30.32
CF-2.5C 1.09x106 0.05 10.83 6.10x105 0.30 50.00
CF-5C 0.77x106 0.20 36.89 4.68x105 0.42 61.64
CF-0.25A 0.72x106 0.23 40.98 4.24x105 0.46 65. 25
CF-0.5A 0.49x106 0.40 59.84 3.48x105 0.54 71.48
CF-1A 0.59x105 1.32 95.16 < 20 4.78 >99.99
CF-2.5A < 20 4.78 >99.99 < 20 4.78 >99.99
CF-5A < 20 4.78 >99.99 < 20 4.78 >99.99
CF-1C-0.25A 2.93x105 0.62 75.98 < 20 4.78 >99.99
CF-2.5C-0.25A 2.43x105 0.70 80.08 < 20 4.78 >99.99
CF-1C-0.5A 9.65x104 1.10 92.09 < 20 4.78 >99.99

Table 5: Anti-bacterial activity against S. aureus of biocomposite nanofibers.

Sample

Staphylococcus Aureus

Initially 

(CFU/

mL)

After 12h After 24h

(CFU/

mL)

Average

Reduction,

Log10

Average

CFU

Reduction,

%

(CFU/

mL)

Average

Reduction,

Log10

Average

CFU

Reduction,

%
Control, Blank

1.38x106

7,25x107 – – 1.98x108 – –
CF-0 6,92x107 – – 2,03x108 – –
CF-1C 1.35x106 < 0.01 2.17 1.02x106 0.13 26.09
CF-2.5C 1.26x106 0.04 8.70 0.70x106 0.29 49.28
CF-5C 0.90x106 0.19 34.78 0.54x106 0.41 60.87
CF-0.25A 0.83x106 0.22 39.86 0.52x106 0.42 62,32
CF-0.5A 0.61x106 0.35 55.80 0.37x106 0.57 73.19
CF-1A 0.15x106 0.96 89.13 < 20 4.84 >99.99
CF-2.5A < 20 4.84 >99.99 < 20 4.84 >99.99
CF-5A < 20 4.84 >99.99 < 20 4.84 >99.99
CF-1C-0.25A 0.40x106 0.54 71.01 < 20 4.84 >99.99
CF-2.5C-0.25A 0.27x106 0.71 80.43 < 20 4.84 >99.99
CF-1C-0.5A 0.12x106 1.06 91.30 < 20 4.84 >99.99
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Figure 10: According to the contact time, the percentage of CFU reduction graph for
biocomposite nanofibers against E. coli and S. aureus.

Figure 11 shows the respective 90 mm plates of
the  CF-0  and  CF-1C-0.25A  samples
antimicrobial activity after 24 h of incubation for
S.  aureus and  E.  coli (from  the  diluted  test
solution).  Each  white  round  dot  in  the

photographs  shows  a  CFU.  Biocomposite
samples  containing  anti-bacterial  agent
suppressed  the  growth  of  the  bacterial
population compared to the control group and
eliminated live bacteria. 

Figure 11: Antibacterial activity for E. coli and S. aureus (from the diluted test solution)
in the Petri dishes.
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CONCLUSION 

In this study, HAp particles synthesized by wet
precipitation  method  were  added  to
biodegradable PLA/PCL matrix and biocomposite
nano-fibers  were  prepared  by  providing  anti-
bacterial  properties  with  chitosan  and/or  Ag+.
The efficiencies of E. coli and S. aureus bacteria
at  different  contact  times  depending  on  the
type and amount of AB agent were investigated
in detail and efficient AB agent amounts were
determined. AB efficiency has been carried out
from antic times to the present and it has been
found that  there is  a synergistic  effect  in the
use of Ag+, chitosan, in which a broad spectrum
of AB features and bacterial species do not gain
immunity.  Thus,  the  decrease  in  the  99.99%
bacterial population, which can be obtained with
min  1%  Ag+,  was  provided  by  using  1%
chitosan  and  0.25%  Ag+,  and  similar  results
were  obtained  for  both  bacterial  species.  In
several  studies,  it  is  suggested  that  the
amounts of Ag+ used should be reassessed to
minimize  in  a  controlled  manner.  There  is
sufficient  evidence  that  long-term  adverse
effects may occur from exposure to silver in an
uncontrolled  and  unconscious  manner  (54).
When  taking  this  situation  into  account,  the
most  striking  result  of  this  study  is  the
quantitative  determination  of  antibacterial
efficiency  by  combining  chitosan  which  is  a
natural polymer, biodegradable, safe and non-
toxic  biocompatible  chitosan  with  Ag+.  It  was
determined  that  thermally  stable  properties
increased  with  HAp particle  in  the
biocomposite  fibers.  Furthermore  in  vitro
degradation  studies  have  demonstrated,
degradation rate  of  the  biocomposite  samples
increased with HAP particle, but AB agents in
the  biocomposite  were  not  affected  these
results.  According to the mechanical  test HAp
particle  and  AB  agents were  added to  the
sample  PLA-PCL,  it  was  resulted  that  the
biocomposite  samples become more rigid  and
the elongation at break is slightly reduced. 
Finally,  the  experimental  results  clearly  show
that  the  obtained  biocomposite  nano-fibers
allow  for  the  development  of  new  composite
materials  with  anti-bacterial  properties,  good
mechanical  strength,  thermally  stable.  The
results  also  confirm  the  great  potential  of
biodegradable,  biocompatible  and  bioactive
fibers for antibacterial application. 
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of all  synthesized molecules was investigated via DPPH method and calculated IC50 values. All  trans-
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INTRODUCTION

Amides are significant groups in organic chemistry
because they possess extensive biological activities
such  as  antifungal,  antioxidant  etc  (1–7).  Also,
they can be used as a precursor for synthesis of
plastics,  agrochemicals  or  known  drugs  in  the
market such  as  Valsartan  (a),  Lidocaine  (b)  and
Bupivacaine (c) (Figure 1) (8). Thus, the synthesis
of amides are one of the most important topic in
academia. Beside the reaction between carboxylic
acids  and  primary  amines  (8),  there  are  many
methods  in  the  literature  about  amide  synthesis
such as Ugi reaction (9), Staudinger reaction (10)
and Schmidt reaction (11).  Since there are many
limiting  factors  in  the  methods  known  scope  of
literature, researchers are still working to develop
new methods based on amide synthesis.

In addition, fluorinated arenes are the cruicial and
attractive  compounds  for  researchers  due  to
possessing wide application such as agrochemicals,
medicine  and  materials  science   (12,13).  When
comparing  properties  of  fluorine-containing
compounds with  their  non-substituted anologues,
the compounds which has fluorine groups generally
show excellent chemical and biological  properties
(14).  Thus,  derivatization  of  arenes  with  the
fluorine  groups  provide  good  properties  to  the
synthesized molecules.

In  this  paper,  new  substituted  trans-diamides
which is especially containing fluorine arenes was
synthesized and their antioxidant properties were
investigated by using DPPH method.

143

https://doi.org/10.18596/jotcsa.627805
mailto:yilmazozgur@mersin.edu.tr
https://doi.org/10.18596/jotcsa.627805
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
mailto:yilmazozgur@mersin.edu.tr
https://orcid.org/0000-0001-9278-1091


Yılmaz Ö. JOTCSA. 2020; 7(1): 143-150. RESEARCH ARTICLE

Figure 1. Some significant amide molecules having biological activity.

EXPERIMENTAL SECTION

Materials and Methods

Materials
Commercial  chemicals  were  taken  from  Sigma-
Aldrich or Merck and used directly. NMR, FT-IR and
UV  analyses  were  determined  using  Bruker
Ultrashield  Plus  Biospin  Avance  III  400  MHz
NaNoBay  FT-NMR,  Perkin  Elmer  Spectrum-100,
and  Chebios  Optimum-One  UV–Vis
spectrophotometer, respectively. 

General method for the synthesis
Primary amines (10.0 mmol) were dissolved in 10
mL of CH2Cl2 and then fumaryl chloride (5.0 mmol)
was  added  dropwise  in  to  the  reaction  mixture.
After the starting materials completely consumed
according to TLC analysis, the precipitated product
was filtered and crystallized in methanol.

DPPH  method  for  the  investigation  of
antioxidant activity;
2,2-Diphenyl-1-picrylhydrazyl  (DPPH)  radical
scavenging  test  was  investigated  for  all
synthesized  molecules  according  to  positive
controls that butylated hydroxytoluene (BHT) and
butylated  hydroxyanisole  (BHA).  Different
concentrations  (6,75–800  μg/mL)  of  all
synthesized  trans-diamides  and  positive  controls
were prepared in EtOH. Then, 1 mL of 1x10-4 mM
DPPH  solution  were  added  into  tube  for  each
compound, and 1 mL of each sample was added on
the  DPPH  solution.  Each  tube  was  incubated  in
dark  for  an  hour  and  then  absorbance  for  each
sample was measured at 517 nm. The antioxidant
activity  was  calculated  with  formula  given  below
(15,16). (Equation 1)

%Scavenging=
A 0−As
A0

×100
(Eq. 1)

(Ao= absorbance of the control; As= absorbance of
the sample at 517 nm)

N1,N4-bis(3-fluorophenyl)fumaramide  (3a,
C16H12F2N2O2)
3-Fluoroaniline (1.11 g, 10.0 mmol) were dissolved
in 10 mL of CH2Cl2 and then fumaryl chloride (0.76
g,  5.0  mmol)  was  added  dropwise.  After  the
starting materials come to an end according to TLC
analysis,  the  precipitate  was  filtered  from  filter
paper and crystallized in methanol. The product 3a
was obtained (1.45 g, 96%).

M.p.: 305-306 °C; 1H NMR (400 MHz, DMSO-d6):
δ= 10.41 (s, 2H, -NH), 7.49 (dt, J = 7.8, 1.9 Hz,
2H, ArH), 7.43 (s, 2H, -C=CH), 7.39 – 7.18 (m,
6H, ArH) ppm; 13C NMR (101 MHz, DMSO-d6)  δ=
162.54 (s), 155.19 (d, J = 48.0 Hz), 152.75 (d, J
= 48.7 Hz),  134.03 (s),  125.79 (s),  125.68 (s),
123.09 (s), 116.09 (d, J = 18.2 Hz), 115.57 (d, J
= 19.3 Hz) ppm; 19F NMR (376 MHz, DMSO-d6):
δ = 124.0 (ArC-F) ppm; FTIR (KBr):  = 3260,
3044, 2906, 1646, 1599, 1543, 1457, 1198, 750,
697 cm-1; ESI-MS (70 eV): m/z = 304 (M+). 

N1,N4-bis(4-fluorophenyl)fumaramide (3b,
C16H12F2N2O2)
M.p.: 353-354 °C; 1H NMR (400 MHz, DMSO-d6):
δ= 10.76 (s, 2H, -NH), 7.80 – 7.74 (m, 2H, ArH),
7.50 – 7.43 (m, 2H, ArH), 7.35 (t, J = 8.8 Hz, 2H,
ArH), 7.24 (s, 2H, -C=CH), 7.21 (t, J = 8.9 Hz, 2H,
ArH) ppm;  13C  NMR (101  MHz,  DMSO-d6):  δ=
161.99 (s), 157.14 (s), 133.95 (s), 124.95 (d, J =
8.7 Hz), 121.20 (d,  J = 7.9 Hz), 116.47 (d,  J =
23.1 Hz), 115.42 (d,  J = 22.3 Hz)  ppm; 19F NMR
(376 MHz, DMSO-d6):  δ = 118.4 (ArC-F) ppm;
FTIR (KBr):  = 3252, 3046, 2924, 1650, 1619,
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1502,  1408,  1237,  829,  792  cm-1;  ESI-MS (70
eV): m/z = 304 (M+). 

N1,N4-bis(3-(trifluoromethyl)phenyl)
fumaramide (3c, C18H12F6N2O2)
M.p.: 302-303 °C; 1H NMR (400 MHz, DMSO-d6):
δ = 11.07 (s, 2H, -NH), 8.25 (s, 2H, ArH), 7.92 (d,
J = 8.3 Hz, 2H,  ArH),  7.63 (t,  J = 8.0 Hz, 2H),
7.49 (s,  J = 7.8 Hz, 2H, -C=CH),  7.47 (dd,  J =
15.5, 7.8 Hz, 2H, ArH) ppm; 13C NMR (101 MHz,
DMSO-d6): δ = 162.46 (s), 139.52 (s), 134.14 (s),
130.44  (s),  130.11  (s),  123.05  (s),  122.69  (s),
115.51 (dd, J = 7.7, 3.6 Hz), 114.94 (dd, J = 4.4,
2.2 Hz) ppm; 19F NMR (376 MHz, DMSO-d6): δ =
61.4 (-CF3) ppm; FTIR (KBr):  = 3272, 3014,
2848,  1653,  1601,  1445,  1328,  1116,  799,  695
cm-1; ESI-MS (70 eV): m/z = 401 (M+). 

N1,N4-bis(4-(trifluoromethyl)phenyl)
fumaramide (3d, C18H12F6N2O2)
M.p.: 379-380 °C; 1H NMR (400 MHz, DMSO-d6):
δ  = 11.12 (s, 2H, -NH), 7.97 (d, J = 8.5 Hz, 4H,
ArH), 7.74 (d, J = 8.7 Hz, 4H, ArH), 7.32 (s, 2H, -
C=CH) ppm;  13C NMR (101 MHz, DMSO-d6):  δ  =
162.53 (s), 142.33 (s), 134.28 (s), 126.47 (q, J =
3.8 Hz), 126.11 (d,  J = 3.8 Hz), 123.51 (dd,  J =
73.6, 35.6 Hz), 119.44 (s) ppm; ; 19F NMR (376
MHz,  DMSO-d6):  δ =  60.4  (-CF3)  ppm;  FTIR
(KBr):  =  3292,  2843,  1643,  1537,  1317,
1124, 1064, 826, 692 cm-1;  ESI-MS (70 eV): m/z
= 401 (M+).
 
N1,N4-bis(2-fluoro-3-(trifluoromethyl)phenyl)
fumaramide (3e, C18H10F8N2O2)
M.p.: 261-262 °C; 1H NMR (400 MHz, DMSO-d6):
δ  = 10.74 (s, 2H, -NH),  8.35 (t,  J = 7.4 Hz, 2H,
ArH),  7.59 (t,  J = 6.7 Hz, 2H, ArH),  7.45 (t,  J =
8.0 Hz, 2H, ArH), 7.46 (s, 2H, -C=CH) ppm;  13C
NMR (101 MHz, DMSO-d6): δ = 162.66 (s), 148.81
(d, J = 1.6 Hz), 146.33 (d, J = 1.2 Hz), 135.84 (d,
J = 11.4 Hz), 134.05 (s), 128.79 (s), 127.10 (d, J
= 10.5 Hz), 124.88 (d, J = 4.5 Hz), 113.75 (q, J =
4.7 Hz) ppm; ; 19F NMR (376 MHz, DMSO-d6): δ
= 126.7 (ArC-F), 59.9 (-CF3) ppm;  FTIR (KBr):

 = 3251, 2811, 1643, 1537, 1484, 1322, 1132,
796, 733 cm-1;  ESI-MS (70 eV): m/z = 437 (M+). 

N1,N4-bis(2-fluoro-4-(trifluoromethyl)phenyl)
fumaramide (3f, C18H10F8N2O2)

M.p.: 336-337 °C; 1H NMR (400 MHz, DMSO-d6):
δ  = 10.74 (s, 2H, -NH),  8.42 (t,  J = 8.1 Hz, 2H,
ArH),  7.80 (dd,  J = 11.0, 1.7 Hz, 2H, ArH),  7.64
(d,  J =  8.5  Hz,  2H,  ArH),  7.52  (s,  2H,  -C=CH)
ppm; 13C NMR (101 MHz, DMSO-d6):  δ  = 162.82
(s), 150.55 (s), 148.18 (s), 140.19 (d,  J = 13.1
Hz), 134.35 (s), 123.71 (d, J = 1.4 Hz), 122.05 (p,
J = 3.0 Hz), 115.63 (d, J = 5.3 Hz), 112.29 (q, J =
3.7 Hz) ppm; ; 19F NMR (376 MHz, DMSO-d6): δ
= 122.2 (ArC-F), 60.6 (-CF3) ppm;  FTIR (KBr):

 = 3298, 3021, 1659, 1623, 1540, 1430, 1325,
1121, 887, 651 cm-1;  ESI-MS (70 eV): m/z = 437
(M+). 

N1,N4-bis(2-cyanophenyl)fumaramide (3g, 
C18H12N4O2)
M.p.: 338-339 °C; 1H NMR (400 MHz, DMSO-d6):
δ = 10.94 (s, 2H, -NH), 7.89 (dd, J = 7.8, 1.1 Hz,
2H,  ArH),  7.75  (dtd,  J =  9.3,  8.3,  1.3  Hz,  4H,
ArH), 7.45 (td, J = 7.7, 1.4 Hz, 2H, ArH), 7.37 (s,
2H, -C=CH) ppm; 13C NMR (101 MHz, DMSO-d6):
δ = 162.54 (s, C=O), 139.55 (s, ArC), 133.35 (s,
ArC), 126.26 (s, ArC), 125.56 (s, ArC), 118.04 (s,
ArC), 116.66 (s), 107.42 (s), 93.64 (s) ppm; FTIR
(KBr):  =  3267,  3036,  2906,  2233,  1648,
1542,  1451, 1335, 995,  773,  675 cm-1; ESI-MS
(70 eV): m/z = 315 (M+).
 
N1,N4-bis(4-methoxyphenyl)fumaramide (3h,
C18H18N2O4)
M.p.: 270-271 °C; 1H NMR (400 MHz, DMSO-d6):
δ  = 10.49 (s, 2H, -NH),  7.66 (d,  J = 9.1 Hz, 4H,
ArH), 7.35 (d, J = 9.0 Hz, 4H, ArH), 7.18 (s, 2H, -
C=CH), 3.76 (s, 6H, -OCH3);  13C NMR (101 MHz,
DMSO-d6): δ = 161.72 (s), 155.66 (s), 133.75 (s),
124.29 (s), 120.90 (s), 114.84 (s), 55.21 (s) ppm;
FTIR (KBr):  = 3274, 3049, 2837, 1634, 1531,
1508, 1245, 1164, 1023, 830, 663 cm-1; ESI-MS
(70 eV): m/z = 325 (M+). 

RESULTS AND DISCUSSION

Reactions between 1 equivalent fumaryl chloride 1
and  2  equivalent  different  primary  amines  2a-h
was investigated  and obtained substituted  trans-
diamides with high yield (Figure 2). Reaction with
the  ortho-substituted primary amines gave lower
yield  than  meta- or  para-subtituted  primary
amines  due  to  the  sterical  effect  on  the  amine
group (Table 1).
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Figure 2. General reaction for the synthesis of trans-diamides.

Table 1.  Synthesis of trans-diamides 3a-h.
Entry Acyl 

chloride
Amines Product

Yield
%

1 1

NH2

F

2a

96 

2 1

NH2

F

2b

95

3 1

NH2

CF3

2c

92

4 1

NH2

CF3

2d

96

5 1 77
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NH2

F

CF3

2e

6 1

NH2

F

CF3

2f

84

7 1

NH2

CN

2g

82

8 1

NH2

OCH3

2h

97

All  trans-diamide  structures  were  characterized
with spectroscopic analyses (1H-NMR, 13C-NMR, 19F-
NMR, LC-MS, FT-IR). In the 1H-NMR spectra of 3a-
h,  it  is  clearly  shown  that,  -NH  protons  gave
singlets in the area between  δ 10.41-11.12 ppm,
which approved with known similar compounds in
the literature (17,18). Protons of double bond (3a-
h) were observed as singlets in the region between
δ  7.18-7.53  ppm.  While  the  signal  of  aromatic
protons was observed between  δ 7.21-8.42 ppm
(17,18),  methoxy  protons  of  the  compound  3h
were observed at 3.76 ppm as a singlet  (19). In
addition, in the 13C NMR spectra of compounds 3a-
h, the signal of carbonyl carbon appeared between
δ 163-161 ppm and the peaks of aromatic/olefinic
carbons  appeared  the  area  between  δ  107.42-
155.66  ppm. Also,  the signal of nitrile carbon of
compound  3g and  the  methoxy  carbon  of
compound  3h  appeared  at  δ  93.64  ppm  and δ
55.21  ppm respectively.  When  19F  NMR  of

compound  3a-f was examined,  it  was seen that
characteristic  signals of  –F (between δ 118.38 –
126.64 ppm) and -CF3  (between δ 59.88 – 61.40
ppm)  groups  were  in  expected  regions  (see
Supporting  Information)  (20).  Also,  NMR  results
were  supported  with  LC-MS  and  FT-IR  analysis.
When the FTIR spectra was examined, the –N-H
stretching bands of 3a-h observed between 3272–
3251 cm-1.  The Ar-H stretching  bands and –C=O
stretching  bands of  3a-h  was observed between
3049–3014 cm-1 and 1659–1634 cm-1, respectively.
In addition,  the –CN band of  compound  3g was
observed at 2233 cm-1.

After  the  successful  synthesis  of  trans-diamide
derivatives,  we  focused  on  to  investigate  DPPH
scavenging  activity  of  all  the  synthesized
molecules.  Free  radicals  that  are  generated
permanently  in  the  body  included  unpaired
electrons and, these electrons can easily interact
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with  biomolecules  (15).  Common  diseases  like
cardiovascular  diseases  and  cancer,  have  been
occurred  due  to  free  radical  damage.  Thus,
synthesis of antioxidant molecules that can convert
the radicals to stable compound are so important.
Because of these properties, antioxidant molecules
have  affirmative  effects  on  health  (15).  DPPH
method has been commonly used for investigating
the antioxidant activity. This technique easily gives
an  antiradical  potential  of  molecule  with  UV
measurement at 515 nm (21).

For this purpose, different concentrations of each
synthesized  molecule  and  positive  controls  were
prepared  (12.5,  25,  50,  100,  200,  400,  800
µg/mL)  and  added  to  DPPH  solution  which  was
prepared freshly. After 30 minutes of incubation in
the dark,  515UV measurements was taken for each
concentration and the IC50 value was calculated as
302.52  µg,  304.17  µg,  266.74  µg,  251.46  µg,
315.51  µg,  402.44  µg,  325.75  µg,  595.27  µg,
68.65 µg and 39.46 µg for compound 3a, 3b, 3c,
3d,  3f,  3g,  3h,  BHT,  and  BHA,  respectively.
According  to  these  results,  all  synthesized
molecules showed lower DPPH scavenging activity
when  compared  with  positive  controls  BHT  and
BHA.  Also,  these  results  showed  that  the
antioxidant  activity  of  synthesized  molecules
increased  in  order  of
3h<3f<3g<3e<3b<3a<3d<3c<BHT<BHA.

Substituted  anilines  with  electron
withdrawing/deactivating  group  (-CF3)  showed
better  DPPH scavenging activity  than  substituted
anilines with weakly deactivating (-F) or electron
donating/activating  (-OCH3)  group.  Also,  when
DPPH  scavenging  activity  of  compounds  which
substituted  with  the  same group was  examined,
the  meta-  substituted  anilines  showed  better
activity  than  para-  substituted ones.   (3b<3a or
3d<3c)

Table 2. The IC50 values of trans-diamides and
positive controls.

Compound IC50 (µg)
3a 302.52
3b 304.17
3c 251.46
3d 266.74
3e 315.51
3f 402.44
3g 325.75
3h 595.27
BHT 68.65
BHA 39.46

CONCLUSION

In summary, new trans-diamides were synthesized
with  the  reaction  between  primary  amines  and
fumaryl chloride. In addition, the DPPH scavenging
activity  for  each  synthesized  molecule  was

investigated  and  obtained  moderate  results
compared to positive controls BHT and BHA.
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Corrosion Protection of AISI 1010 Using Doped MoS2 Conductive
Polymers
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Abstract: In this study, corrosion resistance of the coatings obtained by electrochemical oxidation of
pyrrole and aniline on mild steel has been investigated in 0.1 M hydrochloric acid medium. It was
aimed to increase the resistance of the coatings to corrosion by adding MoS 2 to the coating solutions
while covering the polypyrrole (PPy) and polyaniline (PANI). PPy, PANI, MoS2 doped PPy and MoS2

doped PANI coatings on the electrodes produced from mild steel were obtained by cyclic voltammetry
in 0.1 M H2C2O4 environment. The voltammogram were carried out at a scan rate 100 mV/s from 0.0 V
to 1.0 V with 10 scans. The corrosion resistance of the coatings in 0.1 M HCl medium was determined
by Tafel polarization method. Best results were determined in MoS2 doped PPy coatings. Later, PPy
coatings, MoS2 added PAN coatings and PANI coatings were determined respectively. The addition of
MoS2 to the coating solution increased the corrosion resistance in both coatings. Similar results were
obtained in different media in our previous studies. It is understood that MoS 2 additive makes the
coating surface impermeable and prevents deformation in the coating.
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INTRODUCTION

Metals  are  the  most  preferred  materials  due  to
their  superior  properties.  One  of  the  most
restrictive  parameters  in  the  use  of  metals  is
corrosion. Corrosion is known to cause great losses
from national wealth (1). One of the most common
ways to protect metals from corrosion is to coat
metal surfaces with paint or an organic coating (2).
Organic  coatings  provide  extremely  good
protection  when  the  metal  surface  is  free  of
defects. However, the scratching or degradation at
the  micro  level  during  or  after  the  coating
accelerates the corrosion of the metal in this area.
Conductive  polymer  coatings  also  referred  to  as
smart  coatings,  can  protect  the  exposed  metal
from corrosion due to the redox property and the
repair of these imperfections (3-9). The conductive

polymers  can  be  present  in  different  states
(oxidation-conductive state / non-conductive state)
and can easily vary depending on the situation (7-
12).  These  important  properties  of  conductive
polymer coatings and their electrochemically easy
synthesis on the metal surface are widely used in
corrosion protection. 2-dimensional MoS2, which is
one of the graphene derivatives, is used in many
different  areas  with  its  remarkable  features  in
recent  years.  In  this  study,  corrosion  resistance
was measured by four different coating to protect
the  mild  steel  from  corrosion.  For  conductive
polymer coating, pyrrole, aniline and MoS2, which
were separated into two-dimensional layers, were
used and positive results were obtained.

Tafel  extrapolation  is  one  of  the  polarization
methods  widely  utilized  to  measure  corrosion
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rates,  a  faster  experimental  technique  compared
with the classical weight-loss estimation. The most
fundamental  procedure  for  experimentally
evaluating  Icorr  is  by  Tafel  extrapolation.  This
method requires the presence of a linear or Tafel
section in the E versus log Iex curve. A potential
scan  of  approximately±300  mV  about  Ecorr  is
generally required to determine if a linear section
of at least one decade of current is present, such
that  a  reasonably  accurate  extrapolation  can  be
made to the Ecorr potential (13).

In  this  work,  conductive  polymer  films  with  2-D
MoS2 coatings were electrochemically synthesized
on AISI 1010 steel electrode in oxalic acid aqueous
solution  by  cyclic  voltammetry  and  then  the
protective  performance  of  these  coatings  was
evaluated by using Tafel Polarization method in 0.1
M HCl solution.

EXPERIMENTAL METHOD

The experiments were carried out in a 3-necked
250  mL  flask.  A  platinum  plate  as  a  counter
electrode, a saturated calomel electrode (SCE) as a
reference  electrode  and  AISI  1010  steel  as  the
working  electrode  were  used.  The  chemical
composition of AISI 1010 steel is given in Table 1.
The  chemicals  used  are  of  analytical  purity  of
oxalic acid, hydrochloric acid, pyrrole and aniline.
Before  each  test,  the  surface  of  the  working
electrode was polished under water with 2000 grit
sandpaper;  the  surface  was  cleaned  with  pure
water  and  acetone.  Coatings  obtained  by  cyclic
voltammetry were obtained with 100 mV / s scan
rate.  Tafel polarization curves have obtained with
a scan rate 2 mV / s for the determination of the
corrosion rate. The coatings were made in 0.1 M
conductive  polymer  monomer  and  0.1  M H2C2O4

solution containing MoS2 converted into  a  0.1 M
two-dimensional form. The corrosion resistance of
the coatings were determined by Tafel Polarization
method  in  0.1  M  HCl  medium.  Cyclic
voltammogram and Tafel Polarization Curves were
performed with Ivium Technologies De Regent 178
5611 HW Eindhoven model device.

C Mn P Si S Fe

0.09

%

0.35

%

0.02

%

0.06

%

0.04

%

Balan

ce

Table 1. Chemical composition of mild steel AISI 
1010)

The  percentage  coating  protective  efficiency  was
calculated according to the following equation (14).

Figure 2 shows that the mild steel is passive at -
0.2 V in 0.1 M oxalic acid solution and maintains
this state up to 1.0 V. This potential indicates that
the  polymerization  will  easily  occur  on  the  steel
surface  since  it  is  lower  than  the  potential  for
polymerization.  This  passivity  can  be  explained
with  iron(II)  oxalate  compound  forming  on  the
steel  surface.   The  small  peak  formed  in  the
reverse current between 0.0V and 0.1V indicates
that  the  iron(III)  oxalate  is  transformed  into
iron(II) oxalate (15).

Figure 1. Cyclic voltammogram of Mild Steel in
0.1 M HCl.

Electropolymerization  of  pyrrole  on  the  steel
surface is given in Figure 3. In the first screening,
high current passes, but the passivation property
of  the  steel  becomes  passive  and  the  current
decreases  rapidly.  In  subsequent  scans,  the
oxidation current of pyrrole begins approximately
at 0.6V.

Figure 2. Cyclic voltammogram of mild steel in
0.1 M H2C2O4.
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Figure 3. Electropolymerization curves of pyrrole on steel in 0.1 M oxalic acid solution.

Table 2. Corrosion parameters of coated and uncoated mild steel.

Ecor (mV) Rp (ohm)
Corrosion rate

(mm/year)

Protective 

Efficiency %

Mild Steel -645 52 5.52 -
MS+PANI -652 985 1.25 77.4

MS+PANI+MoS2 -441 1050 1.14 79.3
MS+PPy -821 1253 0.82 85.1

MS+PPy+MoS2 -705 1432 0.75 86.4

Figure 4 shows the Tafel polarization curves of the
mild  steel,  PANI  and PANI doped with  MoS2 the
PANI coating did not have a significant effect on
the corrosion potential of the steel, but caused a
significant reduction in the corrosion current.

Figure 4. Tafel polarization curves of mild steel,
polyaniline and MoS2 doped polyaniline coatings.

The MoS2 additive improved the PANI coating and
increased the corrosion potential to more positive
values.  Whereas  PANI  coating  showed  corrosion
protection  efficiency  of  77.4%,  PANI  +  MoS2

coating showed at 79.3%.

Figure 5. Tafel polarization curves of steel,
polypyrrole and MoS2 doped polypyrrole coatings.

The  corrosion  potential  of  the  steel  coated  with
polypyrrole was determined to be at -820 mV with
more  negative  potentials,  but  the  corrosion  rate
was  significantly  reduced  (Figure  5).  While
corrosion  potential  is  almost  unchanged  in
polypyrrole + MoS2 coated steel, corrosion current
has  decreased  significantly  and  provides  86.4%
protection.

Corrosion  parameters  measured  by  Tafel
polarization  method  are  given  in  Table  2.
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Polypyrrole  and MoS2 doped polypyrrole  coatings
are more successful than polyaniline coatings. It is
understood  that  MoS2 additive  increases  the
coating  efficiency  in  both  conductive  polymer
coatings  and  reduces  the  corrosion  rate.  In
previous studies, studies on 0.1 M H2SO4,  0.1 M
NaOH and 0.1 M NaCl solutions indicated that MoS2

additive showed similar effects [14].

CONCLUSIONS

The results confirmed that the corrosion protective
effect  of  PPy,  PANI  and  MoS2  coatings  on  mild
steel in hydrochloride solution. Furthermore, MoS2

demonstrated extra protective effect on AISI 1010
steel  by  shift  corrosion  potential  to  positive
direction and decrease the oxidation current value.
The greatest shift of the corrosion potential values
to  the  positive  direction  is  observed  for  the
PPy+MoS2 coatings on mild steel. The polarization
curves show that doped MoS2 conductive polymers
promise  to  be  a  good  candidate  for  corrosion
protection of reactive metals.
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Study of Electronic Transition of Complex Fe(III), Ni(II) and Zn(II)-
1,10-Phenanthroline: Modelling and UV-Vis Spectral Analysis
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Abstract: Geometric modeling and geometric optimization of Fe(III)-1,10-phenantroline (Fe-Phen), Ni
II)-1,10-phenantroline  (Ni-Phen)  and  Zn(II)-1,10-phenantroline  (Zn-Phen)  compounds  have  been
carried out computing using the semi-empirical method of PM3. The spectral measurements and the
study  of  complex  electronic  compositions  using  the  UV-Vis  spectrophotometer  and  simulation  of
ZINDO/s (Zerner's Neglect of Differential Overlap) calculations. The optimum result of the geometry of
complex molecule found there is a change of charge in each complex with stable energy. The UV-Vis
spectra measurements showed λmax in the Fe-Phen complex: 315.50 nm, Ni-Phen complex: 325.00
nm and Zn-Phen complex: 315.00 nm. The electronic transition occurring at these three complexes
shows the transition characteristics of electrons at the level of the molecular orbitals π to π* and the
degree of the molecular orbitals n to π⃰. Electron transition energy in complex orbital molecules can be
observed in the energy changes of each molecular orbitals.
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INTRODUCTION

The  complex  compounds  have  molecular
structures  composed  of  ligands/complexes
binding  in  coordination  with  metal  ions  as  the
center  of  the  molecular  geometry  of  complex
compounds (1). Generally, metal ions of complex

compounds/ions  are  derived  from  transition
metals  having  neutral  or  positive  oxidation
numbers (2). For example, Fe(III), Cu(II), Co(II),
Mn(II), Zn(II), and Ni(II) are employed as other
metals.  Metals  are  often  reacted  with
complexes/ligands  having  neutral  or  negative
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oxidation  numbers  to  obtain  complex
compounds/ions (3).  Examples  of
ligands/complexes binding to heavy metals in the
form  of  ions,  ie,  1,10-phenanthroline,  EDTA,
pyrazinamide,  pyridine,  and  ligand/other
complexes. Generally, complex compounds have
many  benefits  in  the  world  of  health  and
materials  science (4).  In  addition  has  been
investigated  the  influence  the  use  of  1,10-
phenanthroline ligand with Co(II) metal ions on
DNA binding, cleavage, and anticancer properties
showed  good  results (5). The  ligand  1,10-
phenanthroline often used in complex compounds
because  it's  exhibit  good  ability  to  coordinate
bonds with metal ions (6). Ion of Fe(III), Ni(II)
and Zn(III) are ions of transition metals that can
form complexes with ligand 1,10-phenanthroline
(7, 8). Interaction between metal ions with two
lone pairs electrons in ligand 1,10-phenanthroline
forms  complexes  bound  to  coordinate  with
different molecular geometries (9, 10).

Electron  transitions  that  occur  in  ligands  and
complex  compounds  can  be  calculated  using  a
UV-Vis  spectrophotometric  analysis (11).  The
transition  of  electrons  to  complex  compounds
occurs at the level of their molecular orbital with
the most urgent electron excitation being σ to σ⃰
and  the  electron  excitation  requiring  the  least
energy  is  n  to  π⃰. The  occurrence  of  electron
transfer  from  the  lowest  ground  state  energy
(HOMO) to the excited energy level (LUMO) can
be  known  by  its  wavelength  uptake.  Ligands
1,10-phenanthroline and ligand to ligand change
transfer  (LLCT)  undergo  electron  transition  in
orbital molecules (OM) level π to π⃰ (12). In the
meantime,  ligands  and  complex  compounds
containing  nitrogen  atoms  (RC  =  N)  have  an
electron transition at OM level n to π⃰ (13).

Modeling of complex ion has been done using the
method of semi-empirical ZINDO/s to analyze the
electronic  and energy  transitions  of  HOMO and
LUMO (14). HOMO and LUMO energy analysis is
required  as  information/reference  to  know  the
transfer of charge in a molecule (15). The study
of complex molecular modeling aims to facilitate
visualization and conducting studies on electronic
transition spectra (16, 17, 18). ZINDO / s is one
of  many  semi-empirical  calculation  methods  in
computation  that  is  intended for  calculation on
UV spectra (19). In addition, it has been known
that the method of semi-empirical ZINDO/s was
very  good  at  performing  electronic  transition

calculations (20). Thus using the method of semi-
empirical  ZINDO/s  can  study  geometry  and
electronic transitions of complexes of Fe (III), Ni
(II)  and  Zn  (II)  with  the  1,10-phenanthroline
complex.

EXPERIMENTAL

Measurement of Complex Solutions
In 0.5 mL standard solution,  100 ppm each of
FeCl3 (aq),  Ni(NO3)2 (aq)  and  ZnCl2 (aq)  were
added 1.5 mL of 1,10-phenanthroline solution at
1000 ppm, 1.5 mL of acetate buffer solution at
pH 3.5  and  5  mL of  acetone  and diluted  to  a
volume of 10 mL with DM water. The Fe-Phen,
Ni-Phen  and  Zn-Phen  complexes  formed  were
measured  their  absorbance  using  a  UV-Vis
spectrophotometer.

Optimization  of  Complex  Molecular
Compounds
Ligand and complex geometries can be optimized
through  computational  methods (21).
Optimization  of  molecular  geometries  for  Fe-
Phen,  Ni-Phen  and  Zn-Phen  metal  complexes
using  PM3  (Parameterized  Model  3)  with  a
gradient  change  limit  of  0.01  kcal/Å.mol,  with
gradient boundaries comrade based on the Polak-
Ribiere method in the Windows 8 based version
of Hyperchem version 8.0.10. The results of the
optimization  of  molecular  geometry  using  the
semi-empirical  method of PM3 obtain molecular
geometry with smaller and stable energy (22).

Complex ion modeling
The modeling of the structure of the geometric
optimization  results  from  the  semi-empirical
method  of  PM3,  followed  by  single  point
calculation  using  the  method  of  semi-empirical
ZINDO/s to produce electronic transition spectra
data. The calculations are done with the limit of
configuration  interaction  (CI)  and  with  single
excitation (singly excited-CI). Spectral calculation
data  is  presented  as  a  discontinuous  spectra
diagram to analyze the electronic transition.

RESULTS AND DISCUSSION

Complex Ion Modeling
The  molecular  structure  modeling  for  Fe-Phen,
Ni-Phen and Zn-Phen complexes was computed
by optimizing its  molecular geometry  using the
semi-empirical PM3 method. Optimization of the
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molecular  geometry  of  Fe-Phen,  Ni-Phen,  Zn-
Phen and 1,10-phenanthroline ligands using the
semi-empirical  PM3  method  (Figure  1).  The
geometric  optimization  results  in  molecular
geometry with the total energy and the smallest
or near-zero heat generation energy (Table 1).

The total  energy value shown in each complex
through  the  simulation  of  the  PM3  method
determines  how  much  energy  it  takes  for  the
interconnected  atoms  to  form  a  complex
molecule (23).

Table 1: Optimization of Complex Molecular Geometry Using the Semi-Empirical Method of PM3

Complex
Total Energy
(kcal/mol)

Heat Formation
(kcal/mol)

Fe-Phen -141168.5256 389.0235
Ni-Phen -109936.3877 275.3654
Zn-Phen -86813.2124 160.8909

The results  of  the  complexes of  Fe(III),  Ni(II),
and  Zn(II)  ions  with  the  1,10-phenanthroline
complex produce three complexes with molecular
geometry, molecular orbital energy levels, charge
and  different  magnetic  properties.  The  three
properties of these molecule complex properties

can be reviewed through simulation of geometric
optimization  of  PM3  methods  and  theoretical
approaches  (Theory  of  Molecular  Orbital  and
Hybridization  Theory)  for  the  three  complex
compounds (24).

(a) (b) (c)

Figure 1. Optimization Geometry of 3D Molecular (a) Fe-Phen, (b) Ni-Phen and (c) Zn-Phen Using
PM3.

The  calculation  of  charge  and  coordinates  has
been done using the PM3 method to explain how
the  atoms  bind  to  form  the  third  molecular
geometry of the complex. The Fe-Phen complex
exhibits a change in values at the coordinates (x,
y, and z) of atoms both before and after binding
to form a complex (Table 2). The geometry for
the Fe-Phen complex forms an octahedron with
each ligand (ligand 1: N5' and N11', ligands 2:
N19'  and  N25',  3:  N33'  and  N39'  ligands)
contributes 2 lone pair electrons to the metal ion
(Fe43').  The change in  the  coordinate value of

each  bonded  atom  (Zn')  forms  the  angle  of
octahedral geometry in the Fe-Phen complex of
90°.  The  complex  Fe-Phen  has  analyzed  with
XRD and processed with Rietica program to find
the  crystallography  of  the  compound.
Diffractogram  data  shows  that  geometric
prediction  Fe-Phen  was  octahedral  with
monoclinic crystal system, space group C2/c with
parameter  a  =  10.781  Å,  b  =  24.53  Å,  c  =
13.286 Å, β = 103.15º and the volume = 3422
Å3, Rp = 5.37 and Rwp = 11.05 (25).
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Table 2: List of Charge (eV) and Coordinates of x, y, z (Å) Fe-Phen PM3
Atom Charge x y z

N5 -0.020226 -0.17650 -2.00652 0.00000
N5’ 0.458976 -3.11734 0.60509 -0.43874
N11 -0.020226 -2.65070 -0.60355 0.00000
N11’ 0.403515 -1.02197 1.80464 0.57257
N19 -0.020226 -0.17650 -2.00652 0.00000
N19’ 0.368995 0.35957 -0.61562 0.46959
N25 -0.020226 -2.65070 -0.60355 0.00000
N25’ 0.368761 -1.91295 -0.41832 1.77719
N33 -0.020226 -0.17650 -2.00652 0.00000
N33’ 0.459333 -0.83260 0.35945 -1.77590
N39 -0.020226 -2.65070 -0.60355 0.00000
N39’ 0.401748 -1.76790 -1.80346 -0.63729
Fe43 3.000000 -1.37339 0.11588 0.00000
Fe43’ -0.616334 -1.40230 0.00614 0.00614
Description: (N) is an atom of a metal-ligand/ion prior to bonding
and (N ') is an atom of a metal-ligand/ion after binding.

The  change  in  the  coordinate  of  the  Ni-Phen
complex forms the planar quadrangle molecular
geometry of a central atom attached to a bond
angle of 90°. The change of charge value at Ni10
(2.0000)  to  Ni10'  (-1.102833)  indicates  the
occurrence of atoms before and after binding of
delocalized electrons and forming a more stable
charge  to  form molecules  with  a  charge  value

close to the Ni-Phen complex charge value (Table
3). Molecular geometry is formed in the Zn-Phen
complex  in  a  tetrahedral  geometry.  The
calculated coordinate using the PM3 method on
bonded atoms (N5', N10', N12 ', N21' and Zn11')
are coordinated x,  y,  and z forming a bonding
angle of 109.5o (Table 4).

Table 3: List of Charge (eV) and Coordinates of x, y, z (Å) Ni-Phen PM3
Atom Charge x y z

N5 -0.020226 -0.17650 -2.00652 0.00000
N5’ 0.709769 -2.55195 0.56285 -0.67382
N9 -0.020226 -2.65070 -0.60355 0.00000
N9’ 0.709631 -0.58458 1.77623 0.63756
N11 -0.020226 -0.17650 -2.00652 0.00000
N11’ 0.709559 0.33598 -0.71135 1.17883
N20 -0.020226 -2.65070 -0.60355 0.00000
N20’ 0.709639 -0.76838 -1.42299 -1.13126
Ni10 2.000000 -1.63504 0.74277 0.00000
Ni10’ -1,102833 -0.89210 0.05123 0.00240
Description: (N) is an atom of a metal-ligand/ion prior to 
bonding and (N ') is an atom of a metal-ligand/ion after 
binding.
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Table 4: List of Charge (eV) and Coordinates of x, y, z (Å) Zn-Phen PM3
Atom Charge x y z
N5 -0.020226 -0.17650 -2.00652 0.00000
N5’ 0.262773 -2.82160 0.58788 -0.17861
N10 -0.020226 -2.65070 -0.60355 0.00000
N10’ 0.262542 -0.47977 2.00170 0.18141
N12 -0.020226 -0.17650 -2.00652 0.00000
N12’ 0.264556 0.00334 -1.11636 1.37016
N21 -0.020226 -2.65070 -0.60355 0.00000
N21’ 0.264380 -0.28653 -1.29103 -1.36826
Zn11 2.000000 -1.32618 0.27897 0.00000
Zn11’ -0.365938 -0.89694 0.04629 0.00118
Description:  (N)  is  an  atom of  a  metal-ligand/ion  prior  to
bonding  and  (N  ')  is  an  atom  of  a  metal-ligand/ion  after
binding.

The bonds that occur in the Fe-Phen, Ni-Phen and
Zn-Phen  complexes  can  be  explained  in  the
theory  of  hybridization  at  the  level  of  their
molecular orbital. The simulation of the process
of complex molecular orbital fusion explains how
the  new orbitals  (hybrids)  formed with  Fe(III),
Ni(II)  and  Zn(II)  metal  ions  with  1,10-
phenanthroline  ligands.  Hybrid  orbitals  formed
from the three complexes are able to explain the
molecular  geometry  and  complex  magnetic
properties.  The Fe-Phen complex forms a d2sp3

hybrid  orbital,  Ni-Phen:  dsp2 and  Zn-Phen
forming sp3. The hybridization of these complex
molecular orbitals is composed of adjustment of 

orbital energy to form bonds and produce hybrid
orbitals.  Based  on  the  filling  and  position  of
electrons  in  complex  orbital,  it  can  know  the
magnetic  properties.  The  Fe-Phen  complex  is
diamagnetic,  Ni-Phen  is  paramagnetic  and  Zn-
Phen is paramagnetic. The orbital interactions are
due  to  the  rearrangement  of  electrons  in  the
orbitals  of  metal  ions  with  ligands  1,10-
phenanthroline.  Each  ligand  of  1,10-
phenanthroline binds in coordination with 2 lone
pairs electron on Fe(III) forming [Fe(C12H8N2)3]+3,
Ni(II):  [Ni(C12H8N2)2]+2 and  Zn(II):
[Zn(C12H8N2)2]+2.
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(a) (b)
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(c)

Figure 2. The energy level of the molecular orbital for complexes (a) Fe-Phen, (b) Ni-Phen, and (c) Zn-Phen.
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The absorption spectrum of a metal ion produces
a change of electron congruity and the maximum
wavelength value presented in the measurement
value  Δoct (26). Based  on  the   Figure  2 of  5
electrons  filling  starts  from  the  lowest-energy
orbital recall to the highest energy orbitals, ie σ
(bond orbital) to n (orbitals  not bonded) to σ*
(antibonding orbital).  The electron configuration
of the metal ion lies in the  dn orbital,  with the
energy level being split into 2 parts,  ie eg and
t2g. Configuration of  electrons for Fe-Phen: t2g3

eg2 (Δoct = 0), Ni-Phen: t2g6 eg2 (Δoct: -1.2) and
Zn-Phen: t2g6 eg4 (Δoct: 0). The division of the d
orbital in each complex aims for the adjustment
of  energy  during the  electron filling process  at
the level of the molecular orbital.

Hybridization  of  molecular  orbitals  of  complex
compounds  (Figure  2)  was  the  adjustment
process  in  orbital  energy  to  bind  and  produce
hybrid  orbital.  Based  on  electron  charging  and
position  in  an  orbital  complex,  magnetic
characteristics  can  be  known.   Fe(III)-
phenanthroline  complex  is  paramagnetically
observed from unpairing orbital electron charging
energy so that it has a strong magnetic power,
while  Ni(II)-phenanthroline  and  Zn(II)-
phenanthroline has a weak magnetic power as it
has  pairing  orbital  electron  (26,  24).
Furthermore, Ni(II) and Zn(II) complexes have a
planar  and  tetrahedral  molecule  which  shows
diamagnetic characteristic in complex (11).

Electron  charging  theoretically  based  on  the
theoretical  molecular  orbital  approach  in  the
complex molecules were presented in Figure 2.
Electron  filling  at  the  orbital  level  aims  to
illustrate  how  the  energy  adjustments  of  the
orbitals  formed from each complex.  Meanwhile,
to study the electronic transition of each complex
is carried out using the ZINDO/s semi-empirical
method in the excited state.  The computational
results,  the  electronic  transition  that  appear  in
the ZINDO/s simulation for the Fe-Phen complex

of  18  transition  peaks  indicate  the  transition
types n to π* and π to π*. However, only 3 peaks
in  the  Fe-Phen  complex  had  a  large  oscillator
strength value, which showed transient strength
electron n  to  π* (Table 7) due to chromophore
and auxochrome in the ligand (22).  

The  spectra  results  on  ZINDO/s  show  the
wavelength at Ni-Phen and Zn-Phen complex to
change the transition from n to  π* and π to π*.
The results of this electronic transition calculation
see  how  to  translate  electrons  from  HOMO  to
LUMO  with  different  energy  levels.  Complex
molecules that experience excitation with greater
energy  absorb  light  at  shorter  wavelengths.
Conversely, molecules that experience excitation
with  less  energy  will  absorb  light  at  longer
wavelengths.  Modeling  results,  the  electron
transition  for  the  Ni-Phen  and  
Zn-Phen  complex  requires  more  energy  to
experience the electron transition from HOMO-2
to  LUMO+2  which  is  characterized  by  peak
absorption at short wavelengths in the transition
type π to π*. In contrast, the electron transition
from the Ni-Phen and Zn-Phen complex requires
less energy to experience the electron transition
from HOMO to LUMO which is  characterized by
absorption  of  peaks  at  long  wavelengths  in
transition types n to π* (Tables 8 and tables 9).

Analysis  of  Spectra  and  Electronic
Transitions
The determination of complex spectra was done
by  UV-Vis  spectrophotometry  and  computation
were  done  using  method  of  semi-empirical
ZINDO/s.  The  calculation  result  using  ZINDO/s
method is presented in the form of discontinuous
spectrum  modeling  simulation.  The  result  of
calculation  of  electronic  transition  spectrum  is
obtained from electron transition process at the
level of molecular orbitals,  ie HOMO and LUMO
complex  ion  Fe(III),  Ni(II),  and  Zn(II)  with
complexing 1,10-phenanthroline.
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Table 5: Results of Spectral Measurements of Spectra by UV-Vis Spectrophotometry
Complex λ(nm) Abs.
Fe-Phen 484.00 0.016

364.00 0.185
315.50 1.227
469.00 0.016
325.50 0.084

Ni-Phen 366.00 0.021
343.50 0.069
325.00 0.219
355.00 0.017
336.50 0.027

Zn-Phen 315.00 1.704

The  load  values  for  the  Fe-Phen,  Ni-Phen,  and
Zn-Phen complexes have been calculated  using
the PM3 and ZINDO/s methods. The charge price
shows  the  tendency  of  the  distribution  of
electrons in the bonds that occur between metal

ions  (Fe(III),  Ni(II),  and  Zn(II))  with  1,10-
phenanthroline. These electron distributions help
indicate  how  much  the  coordination  covalent
bond strengths in the three complexes (27).

Table 6: Comparison of Fe-Phen Complex Charge (eV) Using PM3 and ZINDO/s Methods.
Atom PM3 ZINDO/s

N5’ 0.458976 -0.187097
N11’ 0.403515 -0.219591
N19’ 0.368995 -0.214342
N25’ 0.368761 -0.214750
N33’ 0.459333 -0.187022
N39’ 0.401748 -0.219964
Fe43’ -0.616334 0.118759

Generally, the total value of charge on each atom
shows the identity of the charge on a complex
molecule.  The  charge  ratio  for  the  Fe-Phen
complex  using  the  PM3  and  ZINDO/s  methods
shows the different results in the atoms involved
in the coordination covalent bonds (Tabel 6). In
addition,  experimental  spectral  measurements
have  been  made  using  UV-Vis
spectrophotometers  and  electronic  transition

simulations  using  ZINDO/s.  The  measured
wavelength  in  the  Fe-Phen  complex,  ie  315.50
nm with an absorbance value of 1.227 (Table 5).
Meanwhile, for ZINDO/s method results obtained
wavelength  with  the  number  of  18  transitions.
The wavelength with the highest peak measured
lies  at  437.36  nm  (f:  0.249),  317.47  nm  (f:
0.265) and 305.48 nm (f: 0.521) indicating the
electron n transfer to π* (Table 7).

Table 7: Computational Results of Fe-Phen Complex Using Semi-Empirical Method ZINDO/s
λ(nm) Osc. (f) Transition
437.36 0.249 n→π⃰
317.47 0.265 n→π⃰
305.48 0.521 n→π⃰

The  calculation  of  the  electron  transition
simulation  in  the  Fe-Phen  complex  involves  67
atoms and 201 orbitals from HOMO to LUMO can
not be selected using the ZINDO/s method. The
reason was optimization of geometry (PM3) with
a  0.01  kcal/Å.mol  gradient  was  not  capable  of
simulating  geometry  calculations  that  have

minimum energy  based on half  electron orbital
filling approach,  consequently calculations using
ZINDO/s especially on electron transition energy
from orbital (HOMO- LUMO) Fe-Phen complex is
not readable on its calculated output. The peak
with  a  large  oscillator  strength  taken  in  the
ZINDO/s  simulation  was  expected  to  be
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measured  at  that  wavelength  by  UV-Vis
spectrophotometer  experiments.  Some  small
oscillator  strength  may  not  appear  or  be

measured  experimentally  at  these  wavelengths
(22, 28).

Table 8: Computational Results of Ni-Phen Complex Using Semi-Empirical Method ZINDO/s.
λ(nm) Osc. (f) MO level DE (eV) Transition
325.73 0.239 70→71

69→72
6.71
7.31

n→π⃰

283.26 0.133 68→71 7.31 n→π⃰
272.85 0.054 68→72 7.55 n→π⃰
258.46 0.102 69→73 7.57 n→π⃰
254.51 0.085 70→71

69→72
6.71
7.31

n→π⃰

253.35 1.208 70→73 7.48 n→π⃰
244.44 0.855 68→73 7.80 π→π⃰

The  measured  spectra  of  the  UV-Vis
spectrophotometer  showed  the  greatest
absorbance, ie 0.219 at the 325 nm wavelength
for the Ni-Phen complex (Table 5). The spectral
results in ZINDO/s show the wavelength with 7
peaks.  One  of  the  measured  peaks  in  the
absorbance near the experimental value is at the
wavelength 325.73 (f:  0.239)  which shows the
electronic transition n to π* (Table 8). This is due
to  the  presence of  benzene  ring chromophores
and amide groups in ligands 1,10-phenanthroline
so that the measured wavelength range is in the
UV region.

Semi-empirical ZINDO/s  modeling  method  on
the Ni-Phen complex involves 45 atoms and 137
orbitals.  Energy  changes  in  each  molecular

orbitals  of Ni-Phen complex  shift  from  HOMO
to LUMO.  The  levels  of  molecular orbital  68
(HOMO-2  / π3),  69  (HOMO-1  / π2)  and  70
(HOMO  / π1),  the  molecular  orbital  level  71
(LUMO / π-1),  72  (LUMO +\1  / π-2 )  and  73
(LUMO +2  / π-3)  (29,  30).
The energy differences  of  the  gap  (DE) 
influenced the electron for excitation from HOMO
to LUMO.  The  lower  energy  differences  of  a
molecule,  the  easier  it  will  be  to  excel  from
HOMO to LUMO, as in Ni-Phen complex, there's a
shift from the 70 to 71 orbital which is the largest
electron transition and the 68 to 73 orbital which
is  the  smallest  electron  transition. The
energy level  of HOMO-LUMO of  complex Fe-
Phen, Ni-Phen, and Zn-Phen was shown in Figure
3.
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(a) -14.357065 (eV) (b) -14.123703 (eV)

(c) -14.029091 (eV) (d) -7.037310 (eV)

(e) -6.805417 (eV) (f) -6.547492 (eV)

Figure 3. Levels of Complex OM Ni-Phen (a), (b), (c) HOMO 68, 69, 70 and (d), (e), (f) LUMO
71.72, 73.

The  measured  Zn-Phen  spectra  on  the  UV-Vis
spectrophotometer were at a wavelength of 315
nm  with  an  absorbance  of  1.704  (Table  5).
Computational determination of the spectra has
also been performed using the ZINDO/s method
by  showing  6  different  transitions  of  intensity
(Osc). The transition of electrons to the Zn-Phen
complex  involves  55  atoms  and  132  orbitals,

shifting the degree of complex molecular orbitals
leading to changes in energy. Where some of the
peaks  that  arise  may  not  be  like  the  data
obtained  experimentally.  One  of  the  peaks
approaching  the  experimental  result  is  325.91
nm (f:  0.334)  with  n  electron  transition  to  π*
(Table 9).
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Table 9. Computational Results of Zn-Phen Complex Using Semi-Empirical Method ZINDO/s.
λ(nm) Osc (f) MO Level DE (eV) Transition
325.91 0.334 64→67

64→68
7.27
7.32

n→π⃰

289.79 0.568 64→67
64→68

7.27
7.32

n→π⃰

261.97 0.050 64→67
64→68

7.27
7.32

n→π⃰

246.24 0.682 66→69
65→69

7.81
7.84

π→π⃰

230.15 0.380 66→69
65→69

7.81
7.84

π→π⃰

226.20 0.714 64→69 8.04 π→π⃰

(a) -14.188840 (eV) (b) -13.985441 (eV)

(c) -13.960606 (eV) (d) -6.913678 (eV)

(e) -6.861319 (eV) (f) -6.141289 (eV)

Figure 4. Levels of Complex OM Zn-Phen (a), (b), (c) HOMO 64, 65, 66 and (d), (e), (f) LUMO 67,
68, 69.
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The  electron  transition  energy  in  the  Zn-Phen
orbital molecule of the complex can be observed
in the energy changes of each molecular orbital
(Figure 4). The occurrence of electronic transition
from the HOMO orbital level to the LUMO was due
to  the  free  electron  pair  in  the  ligand  1,10-
phenanthroline,  consequently  the  optimum
wavelength  shift  in  the  larger  complex
compound.

CONCLUSION

Optimization  of  complex  molecular  geometry
using PM3 shows the results of total energy and
different forms of geometry. The total energy for
the  Fe-Phen  complex  is  -185756  (kcal  /  mol)
(octahedral), the Ni-Phen complex was -135552
(kcal/mol)  (planar  quadrilateral)  and  Zn-Phen
complex  of  -113570  (kcal/mol)  (tetrahedral).
Spectrophotometric UV-Vis spectrometric spectra
measurements  were  measured  at  the  highest
absorbance with wavelength for Fe-Phen complex
of  315.50  nm  (1.227),  Ni-Phen  complex  of
325.00  nm  (0.017),  and  Zn-Phen  complex  of
315.00 nm (1.704). The electronic transition of
complex  molecules  is  carried  out  using  the
ZINDO/s  semi-empirical  method  by  reviewing
some  of  the  peaks  that  appear  on  the
discontinuous spectrum and energy in the HOMO-
LUMO molecular  orbital.  The transition type for
the three complexes was in the transition range n
to π* and π to π*.
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Abstract: In  the  present  study,  the  probable  binding  structure  of  a  gluconate  molecule  with
magnetite, (Fe3O4) nanoparticles, as well as, carboxymethylation and hydrazination mechanisms of the
gluconate bound to the iron oxide surface have been computationally investigated by the DFT-B3LYP
method. The B3LYP/LanL2DZ calculations together with experimental IR data available revealed that
the probable binding structure of gluconate is bidentate bridged binding to the magnetite surface. The
carboxymethylation  and  hydrazination  mechanisms  of  gluconate  were  calculated  at  B3LYP/6-
31+G(d,p) level of theory. The results indicate that the reaction between gluconate and chloroacetate
in aqueous medium has one step mechanism passing through a low activation barrier (12.3 kcal/mol)
with a reaction enthalpy of –42.8 kcal/mol. In addition, hydrazone bond formation reaction of the
gluconate bound to the iron oxide surface has a highly-exothermic two-step-mechanism with barriers
of 7.1 and 2.4 kcal/mol, respectively, in water. The activation barrier of the overall reaction is accepted
as the barrier of the first step since the barrier of this step is greater than that of the second one.
Consequently, it can be predicted that both carboxymethylation and hydrazination reactions should be
spontaneous under moderate conditions.

Keywords: Magnetite nanoparticles, Gluconate, Binding properties, Carboxymethylation, Hydrazination,
Density functional theory (DFT).
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INTRODUCTION

Cancer  is  one  of  the  major  dangers  to  human
health. Scientists have been trying to find different
strategies  employing  synergistic  effects  to  kill
cancer  cells.  In  recent  years,  a  number  of
therapeutic  and  diagnostic  agents  in  nano-
biotechnology  such  as  nanocarrier  systems  for

drug delivery (e.g. liposomes, micelles, nanogels,
dendrimers, polymeric nanoparticles, and magnetic
nanoparticles)  have  been  developed  for  the
treatment  of  cancer  (1-8).  One  of  the  biggest
challenges for targeted drug delivery practices is to
develop  nanomolecules  that  can  be  loaded  with
special drugs and can be transported in a simple
way (9-11). In this context, magnetite (Fe3O4) is
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the  most  studied  material  due  to  its
biocompatibility and sufficient magnetic properties
(12-14).  When  the  size  of  magnetite  is  on  the
nanoscale,  its  magnetic  property  switches  over
ferromagnetic to superparamagnetic. This feature
enhances  the  application  of  magnetite  to  the
biomedical  field  (6,  15,  16)  since  they  are
responsive  to  an external  magnetic  field  so  that
they  can  be  directed  to  specific  locations.  Fe3O4

nanoparticles  can  both  agglomerate  due to  their
high magnetic interaction and large surface area,
and  they  can  easily  be  oxidized  in  a  biological
environment.  These drawbacks can  be overcome
by  coating  the  magnetite  surface  with  another
biocompatible material.  The coating of magnetite
will  also  allow drug  binding  via  trapping  on  the
particles, adsorption, or covalent binding (15, 17,
18). Sun et al (19) efficiently synthesized glucose
and gluconic acid coated magnetite nanoparticles
via  a  simple  and  facile  hydrothermal  reduction
route  of  Fe(III)  precursor  with  sucrose
decomposition products. In our laboratories (20),
we  have  also  synthesized  gluconic  acid  coated
magnetite  nanoparticles  with  the  hydrothermal
reduction route of Fe(III)  proposed by Sun et al
(19).  In  addition,  these  gluconic  acid-coated
magnetite  nanoparticles  were  made  suitable  for
carrying doxorubicin drug via carboxymethylation
and hydrazination processes. (Experimental details
of this study is discussed elsewhere (20).) 

In  this  study,  we present  computational  findings
related to the  interaction of  gluconate  molecules
with  Fe3O4 nanoparticles  as  well  as
carboxymethylation and hydrazination mechanisms
of  gluconate  bound  to  iron  oxide  surface.  In
particular,  we  investigated  the  interaction  of  a
gluconate  molecule  with  a  model  Fe6O8 surface
employing the DFT-B3LYP method and we try  to
determine binding characteristics of gluconate on
the  magnetite  surface.  In  addition,  we
computationally determine the carboxymethylation
and hydrazination mechanisms, which makes the
nanoparticles  ready  for  drug  binding,  of  the
gluconate molecule bound to a modeled magnetite
surface. 

COMPUTATIONAL METHODOLOGY

This  study  consists  of  two  main  parts:  a)  the
interaction sites of  (binding type) gluconate with
modeled  magnetite  surface;  b)  the
carboxymethylation  and  hydrazination  reaction
mechanisms of modeled gluconate molecule bound
to  magnetite  surface.  Therefore,  different
computational  methodologies  were  employed  for
these parts. In the gluconate-magnetite interaction
part, it is needed to create a magnetite surface to
model the interaction of gluconate molecules with
the magnetite surface. The Cartesian coordinates
of the magnetite unit cell with the reverse spinel

crystal  structure, which will  be the basis for this
magnetic  surface,  were  obtained  from  the
American Mineralogist Crystal Structure Database,
where  crystallographic  data  obtained  from X-ray
spectroscopy are included (21). Then, we prepared
a  Fe6O8 model-magnetite-surface  from  the
Cartesian coordinates  of  the  magnetite  unit  cell.
The  reason  for  the  selection  of  this  small  size
surface is to make its  calculation affordable with
rather  accurate  but  computationally  demanding
DFT-B3LYP method that enables us to obtain more
plausible binding characteristics. LanL2DZ basis set
is employed for both gluconate molecule and the
Fe6O8 surface. Since magnetite nanoparticles are in
solid phase,  the  model  Fe6O8 surface was frozen
throughout the optimization. 

The  B3LYP  method  was  also  employed  in  the
second  part  of  the  study  containing  the
carboxymethylation  and  hydrazination  reaction
mechanisms  of  the  modeled  gluconate  molecule
bound to magnetite surface. Since the gluconate
coated  iron  oxide  nanoparticle  systems  is
enormously  large  for  a  quantum  chemical
calculation  like  DFT  methods,  the  carboxylate
anion moiety of gluconate molecule, which binds to
positively  charged  iron  atoms  of  the  magnetite
surface, were frozen during the DFT calculations.
Such  modeling  does  not  involve  the  secondary
effects of the iron surface, but it allows the DFT
method to be used on the system. All DFT-B3LYP
calculations, in all of which the 6-31+G(d,p) basis
set  was  utilized,  were  performed  using  the
Gaussian 09 program suite. All stationary points on
electronic  potential  energy  surfaces  of  the
mechanisms  found  by  optimizations  were
characterized  by  the  harmonic  vibrational
frequency calculations.  In addition,  the transition
state (TS) structures were verified by the internal
reaction  coordinate  (IRC)  analysis  that  identifies
the  correctness  of  TS  structure  by  following  the
paths down to both desired reactant and product in
the  forward  and  backward  directions  of  the
imaginary  TS  mode.  The  activation  energies  of
both  mechanisms  were  determined  after
verification of the TSs by IRC profiles.   

RESULTS AND DISCUSSION

The  Interaction  of  Gluconate  with  The
Modeled Magnetite Surface
In  this  section,  we  aimed  to  reveal  the  binding
characteristics of gluconate molecules to magnetite
surface.  There  are  discussions  about  binding
characteristics  of  organic  acids,  especially  amino
acids, onto magnetite surface in a large number of
studies(18,  22-28).  The  common  binding  site  of
organic acid onto magnetite surface referred in all
these studies is from the either –COOH or –COO-
moiety depending on the pH of the medium. There
are  three  most  probable  binding  structures  of  –

170



Öztürk I, Şanlıer Ş, Kınal A. JOTCSA. 2020; 7(1): 169-178. RESEARCH ARTICLE

COO- in basic medium onto magnetite surface: a)
monodentate (MB) binding b) bidentate chelating

(BC)  binding  c)  bidentate  bridging  (BB)  binding
(Scheme 1)(27). 
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Scheme 1. Three most probable binding structure of –COO- onto magnetite surface.

Although  there  are  other  methods  for  binding
structure  determination  such  as  zeta  potential
measurements, Raman spectroscopy etc. (26), the
most important and widely used binding structure
determination  method  is  the  vibrational
spectroscopy  (IR).  Free  (unbound)  carboxylate
groups  show  a  symmetric  stretch  vibration  at
around  1400  cm-1 and  an  asymmetric  stretch
vibration at  around 1600 cm-1(24).  There is  200
cm-1 difference  between  symmetric  and
asymmetric vibrations, Δν, in the unbound state.
For –COO- bound to magnetite surface, if Δν is in

between  300-400  cm-1 then  the  binding  is
monodentate (MB), if it is approximately equal to
200  cm-1 (150-250  cm-1)  then  the  binding  is
bridged  (BB)  and  finally  if  it  this  difference  is
considerably less than 200 cm-1 then it is bidentate
chelating (BC) binding (24, 26). Although there are
some discrepancies in binding structures of –COO-
containing  molecules  such  as  carboxylic  acids,
amino  acids,  etc.,  the  proposed  binding  type  is
either  bidentate  bridged  (BB)  or  bidentate
chelating (BC) type. 

Figure 1. The optimized structure of gluconate bonded to model magnetite surface (Fe6O8) calculated at
DFT-B3LYP/LanL2DZ level.

Figure  1  shows  the  optimized  structure  of
gluconate  bonded  to  model  magnetite  surface
(Fe6O8)  calculated  at  DFT-B3LYP/LanL2DZ  level.
The  IR  spectrum  of  glucose/gluconate  coated
magnetite nanoparticles (a) and the computed IR
spectrum  of  the  gluconate  bonded  to  model

magnetite surface (Fe6O8) (b) are given in Figure
2.  The gluconate  coated magnetite  nanoparticles
synthesized by our group demonstrate IR peaks at
1350  cm-1 and  1600  cm-1 for  symmetric  and
asymmetric  stretch  vibrations,  respectively,
implying that the binding type should be bridged
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one (BB) since the difference is slightly higher than
200  cm-1.  In  addition  to  that,  the  DFT-B3LYP
calculations  on  bridged  bonded  gluconate  on
modeled magnetite surface revealed IR peaks at
1350  cm-1 and  1521  cm-1 for  symmetric  and
asymmetric  stretch  vibrations,  respectively,

confirming  the  experimental  findings.
Consequently,  the  gluconate  is  most  probably
bonded to the magnetite surface through bidentate
bridged binding as indicated both experimental and
theoretical findings.

Figure 2. (a) the IR spectrum of glucose/gluconate coated magnetite nanoparticles and (b) the
computed IR spectrum of the gluconate bonded to model magnetite surface (Fe6O8).

The  Carboxymethylation  Mechanism  of  The
Gluconate  Bound  To  Modeled  Magnetite
Surface
The experimental carboxymethylation procedure of
gluconate coated magnetite nanoparticles occurs in
a  highly  basic  medium  at  elevated  temperature
(about 70 ºC) (20). Therefore, the base form of

chloroacetic acid were used in the calculations. The
mechanism proposed  for  the  carboxymethylation
reaction  of  gluconate  coated  iron  oxide
nanoparticle  model  and  its  energetics  aqueous
medium calculated at B3LYP/6-31+G(d,p) level are
given in Figures 3 and 4, respectively.
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Figure 3. Mechanism of carbonyl group attached on gluconate bonded to magnetite surface.

The reaction between gluconate and chloroacetate
occurring  in  the  aqueous  medium is  well-known
single-step nucleophilic substitution reaction (SN2).
As seen from Figure 4, the nucleophilic O1 atom,
which  has  a  Mulliken  charge  of  -0.927e,  the
gluconate of molecule attacks the primer C1 atom
(-0.377e,  aliphatic sp3 carbon  center)  of  the
chloroacetic acid. In the TS structure formed, while
these  atoms  come  close  to  each  other  (the
distance between O1 and C1 is 2.319 Å), chlorine
atom leaves the  molecule  as  a chloride  ion (the
distance between C1 and Cl1 is 2.156 Å). Hence,

the  carboxymethylated  gluconate  (product1)  is
obtained. Experimentally, this reaction takes place
relatively  quickly  (2-6  hours)  under  moderate
conditions  (at  70  ºC and atmospheric  pressure).
The DFT method predicts the activation energy of
the reaction to be 12.3 kcal/mol and the reaction
enthalpy to be –42.8 kcal/mol. The low activation
barrier and the exothermic nature of the reaction
can  be  attributed  to  the  fact  that  the
carboxymethylation  reaction  is  relatively  easy
under moderate conditions.

Figure 4. Energy profile (in kcal/mol) of carboxymethylation mechanism in water. Some important
Mulliken partial charges on atoms are also given (RC: reactants; P1: product2; CP1: Cleaved part from

TS). 
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The Hydrazination Mechanism of The Modeled
Carboxymethylated  Gluconate  Bound  To
Magnetite Surface 
The  hydrazination  reaction  starts  when  P1  (the
carboxymethylated gluconate) is reacted with EDC
[1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide]
and  hydrazine,  consecutively.  According  to  the
literature (29), this reaction occurs in two steps.

Figure 5 shows the reagents,  intermediates,  and
products involving in this reaction. In the first step
of the mechanism, P1 was interacted with EDC to
form  the  intermediate  (o-acyl  isourea).  In  the
second  step  where  a  Wolff-Kishner’s  reduction
actually takes place (30), this intermediate reacts
with hydrazine molecule to form the product2. 
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Figure 6. Hydrazination mechanism occurring in two steps (RC: reactants; INT: intermediate; P2:
product2; CP2: Cleaved part from TS2). 

The  reactant,  TS,  intermediate  and  product
geometries involved in the hydrazination reaction
mechanism,  activation  barriers  and  reaction
enthalpies  calculated  at  B3LYP/6-31+G(d,p)  level
are given in Figure 6.  Activation barriers of first
and  second  steps  of  the  hydrazination  reaction
with respect to the reactant molecules are found to
be 7.1 kcal/mol and 2.4 kcal/mol in water (9.5 kcal
and 0.63 kcal in the gas phase), respectively. In a˗
multistep  mechanism,  the  step  with  the  highest
energy  TS  is  called  the  rate-determining  step.
Accordingly, the activation energy of the first step
is  greater  than  that  of  the  second step,  so  the

overall reaction activation barrier predicted by the
DFT method is  the  barrier  of  the  first  step (7.1
kcal/mol). In addition, the DFT method predicted
that both the first step and the second step of the
reaction is highly exothermic. Low barrier and high
exothermicity indicate that this reaction can occur
rather  easily  without  the  need  for  heat.
Experimentally, this reaction takes place relatively
quickly (4 hours) under ordinary conditions (at 25
°C and atmospheric pressure). Consequently, the
results  of  the  calculations  completely  agree  with
the experimental findings. 
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Figure 7. Optimized geometries and important Mulliken partial charges of the species involved in the first
and second steps of hydrazination mechanism. 

In the first step, the H atom (0.424e) of carboxylic
acid moiety of P1 transfers onto the N (-0.393e)
atom of  carbondiimide part  of  the EDC molecule
while the C atom (0.441e) of carbondiimide part of
the  EDC  molecule  interacts  with  the  O  atom (-
0.416e) of carboxylic acid moiety of P1 to form the
o-acyl iso urea intermediate (Figure 7). This step is
an exothermic one with a reaction enthalpy of 6.5˗
kcal/mol  in  water  ( 11.3  kcal/mol  in  the  gas˗
phase). 

In  the  second  step,  the  N  atom  (-0.069e)  of
hydrazine  molecule  attacks  the  C  atom  of  the
carbonyl group of the o-acyl iso urea intermediate
(INT),  then  an  instant  zwitterionic  intermediate
formation  occurs  and  this  attack  ends  with  the
removal of the iso-urea derivative. Meanwhile, one
proton  (0.446e)  coming  from  hydrazine  is
transferred to the N atom (-0.369e) of the iso-urea
derivative.   This reaction is  known as the Wolff-
Kishner reduction (30).  The second step is also an
exothermic step with a reaction enthalpy of -29.1
kcal/mol  in water  and -24.9 kcal/mol  in the gas
phase. As a result of these two exothermic steps,
the P1 is converted into P2 via carboxylic acid to
an  amide  (hydrazine  addition).   Since  the  DFT
calculations predict the overall reaction enthalpy of
hydrazination reaction as -35.6 kcal/mol in water
and -36.2  kcal/mol  in  the  gas  phase,  it  can  be
concluded that this reaction occurs spontaneously
at room temperature.

CONCLUSION

In  this  article,  we  first  determined  the  binding
properties of  a  gluconate molecule  to  the model
magnetite  surface.  We  then  investigated  the
carboxymethylation and hydrazination mechanisms

of  gluconate  bound  to  the  magnetite  surface
employing  the  DFT-B3LYP  method.  When  the
computationally  determined  IR  spectra  of  the
gluconate  molecule  interacting  with  the  model
Fe6O8 surface are investigated, the bonding type
is found to be the bidentate bridging binding. This
is also confirmed with the experimental IR spectra
obtained  from  the  gluconated  iron  oxide
nanoparticles.  For  the  carboxymethylation
reaction, the calculation results are revealed that
the reaction between gluconate and chloroacetate
has  one  step  mechanism passing  through a  low
activation  barrier  and  that  the  reaction  is
exothermic.  Therefore,  the  carboxymethylation
reaction  can  be  said  to  be  relatively  easy  to
perform under moderate conditions. On the other
hand, the hydrazination reaction is found to be a
two-step reaction.  The DFT calculations show the
activation energy barrier of the former step being
higher than that of the latter step, leading to the
fact that the rate determining step is the first step.
They  also  reveal  that  the  hydrazination  reaction
can  be  carried  out  spontaneously  at  room
temperature due to both steps being considerably
exothermic. This finding is also confirmed by the
experimental data. 
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Abstract:  The Norepinephrine transporter (NET) is a Na+/Cl- coupled neurotransmitter transporter
responsible  for  reuptake  of  released  norepinephrine  (NE)  into  neural  terminals  in  the  brain,  an
important therapeutic agent used in the treatment of psychiatric disorders. A quantitative structural
activity  relationship  (QSAR)  investigation  was  carried  out  on  50  Molecules  of  NET  Inhibitors  to
investigate  their  inhibitory  potencies  against  norepinephrine  transporter  as  novel  agents  for  anti-
psychotic disorders. The molecules were optimized by employing Density functional theory (DFT) with
basis set of B3LYP/6-31G*. The genetic function Algorithm (GFA) approach was used to generate a
highly predictive and statistically significant model with good correlation coefficient R2  

Train = 0.952,
Cross validated coefficient Q2

cv = 0.870 and adjusted squared correlation coefficient R2
adj = 0.898. The

predictability and accuracy of the developed model was evaluated through external validation using
test  set  molecules,  Y-randomization and applicability  domain techniques.  The results  of  Molecular
docking simulation by using two neurotransmitter transporters PDB ID 2A65 (resolution = 1.65 Å )
and PDB ID 4M48 (resolution = 2.955 Å) showed that two of the ligands (compound numbers 12 and
44) having higher binding affinity were observed to inhibit the targets by forming hydrogen bonds and
hydrophobic interactions with amino acids of the two receptors respectively. The results of this study
are  envisaged  to  provide  very  important  new  insights  into  the  molecular  basis  and  structural
requirements that would help in designing more potent and more specific therapeutic anti-psychotic
agents. 
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INTRODUCTION

Mental disorder or psychotic disorder is a clinical
syndrome  in  which  some  loss  of  contact  with
reality has occurred and it is generally applied to
persons whose mental functioning is sufficiently
impaired to interfere with their capacity to meet
the  ordinary  demand  of  life  (1).  Psychotic
disorders are common to all countries and cause
immense  human  suffering,  social  exclusion,
disability,  poor  quality  of  life,  staggering
economic and social  costs.  It  is  estimated that
one  in  every  four  people  have  a  mental
disorder(1).  The  combined  costs  of  mental
disorder,  including  loss  of  productivity,  loss  of
earning  due  to  illness  and  social  costs,  are
estimated  to  total  at  least  USD  113  billion
annually  (2).  The  major  depressive  disorders
(MDDs)  had  been  estimated  as  the  second
largest global burden among all diseases by 2030
which  makes  the  discovery  of  novel  and
e cacious anti-psychotic drugs very urgent  fficacious anti-psychotic drugs very urgent (3).
Persons  with  psychotic  disorder  are  at  risk  for
complications  and  derivatives’  effects  of
psychosis  such  as  suicide  attempts,  substance
abuse, homelessness, victimization by others and
committing act of violence (4).

Norepinephrine  (NE)  is  a  neurotransmitter,  a
crucial  neurochemical  messenger  employed  in
central noradrenergic and peripheral sympathetic
synapses (5) responsible for reuptake of released
norepinephrine (NE) into nerve terminals in the
brain.  Dysregulation  of  this  neurotransmitter  is
associated  with  many  debilitating  psychotic
disorders and mental illnesses  (6). Inhibition of
the norepinephrine transporter by NET inhibitors
has  emerged as  important  drug  targets  with  a
multitude  of  therapeutic  potentials  for  the
treatment  of  psychiatric  disorders  and  mental
diseases (7). 

Quantitative  structure-activity  relationship
(QSAR)  analysis  is  a  useful  technique  to  find
correlations  between  biological  activities  and
molecular  descriptors  of  different  classes  of
compound  (8). QSAR plays a significant role in
novel drug discovery, and it finds application in
predicting  the  activity  of  novel  compounds  by
mathematical  expression  which  figure  out  the
relationships  between  a  chemical  structure  to
their biological activity and a QSAR models give
information that  is  very  useful  for  drug  design
and medicinal chemistry.

In  recent  time,  computer  assisted  drug  design
base  on QSAR has  been  of  great  important  to
develop novel  medications for the treatment of
different ailments (9). 

The aim of this study is to build up a QSAR model
to  explore  the  inhibitory  potency  of  some NET
inhibitors  and  likewise  to  elucidate  the
interactions  between  the  inhibitor  compounds,
and the receptor sites. 

MATERIALS AND METHODS

Dataset  collection  and  Geometry
optimization
A  dataset  of  fifty  (50)  compounds  of
norepinephrine transporter (NET) inhibitors were
sourced from CHEMBL Database. 

Optimization  is  the  process  of  finding  the
equilibrium  or  concept  energy  geometry  of
molecules.  Chemdraw  software  Ultra-version
12.0 was used to draw the chemical structures of
the compounds and subsequently imported into
Spartan  14  software  (10) to  optimize  the
molecular  geometry  at  the  Density  Functional
Theory (DFT) using the B3LYP at 6-31G* basis set
(11) to  generate  quantum  chemical  and
molecular descriptors. 

Division of Dataset 
The  dataset  of  the  studied  compounds  was
partitioned into a training set and a test set by
using  Kennard  stone  algorithm  (12) “Dataset
Division GUI 1.2” software. The training set was
used to develop the QSAR model, while the test
set  was  employed  to  validate  the  developed
model.
 
Model Building
A  statistical  analysis  by  genetic  function
approximation (GFA) techniques in  the  Material
studio software 8.0 version was used to build the
QSAR models. GFA has a distinctive attribute to
generate a population of model equations rather
than a singular  model  as  most  other  statistical
methods  do.  It  also  selects  the  basic  function
genetically,  generate  better  models  than  those
made using stepwise regression techniques. The
range of variations in this population gives added
information on the quality of fit and importance
of the descriptors  (13). The Friedman’s Lack of
Fit (LOF) was employed to evaluate the quality of
the model as a method that measures fitness of a
model.  LOF  is  estimated  by  this  mathematical
expression;
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LOF=
SEE

(1−(C+d×p)/M )
2

 (1)

Where c is the number of basic functions, d is the
smoothing  parameter,  M  is  the  number  of
samples in the training set,  SSE is  the sum of
square  error  and  p  is  the  sum  number  of
descriptors contained in the model.

Molecular descriptors calculation
Molecular descriptors are arithmetical values that
describe properties of molecules obtained from a
well-defined  algorithm  or  experimental
procedure.  The  OD,  ID,  2D  and  3D  molecular
descriptors  were  calculated  using  paDel-
Descriptor software 2.20 version (14) in addition
to  quantum  chemical  descriptors  generated  by
the Spartan 14 software.

Data pre-treatment
Data pre-treatment for the generated molecular
descriptors after normalization was done by using
“Data pretreatment GUI 1.2” software that uses
V-WSP  algorithm  (15) to  remove  noise  and
redundant  data.  This  helps  to  overcome
productivity  and  generalization  failure  of  the
model  due  to  constant  value  and  highly
correlated descriptors in forming QSAR models. 

Data  normalization  and  Descriptors
Transformation
Molecular descriptors values were normalized by
employing " normalized data 1.0 version software
" to give each variable the same opportunity and
make  the  relationship  between  descriptors
considerably  less  demanding.  The  molecular
descriptors of the training set were transformed
through  normalization  (16) using  the
mathematical equation below:

xn=
X−Xmax
Xmax−Xmin  (2)

Where Xn
 is the normalized descriptor, Xmax is the

maximum value in a descriptor column and Xmin is
the minimum value in the column of the training
dataset.

Assessing Quality Assurance of the Model
Statistical  parameters  of  the  model  were
reviewed and evaluated to ascertained its fitting
ability, reliability, predictive ability, stability and
robustness of the model generated. The quality
assurance of a developed model is guaranteed if

the following parameters are satisfied; R2
pred>0.5,

Q2>0.6, 𝑃 (95%) <0.05, high value of F-test, low
values of R2

random and Q2
random.

Validation of the Model
Leave-one-out  cross  validation  technique  was
employed to determine the predictive  power of
the  model.  This  was  evaluated  by  using  this
mathematical expression:

Qcv
2
=1−[ ∑ (Y pred−Y exp)

2

∑ (Y exp− ¯Y training) ] (3)

Where  Ypred,  Yexp and  training  symbolized  the

experimental, the predicted and mean values of
experimental activity of training set compounds.

Also, the square of the correlation coefficient for
the test set (R2

test) was evaluate for the predictive
capacity of the developed model as part of the
external  validation  technique.  The  closer  the
value of R2

test value to 1.0 the better the model.
The R2

test is evaluated by using this mathematical
equation:

Rtest
2

=1−
∑ (Y pred−Y test)

2

∑ (Y pred−Y training)
2

 (4)

Where  Ypred and  Ytest are  the  predicted  and
experimental  activity  values  of  the  test  set

compounds. training is the mean (average) activity

value of the training set. 

Y – Randomization test
Y  –  randomization  is  an  important  external
validation  technique  to  ascertained  that  a
developed QSAR model is strong and reliable and
is  not  inferred by luck.  Y-randomization test  is
performed  on  the  training  dataset.  The  low
values  of  R2 and  Q2 is  an  indication  that  the
model is very robust and highly reliable, and the
CR2

P value of the model must be greater than 0.5
to pass the Y-randomization test. The CR2

P value is
calculated by using this mathematical formula:

cR p
2
=R×[R2−(Rr)

2
]
2

 (5)

Where 
CR2

P  =  coefficient  of  determination  for  Y-
Randomization
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R= Coefficient of correlation for Y-Randomization
Rr =  Average “R” of random models.

Degree  of  contribution  of  selected
descriptors
The level of contribution of each descriptor in the
model  is  determined  by  calculating  its
standardized regression coefficients  bj using this
mathematical equation:

b j=
s jb j
SY

=J=1 , .....d
(6)

Where  bj is  the  regression  coefficient  of
descriptor j. Sj and Sy are the standard deviations
for each descriptor and activity respectively.

The  descriptor  of  higher  absolute  standardized
coefficient  implies  a  greater  importance  to  the
rest of molecular descriptors.  

Multi-co-linearity evaluation
Multi-co-linearity  estimation  among  descriptors
selected  by  GFA  analysis  is  evaluated  using
variance  inflation  factor  (VIF)  by  the
mathematical expression below:

VIF i=
1

1−Rij
2

 (7)

Where  R2
ij  is  the  correlation  coefficient  of  the

multiple regression between the descriptor i and
the  rest  j  descriptors  in  the  developed  model
(17). 

Assessment  of  the  applicability  domain  of
the model
Evaluation of the applicability domain of a model
is a significant step to confirm that the developed
model  is  capable  to  make  a  reliable  prediction
within  the  chemical  space  for  which  it  was
developed  (16).  To  describe  the  applicability
domain  of  the  QSAR  model,  the  leverage
approach was employed.

Leverage of a given dataset hi, is defined by this
mathematical expression:

H i=xi(X
T X )

−1X i
T

 (8)

Where  the  descriptor  row  is  vector  of  the

considered compound i, hi is the n x k descriptor

matrix  of  the  training  set  compound  used  to
generate the model.

The warning leverage (h*) is the limit of normal
values  of  x  outliers  and  is  expressed
mathematically as: 

h*=
3( p+1)
n  (9)

Where n = number of training compounds and P
is the number of predictor variables (descriptors)
in the model.
If the leverages hi < h* for the test compounds, it
considered  to  be  reliably  predicted  by  the
developed model.
The  relevance  area  of  the  model  in  terms  of
chemical  space  is  visualized  by  the  plot  of
standardized  residuals  against  leverage  values
(Williams plot).

MOLECULAR DOCKING SIMULATION

The molecular  interactions  studies  were  carried
out on a Dell  computer system, with processor
properties  of  Intel  ®  Core  i5-6100U  CPU
Dual@2.30GHz,  12  GB  (RAM)  between  the
ligands  and  two  neurotransmitter  transporters
(targets);  the Crystal  structure  of  LEUTAA,  a
bacterial  homolog  of  Na+/Cl--dependent
neurotransmitter  transporters  and  X-ray
structure  of  dopamine  transporter  elucidates
antidepressant mechanism as to elucidate which
of the NET inhibitors will  have the best binding
affinity  against  any  of  these  two  receptors,
because the current structural findings of human
monoamine  neurotransmitters  transporters
(MATs)  is  based  on  X-ray  crystal  structures  of
bacterial and invertebrate homologs (18). 

Making of Ligand and Target 
All the compounds were optimized using Spartan
software  initially  saved  as  SDF  files  and  were
appropriately  later  saved as  Protein  Data  Bank
(PDB)  files.  Subsequently,  crystal  structure  of
LEUTAA,  a  bacterial  homolog  of  Na+/Cl--
dependent neurotransmitter transporters and X-
ray structure of dopamine transporter elucidates
antidepressant  mechanism  (targets)  were
downloaded from Protein Data Bank website with
PDB  codes  2A65  and  4M48  respectively.  Fig.1
below  displays  the  prepared  structure  of  the
receptors.
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(a)  PDB Code 2A65 (1.65Å) (b) PDB Code 4M48 ( 2.99 Å)

Figure 1: Prepared structures of the targets.

Docking process
The  docking  of  the  prepared  ligands  with  the
receptors 2A65 and 4M48 were conducted using
the AutoDock Vina version 4.0 of Pyrex software.
Hence,  Discovery  Studio  software  was  used  in
visualizing  the  molecular  interactions  of  the
stable complex.

RESULTS AND DISCUSSIONS

QSAR  study  was  explored  to  investigate  the
structure–activity  relationship  of  50  compounds
with  distinguishing  organic  fragments  acting  as
norepinephrine transporter (NET) inhibitors. The
nature of models in a QSAR study is expressed
by its fitting the data points through regression
and making predictions of isolated dataset.

QSAR on pKi of norepinephrine transporter
(NET) inhibitors
A data set of 50 compounds was divided into a
training set of 36 compounds used in developing
the model and a test set of 14 compounds was
used  to  evaluate  the  predictive  ability  of  the
QSAR model for the inhibition of norepinephrine
transporter.  The  predicted  and  experimental
activities  alongside  with  their  residual  values
were presented in Supplementary Table S1. The

low  residual  values  resulted  from  the
experimental  and predicted activities  is  a  good
indication  that  the  developed  model  has  good
predictability.

The  descriptive  statistics  parameters  for  the
training  set  and  test  set  activities  value  were
reported in Table 2. Comparison the  descriptive
statistics  parameters  between training  and  test
set  in  Table  2,  the  values  for  the  training  set
were approximately equal to that of test set. This
shows that the test set is interpolative within the
training  set,  and  the  similarity  in  the  activity
distribution of training set and test set. This is a
good  quality  assurance  that  Kennard  Stone’s
algorithm used in this research generates a test
set that is a true reflection of the training set.

The genetic  algorithm-multiple  linear  regression
(GA-MLR) examination prompted the choice of 6
descriptors,  which  were  eventually  used  to
amassed a linear regression model for calculating
pKi of norepinephrine transporter inhibitors within
the chemical space of the model. The model with
statistical  significance  was  selected  and
represented by equation (10) below:
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                                                                  …………………….. (10)
Ntrain= 36, R2

train= 0.9156, R2
adjusted= 0.8982, Q2

LOO= 0.8755, Outliers > 3.0 =0 Ntest= 14, R2
test=

0.5832

N is the total number of the datasets, R2 is the
squared  correlation  coefficient,  Q2

LOO is  the
squared  cross-validation  coefficients  for  leave
one out.  In  the  model,  the number of  ratio  of
training  set  data  to  the  ratio  number  of
descriptors  present  in  the  model  was 6 and in
agreement  with  Topliss  ratio  (19).  This  implies
that  the  developed  model  obeyed  the  QSAR
semi-empirical rule of thumb (20). The name and
the symbol of the descriptors, the standardized
regression  coefficients  (degree  of  contribution)
and  percentage  contribution  of  the  descriptors
were reported in Table 5. The combined presence
of 2D and 3D descriptors in the developed model
is an evidence that these types of descriptors are
able to characterize good antipsychotic activity of
the  compounds.  The  sign,  magnitude  and

percentage contribution of each descriptor is not
only  to give critical information on the direction
of influence of the descriptor but also pinpoint the
strength  of  contribution  to  the  activity  of  the
compound.

The model  generated was subjected to internal
and external validations. The outcome of internal
and  external  validations  of  the  model  is  in
conformity to Occam's razor rule. The generally
acceptable QSAR Model Validation Tools and the
validated  parameters  of  the  model  were
presented  in  Table  1.  The  values  of  validation
parameters of the model were in agreement with
generally acceptable QSAR Model Validation Tools
reported in Table 1. This confirmed the reliability,
stability and robustness of the developed model.

Table 1: Accepted QSAR Model Validation Tools (21).
Validatio
n Tools

Interpretation Acceptable
Value

Developed
model
Value

Remarks

R2 Co-efficient of determination ≥0.6 0.911 pass

 P(95%)  Confidence interval at 95% confidence level <0.05 2.446 pass

Q2cv  Cross-Validation Co-efficient >0.5 0.870 pass

R2-Q2cv Difference between R2 and Q ≤0.3 0.04 pass

N Ext testset Minimum number of external and test sets ≥5 14 pass

R2 Testset Co-efficient of determination of external and
test set

≥0.5 0.5850 pass

cR2
p Coefficient  of  determination  for  𝑌-

randomization 
>0.5 0.840 pass

R2
adj Adjusted R-squared >0.6 0.893 Pass

VIF Variance Inflation Factor <10 1.4-4.4 Pass

t-test t-Statistic value >2 5-9 Pass

The  Pearson’s  correlation  matrix  and  other
statistical  tools  employed  for  validation  of  the
model were reported in Table 3. The low value in
correlation  coefficients  between  each  pair  of
descriptors (<7.0) is a clear indication that there
was  no  significant  multi-collinearity  among  the
descriptors in the developed model. The Variance

Inflation Factor (VIF) values reported in Table 3
were less than 10 and the t-statistics values were
greater than 2 for all  the descriptors. This is a
quality assurance that the developed model was
statistically  significant,  and  the  descriptors
contributed  appreciably  to  the  model  at  95%
level (21) and they were orthogonal.
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Table 2: Descriptive statistical analysis of NET inhibitor compounds
Descriptive
values

Training
dataset 

Test
dataset

 
Dataset Number    36      14
 
Standard Error  0.185      0.296

Median    7.054       7.497
Standard
Deviation    1.108

               1.
106

Sample Variance    1.227 1.223

Kurtosis  -0.632 2.677

Skewness   0.229 -1.264

Range   4.439 4.436

Minimum   5.084 4.500

Maximum   9.523 8.936

Mean 6.940 7.394      

Table 3: Pearson’s correlation matrix and model quality assurance

       VIF
t-
statistics p value

 ALogP AATS7i ATSC3p IC2 GGI10 RDF75u  

ALogP 1 1.5021 7.5604      2.47E08

AATS7i -0.3321 1 1.4789 7.4649 3.16E-08

ATSC3p -0.2592 -0.2991 1 1.4376 9.4970 2.1E-10

IC2 -0.2742 0.0487 0.0765 1 1.4177 5.8502 2.4E-06

GGI10 -0.2382 0.0921 -0.1711 0.5005 1 4.5022 -9.5663 1.79E-10

RDF75u -0.2940 0.2215 -0.1337 0.4759 0.6377 1 4.3800 6.7912 1.87E-07
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Table 4: Y-randomization table for QSAR Analysis 

Model R R^2 Q^2

Original 0.9545 0.9111 0.8702

Random 1 0.4197 0.1762 -0.2759

Random 2 0.3402 0.1157 -0.4558

Random 3 0.3943 0.1555 -0.3333

Random 4 0.4690 0.2199 -0.2220

Random 5 0.4408 0.1943 -0.1861

Random 6 0.1560 0.0243 -0.6456

Random 7 0.3589 0.1288 -0.3166

Random 8 0.3237 0.1048 -0.3536

Random 9 0.3323 0.1104 -0.4357

Random 10 0.3646 0.1329 -0.3307

Random Models Parameters

Average r : 0.3599

Average r^2 : 0.1363

Average Q^2 : -0.3555

cRp^2 : 0.8439

Table 5: Names of the model descriptors and their respective degree of contribution

Descriptor Descriptor Name Type
Degree  of
contribution

percentage  of
contribution

ALogP Ghose-Crippen LogKow 2D 0.513 13.3

AATS7i

Average Broto-Moreau autocorrelation
- lag 7 / weighted by first ionization
potential 2D 0.500 13.0

ATSC3p

Centered  Broto-Moreau
autocorrelation - lag 3 / weighted by
polarizabilities 2D 0.631 16.4

IC2
Information  content  index
(neighborhood symmetry of 2-order) 2D 0.383 10.0

GGI10 Topological charge index of order 10 2D -1.061 27.6

RDF75u
Radial  distribution  function  -  075  /
unweighted 3D 0.756 19.7

The model generated was used to predict the test
set  data,  and  the  results  were  reported  in
Supplementary  Table  S1.  The  predicted  pKi
values for the training and test sets were plotted
against the experimental pKi values as shown in
Figure 3. Similarly, the plot of the standardized
residuals values  for  both  the  training  and  test

sets  against  the  leverage  values  of  the
descriptors in the model were shown in Fig. 4. As
can  be  seen  from  Supplementary  Table  S1,
Figure 3 and Figure 4, the calculated values for
the pKi   were in excellent agreement with those
of the test set, as a result of this, no any form of
error was displayed by the model.
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Figure 2: Plot of predicted pKi values against Experimental pKi values for Training.

Figure 3: Plot of predicted pKi values against Experimental pKi values for Training and Test sets.
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Figure 4: A Williams plot for the data set of pKi standardized residual against its descriptor space.

 
         (12a3D)                                                                                     (12a2D)
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(12m3D)                                                                                 12m2D

 
(38a3D)                                                               (38a2D)

 
 (38m3D)                                                                    (38m2D)
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(44a3D)                                                                       (44a2D)

 
(44m3D)                                               (44m2D)
Figure 5. (12a 2D&3D), (38a 2D&3D) and (44a 2D&3D) depict 2D and 3D interactions at the binding
site between receptor PDB code 2A65 with ligand 12, 38 and 44 while (12m 2D&3D), (38m 2D&3D)
and (44m 2D&3D) show 2D and 3D interactions at the binding site between receptor PDB code 4M48
with ligand 12, 38 and 44 respectively.

QSAR model validation
The  internal  coherence  of  the  training  set  was
established  by  using  leave-one-out  cross-
validation technique to ascertained the strength
and reliability of  the developed model,  because
the candid significance of a QSAR model is not
merely their ability to mimic known activities of
chemicals,  set  by  their  fitting  power  (R2),  but
above  all  is  their  prospective  for  guessing
biological activity accurately. The great value of
Q2

LOO for  pKi  of  NET  inhibitors  used  (0.8755)
speak well of a fully clad internal validation of the
model.

The  plot  of  experimental  pKi  values  against
predicted  pKi  values  for  training  set  was
presented  in  Figure  2.  The  displayed  of  linear

relationship was observed in the plot between the
experimental  and  predicted  activities  of  the
training set (R2 = 0.911). The fact that all these
results were in agreement with QSAR validation
tools presented in Table 1 is a confirmation of the
reliability,  robustness  and  stability  of  the
developed model (21).

The Fig. 4, depicts the Williams plot of the NET
dataset, in which the standardized residuals for
each  compound  in  the  dataset  were  plotted
against  their  leverage  values,  coming  about  to
acknowledgment  of  likely  outliers  and
outstanding chemicals in the models. 

The applicability domain is set up inside a defined
domain where all the data point were within the
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boundary  ±3  for  residuals  and  a  leverage
threshold h*(h* =  3p0 /  n)   where  p0 is  the
number  of  model  parameters  and  n  is  the
number  of  compounds)  (15).  Based  on  our
findings,  it  is  clear  that  every  one  of  the
compounds of the training set and test set for the
dataset  were  inside  the  domain  (square  area)
and  no  statistical  value  far  from  others
compounds (outlier)  with standardized residuals
> 3d  for the dataset exist. 

The percentage of contribution was calculated to
determine  the  relative  importance  and  the
contribution of every descriptor in the model. The
degree  of  contribution  of  each  descriptor  and
variance  inflation  factor  (VIF)  of  the  descriptor
were estimated to evaluate the percentage and
the significance of contribution of the descriptors
as reported in Table 3 and Table 5 respectively.
The  descriptor  GGI10  showed  highest
contribution value (27.6%) in the model with VIF
value of 4.502 as reported in the two tables, but
the contribution negatively affects the model as it
is  observed in  the  equation (10)  with  negative
regression coefficient.

The robustness and reliability of the model was
evaluated  through  Y-randomization  test  to
ascertain  whether  the  developed  model  is  by
chance  correlation  or  not.  After  few  repeated
trials  to compare the stemmed scores with the
scores of the original model with non-randomized
data,  the  new  QSAR  model  generated  was
observed  to  have  low  R2 and  Q2

 LOO values  as
reported in Table 4. The results of this test were
clearly in agreement with QSAR validation tools
presented in Table 1. This is an indication that
the  developed  model  is  robust,  good  and
dynamic. The fact that cR2

p value > 0.5, confirms
that the model possesses good quality assurance
and that the model is not only inferred by chance
but also very powerful.

Elucidation of Descriptors in NET pKi model
By  interpreting  the  molecular  descriptors
presented in the model (Table 5), it is possible to
increase  supportive  chemical  functional  groups,
fingerprints  and  pharmacophores  into  the
activities  of  the  NET  inhibitors.  Therefore,  a
sufficient  interpretation  of  the  QSAR  results  is
given below.

ALogP is a 2D type molecular descriptor, and the
first  in  our  QSAR model.  It  defined  as  Ghose-
Crippen  LogKow  or  Ghose-Crippen-Viswanathan
octanol-water  partition  coefficient.  (ALogP)  is

calculated from the AlogP model consisting of a
regression equation based on the hydrophobicity
contribution  of  115  atom  types(22)(23).  AlogP
estimates  are  provided  only  for  compounds
having atoms of types C, H, O, N, S, Se, P, B, Si,
and halogens.

 Each atom in  every  structure  is  classified into
one of the 115 atom types. Then, estimated logP
for any compound is given by:

AlogP=∑
i

niai

where n is the number of atom of type i and ai is
the  corresponding  hydrophobicity  constant.  The
list  of  the  atom  types  with  the  corresponding
hydrophobicity  contributions  is  given  under  the
list  of atom-centered fragments.  This  descriptor
tells us the higher the number of hetero atoms in
a  molecule,  the  higher  the  tendency  for  this
molecule  to  be  less  hydrophobic.  Since  the
percentage contribution of the descriptor in this
model is 13%, it indicates that more than 10% of
the bioactivity of a lead compound will improve
should  the  number  of  heteroatoms  present  be
increased.

AATS7i  and  ATSC3p  are  defined  as  Average
Broto-Moreau autocorrelation - lag 7 / weighted
by first ionization potential and Centered Broto-
Moreau  autocorrelation  -  lag  3  /  weighted  by
polarizabilities  respectively.  They  are  both  2D
autocorrelation  descriptors  and  their  respective
percentage contribution to the models are given
as 13 and 16.4% respectively in Table 2. The ATS
descriptor describes how a property is distributed
along  the  topological  structure.  It  is  a  spatial
autocorrelation on a molecular graph, which can
be used to improve the activity of the compounds
by  altering  the  ionization  potential  and
polarizability  of  the  compounds.  Since  these
molecular  descriptors  contributed  positively  to
the model the pKi values of the compounds can
be  improved  by  adding  fragments  to  the
compounds that can increase the polarity of the
compounds thereby creating the charge stability
of the ligands’ interaction with the binding sites.
GGI10 is a topological charge descriptor defined
as Topological charge index of order 10. GGI10
gave the highest contribution in the model, but
since its contribution negatively affect the model,
then the steady reduction in this descriptor value
can improve  the  Ki  values  of  the  dataset.  The
ability  of  topological  charge  indices  to  describe
molecular  charge  distribution  has  been
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established by correlating them with  the  dipole
moment of a heterogeneous set of hydrocarbons,
and  so  reducing  the  number  of  heterogeneous
hydrocarbons presently correlated with the dipole
moment of the molecule will lead to an increase
in the bioactivity of the compounds.

IC2 is defined in Table 2 as Information content
index (neighborhood symmetry of 2-order), it is a
2D type information content descriptor. It gave
the  least  contribution  to  the  model,  but  10%
contribution can be significant depending on the
nature  of  the  molecule.  The  IC2  molecular
descriptor  suggests  that  by  introducing  other
bonds at that carbon, the structural complexity of
the molecules will be increased and the Shannon
entropy  will  also  be  increased  thereby  easily
activating the interactions of  the molecule with
the binding site.

RDF75u is an RDF descriptor (Radial Distribution
Function descriptors), this descriptor is based on
the  distance  distribution  in  the  geometrical
representation of  a  molecule  and  constitute  a
radial distribution function code  (RDF code) that
shows certain characteristics in common with the
3D-MORSE code.  The radial distribution function
in this form meets all the requirements for a 3D
descriptor,  it  also  provides  further  valuable
information such as bond distances, ring types,
planar  and  non-planar  systems.  This  fact  is  a
most  valuable  consideration  for  a  computer-
assisted  code  elucidation(24).  The  positive
regression  coefficient  of  this  descriptor  in  the
model as contained equation (7) with the highest
value  of  degree  of  contribution  as  reported  in
Table  5  is  a  good  indication  of  its  influential
contribution  to  the  antipsychotic  activity  with
variation in the bond distance and ring types of
the studied compounds.

Docking results
The docking result of this study is presented in
terms of binding affinity (kcal/mol) as reported in
Supplementary  Table  S1.  All  the  ligands  were
docked into the active site of the receptors, the
Crystal structure of LEUTAA, a bacterial homolog
of  Na+/Cl--dependent  neurotransmitter
transporters  and  X-ray  structure  of  dopamine
transporter elucidates antidepressant mechanism
in order to evaluate their abilities to inhibit these
neurotransmitters. The current available findings
of  human   neurotransmitters  transporters  are
based on X-ray crystal structures of bacterial and
invertebrate  homologs which  includes  the
bacterial  amino  acid  transporters  LeuT  (PDB:

2A65)  and  the  Drosophila  melanogaster  (PDB:
4M48)  (18) as employed in this study. 

The binding affinity values of the two receptors
(PDB: 4M48 and PDB: 2A65) for all the studied
compounds  ranged  from  4.4  kcal/mol to  10.3
kcal/mol and  were  reported  in  Supplementary
Table S1. Ligands 8, 12,26, and 38 had higher
binding affinity with the receptor PDB 4M48 and
Ligands 9, 10,12,38 and 44 had higher binding
affinity with the receptor PDB 2A65 respectively.
The  Discovery  Studio  Visualizer  was  used  to
visualize and analyze the three ligands of higher
binding affinity that were found to display higher
binding affinity and common to the two receptors
as shown in Fig. 5. 

The binding affinity, hydrogen bond, hydrophobic
and electrostatic interactions of the three ligands
having  higher  binding  affinity  with  the  two
receptors were reported in Table 6. The number
12a,38a & 44a represent the interactions of the
Ligands (compound 12, 38 and 44 ) between the
receptor (PDB ID 2A65) while 12m, 38m & 44m
depict the interaction of the ligands (compound
12,  38 and 44)  between the receptor  (PDB ID
4M48) respectively.

All the three ligands (compound 12, 38 and 44)
with the higher binding affinity were observed to
inhibit  the  targets  by  forming  hydrogen  bonds
and hydrophobic interactions with amino acids of
the two receptors (PDB ID 2A65) and (PDB ID
4M48)  respectively  except  compound  38  that
could not form hydrogen bond with the receptor
(PDB ID 2A65) as reported in Table 6. This may
inform  the  higher  resolution  (2.99 Å)  of  the
receptor  (PDB ID 4M48)  compare  to  the  lower
resolution (1.65 Å) of the other receptor (PDB ID
2A65)  (https  ://www.  rcsb.org).  The  three
ligands  were  found  to  be  firmly  bonded  with
hydrogen bonds of the receptor (PDB ID 4M48)
pocket amino acids (SER31, ASP25, PRO514 and
TRP519). The higher number of hydrogen bonds
were observed in the two ligands (compound 12
and 44) with  the  target pockets of the receptor
(PDB ID 4M48) which might be connected to their
higher activity (compound 12 ,pKi = 7.383 and
compound 44, pKi = 5.607) contrast with to the
other ligand (compound 38, pKi =5.084) with the
lowest  activity  which  formed  just  a  single
hydrogen bond with  the  receptor.  This  infers  a
direct relationship  between  the  binding  affinity
and inhibitory activity of the studied compounds
proved from the number  of  hydrogen  bonds
formed  between  the  ligands  and  the  receptor.
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However,  high binding affinity is evident in the
ligand 38 and this might be because of its large
number of hydrophobic  interactions  and
electrostatic effect due to the presence of fluorine
atom, Pi- Cation, Pi- Sigma, Pi-Pi- stacked, Pi-Pi-
T-shaped,  Pi-Alkyl  with  amino  acid  residues
(ILE491,ILE410,  TRP406,TRP99,
PHE494,ARG487,LEU464.ALA464,ILE472). 

CONCLUSIONS

The  QSAR  investigation  was  successfully
performed  on  dataset  of  50  norepinephrine
transporter (NET) inhibitors, mined from CHEMBL
database. The result of the QSAR modelling was
reliable because it satisfied the OECD criteria set
for a model development. The combination of 2D
and  3D  descriptors  generate  a  good  model  to
predict  the  inhibitory  activity  of  the  studied
compounds.  The  internal  validation  reported  in
the work as Q2cv was estimated to 0.870, while
the  external  validation  reported  as  R2

Pred was
given to be 0.583. This is an excellent indication
of a good predictive ability of the model.

The  result  of  Applicability  Domain  (AD)  shows
that all  the studied compounds were within the
defined  domain.  Molecular  docking  study  were
carried  out  on  all  the  compounds  using  two
neurotransmitter  transporters  (receptors)  PDB
IDs 2A65 and 4M48 respectively.  Three ligands
(compound number 12,38 and 44) showed higher
binding affinity were found to best inhibit the two
receptors by forming strong hydrogen bonds and
hydrophobic interactions with amino acids of the
targets.  However,  higher  number  of  hydrogen
bonds were observed between the receptor (PDB
ID 4M48) and two ligands (compound 12 and 44)
out  of  the  three  ligands  with  higher  activity,
compound 12 (pKi = 7.387) and compound 44

(pKi= 5.607) compare to compound 38 with the
lowest  activity  (pKi=  5.084).  This  suggests  a
good correlation between the binding affinity and
inhibitory  activity  of  the  ligands  and  that  the
mechanisms  or  mode  of  action  of  the  ligands
could  be  a  direct  interaction  with  the  receptor
(PDB ID 4M48) of higher resolution value (2.99
Å). Therefore, the two ligands, compound 12, [1-
(2-(benzhydryloxy)ethyl)-3-(((3-
phenylpropyl)ammonio)methyl)piperidin-1-ium]
and  compound  44  [3-((bis(4-
fluorophenyl)methyl)ammonio)-8-(3-oxo-3-
(phenylamino)propyl)-8-azabicyclo[3.2.1]octan-
8-ium]  proved  to  be  the  most  promising  hit
compounds and the receptor PDB ID 4M48 (2.99
Å)  shows  to  be  a  better  receptor  for  this
investigation which could be linked to its higher
resolution value.

The  information  derived  from  the  QSAR
investigation  and  molecular  docking  analysis  of
this  study  could  find  a  robust  application  in
pharmaceutical  industries  to  design  novel  NET
inhibitors  with  more  potent  and  more  specific
therapeutic anti-psychotic agents. 
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Table 6. Molecular interactions between the three ligands of higher binding affinity and the two receptors.

Ligand  CHEMBL
ID

Ligand
Number

Binding
Affinity
(kcal/mol)

Hydrogen
bond Hydrophobic interactions

Electrostatics
Interactions

Amino acid Bond length (Å) Amino Acid Amino Acid

CHEMBL67078 12a -9.3 LYS398 2.15279
ILE111, ALA319, VAL154, LEU162, LEU400,
LEU25

12m -7.35 SER31 2.76717 PHE513,TYR32 TYR32

SER31 2.31044

CHEMBL197384 38a -10.3
ILE491,  ILE410,  TRP406,TRP99,
PHE494,ARG487,LEU464.ALA464,ILE472 PHE414

38m -7.5 ASP25 2.53334 TYR337, TYR59, ARG92 ASP25

CHEMBL200310 44a -9.9 GLN34 2.62533
ILE475,  TYR471,  ILE245,
LYS474,ARG30,ALA319 ASP404

44m -8.45 PRO514 2.15327 PHE513, VAL101

SER31 2.76554
TRP519 2.1523
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Supplementary Table S1: Molecule ID, Chemical Names, RMSD values (PDB: 4M48 and PDB: 2A65) with Predicted 
pKi, Experimental pKi and Binding Affinity values of the studied molecules

S/N CHEM

ID

NAME Experi

mental

pKi

Predi

cted

pKi

Residual Binding

Affinity

(kcal/mol)

PDB: 4M48

RMSD

(PDB:

4M48)

Binding

Affinity

(kcal/mol)

PDB: 2A65

RMSD

(PDB:

2A65)

1. CHEMB

L32540

(Z)-5-((Z)-2-(7a-

methyl-1-(6-

methylheptan-2-

yl)hexahydro-1H-

inden-4(2H)-

ylidene)ethylidene)-

6.000 6.072 -0.073 -7.2 ±1.889 -8.6 ±1.853

https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
mailto:olasabit@yahoo.com
https://orcid.org/0000-0003-1946-7404
mailto:adamuuzairu@yahoo.com
https://orcid.org/0000-0002-6973-6361
mailto:gashallangwa@gmail.com
http://orcid.org/0000-0001-8564-868X
mailto:saniuba10@yahoo.com
http://orcid.org/0000-0002-7750-8174


4-

methylenecyclohex

ane-1,3-diol
2. CHEMB

L781

5-(4-chlorophenyl)-

3,5-dihydro-2H-

imidazo[2,1-

a]isoindol-5-ol

8.899 7.945 0.954 -6.9 ±1.789 -7.2 ±1.966

3. CHEMB

L808

1-(2-((4-

chlorobenzyl)  oxy)-

2-(2,4-

dichlorophenyl)ethy

l)-1H-imidazole

5.617 5.817 -0.200 -6.15 ±1.204 -7.5 ±1.617

4. CHEMB

L822

(E)-N,6,6-

trimethyl-N-

(naphthalen-1-

ylmethyl)hept-2-

en-4-yn-1-amine

5.388 5.404 -0.016 -6.7 ±1.237 -8.0 ±0.146

5. CHEMB

L828

10H-phenothiazine 6.340 6.496 -0.156 -5.7 ±1.943 -7.1 ±0.504

6. CHEMB

L42553

methyl  3-(3,4-

dichlorophenyl)-8-

methyl-8-

azabicyclo[3.2.1]oc

tane-2-carboxylate

8.301 8.531 -0.230 -6.15 ±0.349 -6.9 ±1.851

7. CHEMB

L926

N-(3,4-

dihydroxyphenethyl

)-4-(4-

6.420 6.482 -0.062 -6.8 ±0.535 -6.5 ±0.575



hydroxyphenyl)buta

n-2-aminium
8. CHEMB

L48290

3

2-(3-(5-fluoro-1H-

indol-3-yl)propyl)-

6-methoxy-1,2,3,4-

tetrahydroisoquinoli

n-2-ium

5.775 6.095 0.010 -7.4 ±0.743 -8.0 ±0.835

9. CHEMB

L63703

4-((2-

(benzhydryloxy)eth

yl)ammonio)-1-

benzylpiperidin-1-

ium

6.745 6.735 0.447 -7.1 ±1.207 -9.2 ±1.072

10. CHEMB

L67024

1-(2-

(benzhydryloxy)eth

yl)-4-((4-

fluorophenethyl)am

monio)piperidin-1-

ium

7.102 6.655 0.316 -7.0 ±1.527 -8.9 ±1.112

11. CHEMB

L165

(E)-5-(4-

hydroxystyryl)benz

ene-1,3-diol

5.639 5.323 -0.252 -6.25 ±0.655 -7.1 ±0.963

12. CHEMB

L67078

1-(2-

(benzhydryloxy)eth

yl)-3-(((3-

phenylpropyl)ammo

nio)methyl)piperidi

n-1-ium

7.387 7.639 -0.214 -7.35 ±1.365 -9.3 ±1.379



13. CHEMB

L99653

1-(1-

hydroxycyclohexyl)

-N,N-dimethyl-1-

(3-

(trifluoromethyl)ph

enyl)methanaminiu

m

7.678 7.891 0.047 -6.5 ±1.723 -6.7 ±1.707

14. CHEMB

L81

1-(2-(4-(6-

hydroxy-2-(4-

hydroxyphenyl)ben

zo[b]thiophene-3-

carbonyl)phenoxy)e

thyl)piperidin-1-ium

6.553 6.506 0.159 -8.0 ±0.140 -8.5 ±1.453

15. CHEMB

L10957

1

N,N-dimethyl-1-(3-

(naphthalen-2-

yl)bicyclo[2.2.1]hep

tan-2-

yl)methanaminium

6.955 6.796 -0.854 -7.0 ±0.111 -8.3 ±1.623

16. CHEMB

L12102

7

N1-(2-

(benzhydryloxy)eth

yl)-N2-(4-

fluorophenethyl)-

N1,N2-

dimethylethane-

1,2-diaminium

6.432 6.751 -0.319 -6.0 ±0.672 -7.9 ±1.795

17. CHEMB

L12161

N1-(2-(bis(4-

fluorophenyl)metho

7.086 7.939 0.239 -6.5 ±1.232 -8.9 ±1.589



1 xy)ethyl)-N3-

phenethylpropane-

1,3-diaminium
18. CHEMB

L12325

2

N1-(2-

(benzhydryloxy)eth

yl)-N1,N3-

dimethyl-N3-(3-

phenylpropyl)propa

ne-1,3-diaminium

7.523 6.696 0.826 -5.9 ±1.444 -8.2 ±0.395

19. CHEMB

L12146

0

N1,N2-bis(2-(bis(4-

fluorophenyl)metho

xy)ethyl)-N1,N2-

dimethylethane-

1,2-diaminium

6.583 6.328 -0.336 -5.85 ±0.121 -6.5 ±0.186

20. CHEMB

L1231

3-(2-cyclohexyl-2-

hydroxy-2-

phenylacetoxy)-N-

isopropylprop-2-yn-

1-aminium

5.589 5.350 0.510 -6.4 ±1.329 -7.2 ±1.50

21. CHEMB

L13924

5

3-(4-chlorophenyl)-

N-methyl-3-

(naphthalen-1-

yloxy)  propan-1-

aminium

7.108 7.349 0.053 -7.25 ±1.043 -7.6 ±1.307

22. CHEMB

L13927

7

N-methyl-3-

(naphthalen-1-

yloxy)-3-(m-

7.398 7.734 -0.326 -6.8 ±1.803 -8.3 ±1.823



tolyl)propan-1-

aminium
23. CHEMB

L14111

4

N-methyl-3-

(naphthalen-1-

yloxy)-3-(p-

tolyl)propan-1-

aminium

7.444 7.357 0.086 -6.7 ±0.884 -6.7 ±0.873

24. CHEMB

L14202

8

N-methyl-3-

(naphthalen-1-

yloxy)-3-(thiophen-

3-yl)propan-1-

aminium

7.678 7.168 0.186 -6.25 ±1.432 -7.4 ±1.271

25. CHEMB

L14168

1

N-methyl-3-

(naphthalen-1-

yloxy)-3-

phenylpropan-1-

aminium

7.699 7.645 -0.383 -6.55 ±1.754 -6.5 ±1.087

26. CHEMB

L14197

4

N-methyl-3-

(naphthalen-1-

yloxy)-3-(3-

(trifluoromethyl)ph

enyl)propan-1-

aminium

7.155 7.074 0.081 -7.35 ±1.076 -8.0 ±0.870

27. CHEMB

L1289

1,2,4-trichloro-5-

((3-iodoprop-2-yn-

1-yl)oxy)benzene

5.561 5.887 -0.174 -4.4 ±0.555 -5.0 ±0.510

28. CHEMB 4-nonylphenol 5.905 6.110 0.250 -5.45 ±1.111 -5.9 ±1.813



L15306

2

29. CHEMB

L17924

9

2-(phenyl(o-

tolylthio)methyl)mo

rpholin-4-ium

9.523 9.337 -0.355 -6.75 ±1.332 -7.1 ±2.640

30. CHEMB

L18824

8

1-(2-((2-

aminophenyl)thio)p

henyl)-N-

methylmethanamini

um

7.426 7.809 0.492 -5.4 ±1.266 -6.5 ±1.209

31. CHEMB

L18937

4

1-(2-((2-amino-4-

methylphenyl)thio)

phenyl)-N-

methylmethanamini

um

6.719 8.035 -1.316 -5.85 ±1.543 -7.1 ±1.733

32. CHEMB

L19070

0

1-(2-((2-

aminophenyl)thio)p

henyl)-N,N-

dimethylmethanami

nium

8.305 8.399 -0.094 -5.25 ±1.355 -6.5 ±1.066

33. CHEMB

L19420

5

N-methyl-3-(3-

methyl-2-oxo-1-

phenyl-1,2,3,4-

tetrahydroquinolin-

3-yl)propan-1-

aminium

7.357 7.636 -0.279 -5.9 ±0.923 -7.4 ±0.315



34. CHEMB

L19478

1

3-(6-fluoro-2-oxo-

1-(p-tolyl)-1,2,3,4-

tetrahydroquinolin-

3-yl)-N-

methylpropan-1-

aminium

8.301 8.082 -0.039 6.6 ±1.541 -7.9 ±1.901

35. CHEMB

L19675

1

3-(3-ethyl-2-oxo-1-

(p-tolyl)-1,2,3,4-

tetrahydroquinolin-

3-yl)-N-

methylpropan-1-

aminium

7.769 7.942 -0.072 -6.3 ±1.894 -6.7 ±1.897

36. CHEMB

L19611

0

3-(3-butyl-2-oxo-1-

(p-tolyl)-1,2,3,4-

tetrahydroquinolin-

3-yl)-N-

methylpropan-1-

aminium

8.097 7.846 0.010 -5.75 ±0.123 -6.9 ±0.428

37. CHEMB

L19636

8

3-(1-(3-

fluorophenyl)-2-

oxo-1,2,3,4-

tetrahydroquinolin-

3-yl)-N-

methylpropan-1-

aminium

7.745 8.429 -0.684 -6.95 ±1.325 -7.4 ±1.021

38. CHEMB

L19738

8-(2-(1H-indol-3-

yl)ethyl)-3-((bis(4-

5.084 5.438 -0.319 -7.5 ±1.721 -10.3 ±1.817



4 fluorophenyl)methyl

)ammonio)-8-

azabicyclo[3.2.1]oc

tan-8-ium
39. CHEMB

L19803

3

N-methyl-3-(2-oxo-

1-(p-tolyl)-1,2,3,4-

tetrahydroquinolin-

3-yl)propan-1-

aminium

8.523 8.031 0.826 -6.6 ±1.974 -7.5 ±1.481

40. CHEMB

L19821

5

3-(6-chloro-3-

methyl-2-oxo-1-(p-

tolyl)-1,2,3,4-

tetrahydroquinolin-

3-yl)-N-

methylpropan-1-

aminium

7.367 7.403 0.086 -6.4 ±1.024 -6.8 ±1.140

41. CHEMB

L19764

3

3-(1-(4-

chlorophenyl)-2-

oxo-1,2,3,4-

tetrahydroquinolin-

3-yl)-N-

methylpropan-1-

aminium

7.678 8.177 -0.499 -6.7 ±1.437 -6.8 ±1.531

42. CHEMB

L19770

7

3-((bis(4-

fluorophenyl)methyl

)ammonio)-8-(4-

phenylbutyl)-8-

5.788 5.449 -1.316 -7.0 ±1.543 -7.9 ±1.697



azabicyclo[3.2.1]oc

tan-8-ium
43. CHEMB

L19880

7

3-(((4-

chlorophenyl)

(phenyl)methyl)am

monio)-8-methyl-8-

azabicyclo[3.2.1]oc

tan-8-ium

5.499 5.504 -0.094 -7.35 ±0.822 -7.2 ±0.744

44. CHEMB

L20031

0

3-((bis(4-

fluorophenyl)methyl

)ammonio)-8-(3-

oxo-3-

(phenylamino)prop

yl)-8-

azabicyclo[3.2.1]oc

tan-8-ium

5.607 4.500 1.107 -8.45 ±1.237 -9.9 ±0.281

45. CHEMB

L19896

0

N-methyl-3-(2-oxo-

1-phenyl-4-propyl-

1,2,3,4-

tetrahydroquinolin-

4-yl)propan-1-

aminium

8.155 8.936 -0.781 -6.25 ±1.398 -7.3 ±2.716

46. CHEMB

L19884

2

3-(3,4-

dichlorophenyl)-8-

(2-(4-(9-

(dimethyliminio)-

11,11-dimethyl-

6.511 6.550 -0.499 -7.5 ±2.124 -8.4 ±1.570



3,4-

dihydronaphtho[2,3

-g]quinolin-

1(2H,9H,11H)-

yl)butanamido)ethy

l)-2-

(methoxycarbonyl)-

8-

azabicyclo[3.2.1]oc

tan-8-ium
47. CHEMB

L19911

6

N-methyl-3-(2-oxo-

3-propyl-1-(p-

tolyl)-1,2,3,4-

tetrahydroquinolin-

3-yl)propan-1-

aminium

7.959 8.031 1.107 -6.15 ±2.332 -6.6 ±1.422

48. CHEMB

L19817

6

N-methyl-3-(3-

methyl-2-oxo-1-(p-

tolyl)-1,2,3,4-

tetrahydroquinolin-

3-yl)propan-1-

aminium

8.046 7.760 -0.781 -6.4 ±0.978 -7.6 ±1.792

49. CHEMB

L20241

0

1-(1-oxo-1-(p-

tolyl)pent-4-en-2-

yl)pyrrolidin-1-ium

5.854 7.285 0.286 -5.75 ±1.521 -6.9 ±1.471

50. CHEMB 1-(1-(4-(furan-2- 7.022 7.012 -1.431 -6.3 ±1.379 -7.1 ±1.285



L20197

6

yl)phenyl)-1-

oxopentan-2-

yl)pyrrolidin-1-ium
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Determination of Contents of Rutin and Quercetin Isolated from
Syrian Ficus carica L. Leaf Extracts  

Shaza AlShaal1* , Manal Daghestani1 , Francois Karabet1 

1Department of Chemistry, Faculty of Sciences, Damascus University, Syria.

Abstract:  The  major  flavonoid  glycoside  in  Syrian  Ficus  carica L.  leaf  extracts (rutin)  was
identified quantitatively  and  isolated,  then  transformed into  its  aglycone (quercetin)  by  acidic
hydrolysis  of  ethanolic  and  aqueous  extracts.  The  influence  of  the  hydrolysis  process  on
isoquercitrin content was investigated, too. The determination of contents of Rutin and Quercetin
isolated  from Syrian  Ficus  carica L.  leaf  extracts was carried  out  by  high  performance  liquid
chromatography,  and the isolation was done by using thin  layer  chromatography plates,  then
identified by mass spectra. Results showed that rutin content in the ethanolic extract (78.79%)
was  higher  than  the  aqueous  one  (61.90%)  by  using  ultrasonic  extraction  procedure.  The
quercetin content by hydrolysis process was more satisfactory in the ethanolic extract (81.00%)
than the aqueous one (72.53%). Acidic hydrolysis process destroyed some of the isoquercitrin in
the extracts. The detection of isoquercitrin was done qualitatively by noticing the mass spectrum
and the photo diode array spectrum. Rutin and quercetin were successfully isolated, the relative
peak  areas  for  isolated  rutin  and  quercetin  were  99.80%  and  96.46%,  respectively.  It  was
concluded that rutin can be easily converted into quercetin by acidic hydrolysis, allowing the use of
Syrian ficus leaf extracts as an optimal cheap natural antioxidant source.
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INTRODUCTION

Ficus carica L. (Moraceae) is a native bush of
South  West  Asia  cultivated  since  years  ago.
There  are  at  least  800  kinds  of  ficus  known
worldwide,  originally  from  Persia  and  Syria,
spread later in Europe and America (1).  Ficus
carica is vastly cultivated over Syria, mainly as
individual  trees  in  private  gardens  for  family
consumption.  The total  Syrian ficus cultivated
area is  ca.  9,663 ha,  with an estimated sum
production of about 53.7x103 tones (2). Part of
the  plants,  the  bark,  root,  leaf  and  fruit  are
often used to overcome various diseases. Ficus
species  are  known  to  be  wealthy  of

polyphenolics  and  flavonoids  which  are
correlated to the antioxidant power (3).  There
are  enormous  reports  on  the  plant's
bioactivities, which are  potential  to  overcome
many diseases (4)  such as Haemostatic, anti-
Herpes  Simplex  Virus (HSV),  hypolipidemic,
hypoglycemic  (5)  and  anticancer  (6). The
power  of  flavonoids  to  act  as  antioxidants
depends  upon  their  molecular  structure  (7).
The  hydroxyl  groups  play  a  role  in  the
antioxidant  and  free  radical  scavenging
activities of flavonoids, by rapid donation of a
hydrogen atom to radicals (equations 1 and 2),

R. + phOH  RH + phO→ RH + phO . (Eq. 1)
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phO. + R.  phOR → RH + phO (Eq. 2)

where  phOH  stands  for  phenolic  compounds.
Quercetin  is  considered  as  a  reference
substance  for  measuring  the  antioxidant
activity (8). Quercetin accumulates in plants as
glycosides such as glucosides, rutinosides (9).
In nature there are more than 180 glycosides

of  quercetin  in  different  structures,  the  most
popular  is  rutin  (10).  Rutin  (quercetin-3-O-
rutinoside)  is  composed  of  one  molecule  of
quercetin  as  aglycone  and  rutinose.  Although
there  is  structural  similarity  in  rutin,
isoquercitrin  (isoquercetin)  and  quercetin,  as
shown  in  Figure  1  (11)  there  are  some
remarkable  differences  in  physical,  chemical
and biological properties (12) .

Figure 1. Chemical structures of rutin, isoquercitrin and quercetin (11).

Rutin is the master flavonoid glycoside found in
ficus (13). It can be converted to quercetin the
aglycone  form,  via breaking one  terminal
rhamnose by hydrolysis process; also it can be
converted  to  isoquercitrin  which  has  more
advantageous than rutin, because of its better
bioavailability and more anti-proliferative effect
than  rutin  and  quercetin (14).  Rutin  is  an
important  food  component  necessary  for
human  health  since  it  affects  the  capillary
fragility and positively permeability (15). It has
a protective effect on the expansion of diabetes
and mitigates the effects on the consequences
of diabetes (16, 17). Studies indicate that rutin
has  many  functional  properties  such  as
antioxidant, anti-inflammatory effect in humans
(18). However, its antioxidant activity and its
bioavailability were lower than quercetin in rats
by  oral  management  (19-21).  The
disadvantage of quercetin is poorly absorbed in
the small intestine, and the bioavailability of it
was mentioned to be less than one per cent in
the capsule form in human beings (22). Lately,
isoquercitrin  has  attracted  attention  as  a
promising compound  because  of  its  higher
solubility  than  quercetin  in  aqueous  solutions
(11, 23), but its antioxidant activity is a little
lower than that of quercetin (24). It is eligible
to  maximize  the  production  of  isoquercitrin
together with quercetin during the hydrolysis of
rutin  (11).  The  aim  of  this  research  was  to
determine the amount of the major important
flavonoid  (rutin)  in  aqueous  and  ethanolic
extracts  of  Syrian  Ficus  leaf,  hydrolyze  it  to
produce  quercetin,  then  isolate  both  of  rutin
and quercetin  by  Thin  Layer  Chromatography
(TLC) and HPLC-MS techniques.  The effect  of

hydrolysis process on isoquercitrin content was
also studied.

EXPERIMENTAL

Plant material
Ficus leaves were collected on April 2017 from
Banias (Latakia-Governorate), Syria. The plant
was  identified  by  Prof.  Jurjet  Babojian
(Department  of  Plant  Biology,  Faculty  of
science, Damascus University, Syria). The ficus
leaves were dried in the shade away from the
sunlight  for  10  days,  ground with  an  electric
mill, then stored in a dark, dry, tightly sealed
container at room temperature until use.

Chemicals 
Rutin  hydrate  (95%),  quercetin  (98.0%)  and
HPLC  grade  acetonitrile  (99.9%)  were
purchased  from  Sigma–Aldrich.  Ethanol
(99.8%), acetic acid (99.5%), formic acid and
HCl  (36.5-39.0%)  from  Panreac,  toluene
(99.5%) for the analytical grade from Scharlau,
ethyl  acetate  (99%)  for  general  purpose
reagent from BDH chemicals Ltd. pool England.

Instruments
Vortex  MS1  Mini  shaker  (KAI)  was  used  to
homogenize  ficus  leaf  powder  with  solvent,
ultrasonic water bath Transsonic  Model 460/H
(Elma) was used for extraction procedure. High
Performance  Liquid  Chromatography  (HPLC)
(KNAUER, Germany) and HPLC-MS (Shimadzu,
Japan)  were  used  for  separation  and
identification of rutin and quercetin. In order to
isolate  rutin  and quercetin  silica  gel  60 F254
pre-coated  plates  (5*20  cm/layer  thickness
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0.25 mm) from MERCK were used.  
   
Preparation of extracts 
Ultrasonic extraction method was used for its
ability to improve extraction by speeding up the
release of bioactive substances from cell walls
and facilitating their ease of transference (25).
One gram of ficus leaf powder was added to 10
mL of ethanol 70%, was stirred well by piping
for homogenization for one minute, then placed
in  ultrasonic  bath  at  75  °C,  for  30  minutes,
filtered  from  0.45  μm filters and kept in am  filters  and  kept  in  a
refrigerator  (4  °C)  until  use.  The  aqueous
extracts were prepared in the same way with
10  mL  distilled  water.  The  experiments  were
repeated three times.
 
Hydrolysis of plant extracts
To convert rutin into quercetin, according to the
method presented  by  Chen et  al.,  (26),  acid
hydrolysis was mainly completed by adding 2.0
mL (2.8 M) HCl to 2.0 mL of ficus leaf extracts,
then placed in water bath at 90 °С, for different

periods (5, 7, and 10 min.), placed in cool at
room  temperature  (25  °С)  for  30  minutes,
passed  from  the filter  (0.45μm filters and kept in am) and kept in a
refrigerator  (4  °C)  until  analyzed.  The
experiment was repeated three times.  

Determination  of  rutin  and  quercetin  in
leaf extracts by HPLC-PDA
HPLC system (KNAUER 2850) with 4050 pump,
column  oven,  and  2850  PDA  (Photo  Diode
Array)  Detector  was  employed.  For
determination of rutin from ficus leaf extracts,
HPLC  method  was  used  with  C18 column
Eurospher  (C18,  250 mm×4.6  mm ID,  5  μm filters and kept in am)
with mobile phase gradient program, consisting
of A:water and B:acetonitrile (containing 0.3%
acetic acid) as depicted in Table 1,  at a flow
rate of 0.9 mL/min.  PDA detector at 370 nm
was used for rutin and quercetin determination.
The injection volume used was 20.0 μm filters and kept in aL for both
standards  and  sample  solutions.  The  extracts
were injected 3 times.

 

Table 1. Solvents gradient program for separation of ficus leaf extracts by HPLC-PDA

Identification of rutin and quercetin in ficus leaf
extracts were based on comparison of retention
times  of  rutin  and  quercetin  with  standards.
That is concentration of rutin and quercetin in
the  extracts  were  calculated  using  the  peak
area  of the  calibration  curves  obtained  from
standard  solutions.  The  concentrations were
expressed as mg/g.

Thin layer chromatography (TLC)
In this study thin layer chromatography (TLC)
was  used  to  separate  and  identify  both
quercetin  and  rutin,  from  Syrian  ficus  leaf
extracts,  which  is  a  simple,  cheap  and  more
easily  available  chromatographic  method  at
research laboratories. It is more time-effective
compared  to  high-performance  liquid
chromatography. TLC is considered as a public
analytical technique, exceedingly used for plant
constituents  (27).  Available  standards  (rutin
and quercetin) and ficus leaf extracts (ethanolic
and aqueous) before and after hydrolysis, were
run on glass-backed silica gel TLC GF254 pre-

coated  plate.  The  optimal  solvent  for  the
identification of compounds were determined by
varying  the  ratios  of  various  solvents  for
developing  the  solvent  system,  the  more
suitable one was: (toluene/ethyl acetate/formic
acid) (9/8/0.2 v/v/v) for 30 minutes. The plates
were  dried  at  room  temperature  for  15
minutes, and visualized by exposure to UV light
(366 nm). The bands of the desired compounds
in the extracts were collected, dissolved in 0.5
mL 70%  ethanol,  centrifuged  (1000  rpm)  at
room temperature (25 °С) for 10 minutes, then
filtered  with  0.45  μm filters and kept in am  filters  for  HPLC-MS
analysis. 

Identification  of  rutin  and  quercetin  and
isoquercitrin by HPLC-MS
HPLC  system  (Shimadzu)  with  LC-20ADXR
pump, CTO-20A column oven, and SPD-20A UV
detector  was  employed.  For  determination  of
rutin,  quercetin  and  isoquercitrin  in  ficus  leaf
extracts,  HPLC  method  was  used  with  C18

column (C18, 250 mm × 4.5 mm ID, 5 μm filters and kept in am) with
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the  same  mobile  phase  gradient  program
mentioned in Table 1. The operating conditions
of  mass  spectrometry  were:  ESI  source  was
operated in negative mode to generate (M−H)−

ions  with  the  following  conditions:  interface
temperature  350  °C;  dry  gas  (nitrogen)  and
nebulizing  gas  flow  was  1.5  L/min.  Detector
and interface voltages were 0.5 KV and 4.5 KV,
respectively.

RESULTS AND DISCUSSION

HPLC-PDA results

Figures  2  and  3  show  the  HPLC-PDA
chromatograms  for  the  ethanolic  ficus  leaf
extracts  before  and  after  acid  hydrolysis,
respectively.  The  major  component  in  the
extracts  is rutin,  the quercetin content in the
extract  is  almost  traces,  shown  in  Figure  2.
However,  after  hydrolysis,  the  extract
contained  only  traces  of  rutin  and  all  the
glycosidic bonds, as well as isoquercitrin, were
ruined,  resulted  in  an  ultimate  increase  in
quercetin  as  shown  in  Figure  3.  The  PDA
spectrums of rutin, isoquercitrin, and quercetin,
respectively also included.

Figure 2. HPLC-PDA chromatogram of ethanolic ficus leaf extract. flow rate 0.9 mL/min,
wavelength at 370 nm, C18 column (C18, 250 mm×4.5 mm ID, 5 μm filters and kept in am) with gradient mobile phase

program.

Figure 3. HPLC-PDA chromatogram of hydrolyzed ethanolic ficus leaf extract. The inset figures
represent the PDA spectrums of rutin, isoquercitrin and quercetin, respectively.

3-D plots of the UV spectra for ethanolic ficus
leaf extracts to illustrate the transformation of
rutin  into  quercetin  after  the  acid  hydrolysis

process,  are  shown  in  Figure  4,  where  (a)
represents rutin and (b) represents quercetin.
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3-D plot of the UV spectra for ethanolic ficus leaf extracts

3-D plot of the UV spectra for ethanolic ficus leaf extracts after acid hydrolysis

Figure 4. 3-D plots of the UV spectra ethanolic ficus leaf extracts before and after acid hydrolysis
(a) rutin, (b) quercetin

Table  2  shows  that  the  ethanolic  extract
contained  a  higher  concentration  of  rutin
(16.82±0.06 mg/g) compared to the aqueous
extract  (7.87±0.02  mg/g).  This  phenomenon
might be attributed to the higher viscosity of
water than that of the other solvents, which is
a  matter  of  mass  transfer.  Therefore,  the

mixture of water and ethanol as solvent agent
showed  the  best  performance  to  extract
polyphenols of all the extraction solvents  used
(28). Figure 5 shows a comparison between the
relative peak areas% of the components in the
ethanolic  and  aqueous  extracts,  before  and
after the hydrolysis process.

Table 2. Content of rutin and quercetin in Syrian ficus leaf and relative peak area% before and
after acidic hydrolysis
Rutin Quercetin  

Concentration
(mg/g)

Relative
peak

Area%

Concentration
(mg/g)

Relative
peak

Area%
Extract Ethanolic 16.820 ± 0.060

7.870 ± 0.020
78.79 0.001 ± 0.010

0.003 ± 0.010
0.02

Aqueous 61.90 0.06
Hydrolysis Ethanolic 1.170 ± 0.020

0.290 ± 0.010
4.32 6.950 ±0.100

3.300 ± 0.090
81.00

Aqueous 2.03 72.53

Values represent mean ± SD, n=3
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Figure 5. The effect of acid hydrolysis on relative peak areas % of rutin, isoquercitrin and
quercetin in ethanolic, aqueous extracts.

The effect of acid hydrolysis time on quercetin
formation was investigated, by hydrolyzing the
extracts in different periods of time (5, 7, and
10  minutes).  The  greatest  amount  of
hydrolyzed  quercetin  was  measured  at  7

minutes then decreased at 10 minutes (Figure
6). However, since the hydrolysis process broke
isoquercitrin,  rutin  hydrolyzed  for  only  5
minutes,  in  order  to  preserve  isoquercitrin  in
the extracts.

Figure 6. The effect of acid hydrolysis time on the quercetin formation.

Identification  and  isolation  of  rutin  and
quercetin by TLC
Figure  7  shows  the  TLC  plates  of  ficus  leaf
extracts before and after acid hydrolysis under
UV  light  (366nm).  The  bands  of  the  desired

compounds,  (rutin  is  the  third  one  in  (a)),
(quercetin  is  the  fourth  one  in  (b))  were
collected,  dissolved  in  0.5  mL  70%  ethanol,
centrifuged,  then  prepared  for  HPLC-MS
analysis. 
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Figure 7. TLC of ficus leaf extracts (third band in a is rutin; fourth band in b is quercetin) after
acid hydrolysis, under UV light (366nm). Chromatography conditions:Run on glass-backed silica
gel TLC GF254 pre-coated plate. Mobile phase:(toluene/ethyl acetate/formic acid) (9/8/0.2 v/v/v)
for 30 minutes.

Identification  of  rutin,  quercetin  and
isoquercitrin  in  ficus  leaf  extracts  by
HPLC- MS
The  detection  of  isoquercitrin was  done

qualitatively  by  MS  and  PDA  spectrum.  MS
product ion spectra for (M–H)- ions of isolated
rutin,  quercetin  and  isoquercitrin  in  ficus  leaf
extracts are presented in Figure 8. 

Figure  8. ESI–MS  spectra  of  ficus  leaf  extracts’  compounds  in  negative  mode,  interface
temperature 350 °C; dry gas (nitrogen) and nebulizing gas flow was 1.5 L/min. Detector and
interface voltages were 0.5 KV and 4.5 KV, respectively. 

Identification of rutin, isoquercitrin and quercetin in extracts by HPLC-MS is presented in Table 3. 
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Table 3. Retention time and (M–H)- ions of separated compounds from ficus leaf extracts by
HPLC-MS

Compound R.t (min) [M−H]- (m/z)

Rutin 6.93 609

Isoquercitrin 7.41 463
Quercetin 11.39 301

Isolation of rutin and quercetin from ficus
extracts
The  total  ion  chromatogram (TIC)  of  isolated
rutin and quercetin in ficus leaf extracts by TLC,
with those of standards are presented in Figure

9. It shows the perfect and successful isolation
of  these compounds.  The relative  peak areas
for rutin and quercetin are 99.80 and 96.46%,
respectively.

Figure 9. TIC of standards and isolated compounds from the ficus leaf extracts.

CONCLUSION 

In  this  presented  study,  the  compound  plant
(rutin) was extracted from Syrian ficus leaves
by  ultrasonic  extraction  procedure,  then
successfully converted into quercetin, which is
the  most  powerful  antioxidant  compound.  It
was found that the solvent plays main role in
the  extraction  of  plant  constituents.  Ethanol
(70%) is less polar than water which means it
is  a  better  solvent  for  organic  compounds.
Therefore  it  extracted  higher  amount  of
flavonoids when compared to aqueous solvent.
Best hydrolyzing time was chosen as 5 minutes,
in  order  to  preserve  isoquercitrin  in  the
extracts. Rutin and quercetin were identified by

comparison  with  standards  using
chromatography. Both  rutin and quercetin were
successfully  isolated  from  Syrian  ficus  leaf
which  is  a  cheap,  available  source,  and
identified by TLC, and HPLC-MS techniques. 
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Abstract: In this study, gamma dose values were measured at 25 locations around a distance of
60 km parallel to the Aegean Sea in Güre, Küçükkuyu and Kazdağı regions. These measurements
were made by keeping the Eberline Smart Portable (ESP) scintillator detector constant at a height
of 1 meter above ground level. A SPA-6 plastic scintillation sensor is connected to the instrument
tip to perform the measurement. These devices are direct measurement of external radiation. As
the  measurements  were  carried  out  in  the  open  area,  0.2  occupancy  factor  was  used  in  the
calculations. In the studies, the highest effective dose value was calculated as 0.3 mSv at the
location 2 (Asos Kadırga Bay). The lowest effective dose value is 0.054 mSV at the 15th location
(Avcılar Village Mountain slope) and the average annual gamma dose is 0.14 mSv. For the study
area, when the lifetime risk of cancer was calculated using gamma effective dose values, it was
determined at the highest 2. locations (0.0012) and the lowest at the 15th locations (0,21x10 -3).
The average lifetime cancer risk value (2,39x10-4) of Turkey, were compared with values calculated
in this study. In this comparison, the gamma dose values of locations 9 and 15 were lower and the
values of other locations were higher.
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INTRODUCTION

The  world  is  always  under  the  influence  of
cosmic radiation coming from outer space. An
average of 82% of the radiation dose of living
organisms per  year  is  due to  natural  sources
(1-5).  Environmental  ionized  background
radiation levels are determined by two different
sources, natural and artificial. Natural radiation
sources consist of ionized particles derived from
cosmic rays and radioactive isotopes originating
from  earth’s  crust.  Cosmic  rays  produce
secondary reaction products by interacting with

the  nuclei  of  atmospheric  components.  These
products  start  from  the  upper  layers  of  the
atmosphere  and  form  cosmic  radiation
exposures  at  decreasing  density  towards
ground level.

Natural  radionuclides  of  terrestrial  origin  are
present  in  various  concentrations  in  all
surrounding environments, including the human
body  itself  (6  and  1).  In  addition,  people
receive  radiation  doses  from  industrial  or
medical  applications  of  artificially  produced
radioactive substances. An important part of the
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dose from radiation sources defined as artificial
radiation  sources  is  due  to  X-rays  used  for
diagnostic purposes and radioactive substances
used in nuclear medicine (7-10).

Apart  from  these,  nuclear  tests  and  nuclear
reactor  accidents  caused  by  radioactive
substances  spread  to  the  atmosphere,  dry
sprinkling  and  rainfall,  soil,  water  and
vegetation is infected.

Radioactive substances that accumulate in the
receiving  environment  (soil,  water,  air)
significantly  alter  local  and  regional
radioactivity.  Cosmic  sources,  radioactive
elements  in  rocks  and  radically  generated
radionuclides  provide  environmental  gamma
radiation. When the geological structure of the
world is examined, it is seen that there are rock
beds  just  below  the  soil  layer  of  certain
thickness. It is known that a significant part of

gamma radiation is caused by the surface layer
at a depth of 0-25 cm (11).

Gamma  radiation  from  naturally  occurring
radioisotopes  such  as  238U,  232Th  and  40K  is
known as terrestrial  background radiation and
contributes to the total. The calculations show
that 50-80% of the total gamma dose is due to
238U,  232Th and  40K natural radionuclides on the
ground surface (12).

Natural  radioactive  nuclei  are  found  in  high
concentration  especially  in  granite,  volcanic,
phosphate, and salt rocks. Besides, the lowest
radioactivity  concentration  is  found  in  lime
rocks.  The  metamorphic  rocks  have  a
concentration  of  rocks  in  which  they  are
formed.  Table  1  shows  the  gamma  radiation
dose  rates  of  radium,  uranium,  thorium,  and
potassium in rocks (13).

Table 1. Gamma radiation dose rates caused by radium, uranium, thorium, and potassium in rocks
(14).

Rock type Dose Intensity (mSv h -1)

226Ra 238U 232Th 40K
Volcanic Rocks 2.4 2.6 3.7 3.5

Sedimentary rocks

Sandstone 1.3 0.7 1.8 1.5
Stratified 2.0 0.7 3.1 3.6

Limy 0.7 0.8 0.4 0.4

Considering the values in Table 1, the annual
effective  dose  taken  from  natural  radiation
sources exposed to living organisms worldwide
is 2.4 mSv. The dose from a lung film is 0.02
mSv.  Lung  examination  with  computed
tomography  is  8  mSv.  due  to  Chernobyl
Accident, the average dose of Turkish people is
0.5 mSv (15).

Several  studies  have  been  conducted  in  the
previous years  regarding the determination of
gamma dose and effective dose rates (16-22).

In  this  study,  Gamma  dose  rates  were
measured at 25 different points around a 60 km
area in Güre, Küçükkuyu and Kazdağı regions.
This study gave important  results  in terms of
determining  the  gamma  dose  values  for  the
region.

MATERIAL AND METHODS

The  study  area  lies  between  the  Behramkale
district of the Gulf of Edremit and the Zeytinli
village  in  the  province  of  Balıkesir  and
Çanakkale  (Figure  1).  There  are  many  fault
zones  and  thermal  water  resources  in  the
region. The gamma dose rate absorbed in the
air, consists of the sum of cosmic and terrestrial
radiations.   Measurements  were  taken  with  a
gamma radiation measuring device at a height
of 1 meter from the soil surface to determine
background levels of  the district.  The gamma
dose velocity values (ADRA) absorbed in the air
are composed of terrestrial and cosmic radiation
values.  The difference  between  the  values  of
terrestrial radiation due to the concentration of
radionuclides in the soil and the total radiation
value  is  equal  to  the  gamma  dose  rate
components  of  cosmic  radiation.  The  samples
were collected at an interval of approximately
2.5  km from an area of  60  kilometer  square
between  Behramkale  and  Zeytinli  Village.
Twenty-five measurements were taken from the
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study area. The sample coordinates of the study
area  are  given  in  Table  2.  Portable  Eberline
Smart Portable (ESP) scintillator device is used
in measurements. The absorbed gamma doses
obtained  in  nGy  /  h  were  converted  into  the
annual effective dose in mSv / y using 0.7 Sv /
Gy conversion factor and 0.8 for the closed area
and 0.2 for the open area.

As the measurements were made for the open
area,  the  factor  of  0.2  was  used  in  the
calculations.  The  annual  effective  dose  was
calculated using the following equation (23, 6).
The  formula  used  in  the  calculation  is  given
below.

AEDE = ADRA x DCF x OF x T 

EH (mSV/y)= DH (nGy/h)x365.25x24x0.7
Sv/Gyx10-6x0.2

The terrestrial and cosmic radiation risk values
(ELCR)  of  the  people  living  in  the  area  were
calculated by the following equation (24).

ELCR = AEDE x DL x RF

Here,  the annual  exposure value in the AEDE
mSv / y unit, DL average life span (70 years),
RF  refers  to  the  risk  factor  (0.055  Sv-1)
recommended by International Commission on
Radiological Protection-103 (ICRP 103) (25).

Geological characteristics of the study area
The  main  units  in  the  study  area  begin  with
unallocated  gneisses,  metagranites,  schists,
amphibolites and marbles from the Cambrian or
Precambrian  age.  To  the  top,  Precambrian
amphibolites,  Paleozoic  and  Permian  marbles
and metabasic rocks form the basic units. These
basement units represent the Mesozoic rocks of
the  Upper  Cretaceous  ophiolitic  melange.
Mesozoic is unconformably overlain by Miocene
granitoids, Middle Miocene unspoiled volcanics,
andesite,  dacite,  rhyolite,  rhyodacite  type
volcanic  rocks.  The  upper  Miocene pyroclastic
rocks,  Upper  Miocene  terrestrial  crumbs  and
neritic limestones are found on these units. All
these  old  rocks  are  locally  overlain  by
Quaternary slope and alluviums (Figure 1).

The  stratigraphic  descriptions  and  regional
distributions  of  the  geocronologically  defined
units are as follows. In the Küçükkuyu section
of  the study area there are geologically Arıklı
ignebrite,  Küçükkuyu  Formation  and  Hallaçlar
Volcanites.  In  Güre  region,  there  are  mainly
Pliocene  Bayramiç  Formation,  Hallaçlar
Volcanite,  Oligocene-Miocene  Granitoids  and
Çetmi Melange (26). 

In  the  Oligo-Miocene  period,  a  thick
sedimentary  deposit  was  developed  at  the
southern foothills of Kazdağı. Starting with the
red terrestrial sediments, this sequence passes
to the upper lacustrine flysch sequence. In the
upper levels of the sequence, the white colored
tuff  is  clearly  identified  on  the  southern  and
western skirts  of Kazdağı and its continuity is
observed.  This  explosive  volcanism,  which  is
also  a  predictor  of  the  early  Miocene  active
volcanism,  has  more  common  older  units,  a
common  lava  and  prioclastic  equivalent,  and
covered the area like a carpet. In the region,
the  representative  products  of  this  volcanic
community  such  as  lava,  dyke  and  vein  are
widely  seen.  The  Behramkale  Village  flow
structures are located on a beautiful lava flow
(27).

The youngest unit recognized in the Kazdağları
is  a  sedimentary  group  of  Upper  Miocene  -
Pliocene age and consisting mainly of lacustrine
marls and limestones. This unit, which can be
easily recognized and distinguished in the field
with  its  white  color,  was  deposited  after  the
development of the anticline formed in Kazdağı.
While rising to the present position of the Kaz
Mountains, these rocks also were risen on the
shoulder of the mountain (27).

RESULTS

Gamma  dose  values  of  the  study  area  and
calculated  annual  effective  dose  values  are
given  in  Table  2.  The  measurement  locations
are  given  in  Figure  1  and  Table  2,  and  it  is
clearly seen in Table 2 that the measurement
results differ according to the basement rocks.
The  gamma  dose  values  of  undifferentiated
massive volcanics and undifferentiated andesitic
volcanics were found to be between 117 (nGy /
h) and 243 (nGy / h). The gamma dose values
of andesitic pyroclastic rocks were found to be
between 65.4 (nGy / h) and 79.0 (nGy / h). In
the measurements made in the ophiolitic rocks,
the gamma dose values are 238 (nGy / h). In
the  metamorphic  rocks,  slope  debris  and
alluvium  areas,  the  gamma  dose  values  are
between 43.8 (nGy / h) and 85.6 (nGy / h). It
was observed that  the measured values were
high  especially  in  the  areas  with  massive
unstabilized  volcanic  rocks  and  massive
metamorphic rocks.
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Figure 1. Geological Map of the Biga Peninsula (28)
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Table 2. Gamma dose and annual effective dose rates obtained from the study area.

GEOLOGICAL UNIT 
DEFINITIONS

GEOGRAPHIC
COORDINATES
X                Y

GAMMA 
DOSE 
RATE  
(ADRA) 
(nGy/y)

ANNUAL 
EFFECTIVE  
DOSE 
EQUIVALEN
T (AEDE) 

(mSV)

CANCER
RISK 
VALUES 
(ELCR) [E-
4]

Unspoiled Volcanic 
Rocks

0442927 4371703 134 0,16 6,16

Andesitic Volcanites
0445878 4371896 243 0,3 12
0449392 4373146 143 0,18 6,93

Andesitic Pyroclastic 
Rocks

0452207 4374415 65,4 0,08 3,08

0456961 4375580 77,5 0,095 3,7

Andesitic Volcanites 0462376 4376462 148 0,18 6,93
Alluvium of Andesitic 
Components

0464541 4377369 80,8 0,1 3,85

Andesitic Volcanites 0464852 4377464 236 0,3 12

Alluvium of Andesitic 
Components

0572859 4556510 45,2 0,06 2,31

0474996 4379777 75,6 0,09 3,5

0477218 4379930 82,5 0,1 3,85

Precambrian 
Amphibolites

0477192 4380513 106 0,13 5
0481992 4380036 115 0,14 5,4

Separated 
Metamorphic Rocks, 
Slope Debris and 
Alluvium

0483329 4380043 73,8 0,09 3,5

0483443 4382665 43,8 0,054 2,1

0488830 4381631 84,9 0,108 4,2

0489468 4382094 85,6 0,19 7,3

0493609 4382077 71,1 0,088 3,4

0495860 4383050 61,8 0,076 2,9

Andesitic Volcanites 0463639 4378276 117 0,14 5,3
Ophiolitic Melange 
Rocks

0462270 4378696 238 0,29 11

Andesitic Pyroclastic 
Rocks

0460286 4381191 71,8 0,088 3,4
0458926 4382298 79,0 0,097 3,7
0453822 4382974 86,3 0,105 4

Andesitic Volcanites 0447112 4373791 215 0,26 10
AVERAGE VALUE 111,2 0,14 5,4

Annual effective dose values were calculated by
using  gamma  dose  values.  According  to  the
results,  the  highest  effective  dose  was
calculated  as  0.3  mSv (Asos  Kadırga  Bay)  at
location 2. The lowest effective dose value was
calculated  at  the  15th  location:  0.054  mSV
(Küçükkuyu Outlet)  and the average effective
dose value: 0.14 mSv was calculated. For the
study area, when the lifetime risk of cancer was
calculated  by  using  gamma  effective  dose
values, it was found in the highest number 2
location  (0.0012)  and  the  lowest  in  15
(0.00021).

CONCLUSION

According  to  the  results  of  the  analysis,  the
environmental  gamma  radiation  dose  velocity
varies between locations. This change is directly
related to the concentrations of radioisotopes in
the  soil  structure  of  the  region  because  the
main sources of dose values are land and space
origin (11).

The geological formation of each location in the
study  area  was  determined  lithologically  and
the  gamma  dose  values  were  measured  and
evaluated in detail. According to the results, the
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highest  effective  dose  was  calculated  as  0.3
mSv at the location 2 (Asos Kadırga Bay). The
lowest  effective  dose  value  was calculated  as
0.054 mSV at the 15th location (Avcılar Village
Mountain slope) and 0.14 mSv at the average
annual gamma dose. These values are smaller
than  those  of  TAEK  2009  (Average  Annual
Effective Dose: 0.48 mSv). For the study area,
when the lifetime risk of cancer was calculated
by using gamma effective dose values, it was
found in the highest number 2 location (0.0012)
and  the  lowest  in  15  (0.00021).  If  these
calculated  values  compared  with  Turkey's
average lifetime cancer  risk  value  (0.000239)
(29),  except  ninth  and  fifteenth  locations,  all
locations’  values  are  higher  than  Turkey
average lifetime risk values of cancer.
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Abstract: This is a study of new hexachlorocyclotriphosphazene (N3P3Cl6) derivatives bearing ethyl
p-hydroxybenzoate and ferrocenyl pendant groups. Characterizations of the products [mono- 2, di-
(geminal  3a;  non-geminal  transa-3b,  transb-3c and cis-3d),  tri-  4 and  tetra-  5 substituted
phosphazene derivatives]  were  performed using  elemental  analysis  and spectral  methods.  The
structures  of  the  two  compounds  (2 and  5)  were  explained  by  the  use  of  X-ray  diffraction
techniques.

Keywords: Ferrocenylphosphazenes, ethyl p-hydroxybenzoate, crystal structure, spectroscopy.

Submitted: March 14, 2019. Accepted: December 03, 2019. 

Cite this: Tümer Y, Çayırbaşı M, Şahin O, Hökelek T. The Synthesis of New Phosphazene-Bearing
Ethyl  p-Hydroxybenzoate  and  Ferrocenyl  Pendant  Groups  and  their  Spectroscopic  and
Crystallographic Characterizations. JOTCSA. 2020;7(1):217–26. 

DOI: https://doi.org/10.18596/jotcsa.  540169  . 

*Corresponding author. E-mail: yasemintumer@karabuk.edu.tr. 

INTRODUCTION

Halogenocyclophosphazenes  are  remarkable
multi-branched  phosphorus–nitrogen
compounds  used  in  the  synthesis  of
cyclophosphazene  derivatives,  from
organocyclophosphazenes  to  dendrimeric
cyclophosphazenes.  Each  phosphorus  atom  is
connected to two exocyclic substituents such as
chlorine,  fluorine  or  bromine  atoms.  The
sequential replacement of these halogen atoms
in  halogenocyclophosphazenes  with  different
reagents  can  produce  new  phosphazene
derivatives (1, 2). The reactions of N3P3Cl6 with
bidentate  reagents  produce  different
geometrical  and  optical  isomers,  e.g.,  spiro-

(mono,  di  or  tri)  and  bino-structures  (3–7).
Monospiro  products  have  four  reactive  P–Cl
bonds.  The  reactions  of  monospiro
cyclophosphazenes with monodentate reagents
produce mono-, di- (gem-, nongeminal cis- or
nongeminal trans-), tri- and tetra- substituted
phosphazene derivatives (8, 9). 

Because  of  their  structural  features,
organocyclophosphazenes  are  used  as
polydentate ligands for coordination complexes
and  multi-branched  cores  for  dendrimers.
Recently,  organocyclophosphazene-containing
coordination  complexes  have  been  used  as
chemosensors for different metals (10–12) and
luminescent  materials  (13).  Also,  cyclic
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phosphazene  core-based  materials  are  widely
implemented in OLED technology (14–16) and
in biomedical applications (17, 18). 

In  previous  studies,  geometrical  and  optical
isomers  of  mono-  and
dispiroferrocenylphosphazenes  were  produced,
and their  chirality  was investigated using  31P-
NMR  spectroscopy  and  X-ray  crystallography
(19,  20).  Langmuir-Blodgett  thin  films,  DNA
interactions, and the cytotoxic and antimicrobial
activities  of  mono-  and
dispiroferrocenylphosphazenes  were  also
investigated (21–23).

In this study, the reactivity of the P–Cl groups
present in chlorocyclophosphazenes was taken
advantage  of  to  prepare  new  phosphazene
derivatives.  In  the  first  step,
monospiroferrocenylphosphazene  derivative  1
was  obtained  by  the  reaction  of
hexachlorocyclotriphosphazene  with
potassium[3-(N-ferrocenylmethylamino)-1-
propanoxide  with  a  formula  FcCH2NH(CH2)3OK
(24).  In  the  second  step,  the  gradual  Cl
replacement reactions of compound 1 with ethyl
p-hydroxybenzoate resulted in partly and fully
substituted phosphazene derivatives (25).  The
structures  of  the  synthesized  products  were
characterized  using  elemental  analysis,  FTIR
and Nuclear Magnetic Resonance (31P-, 13C- and
1H-NMR) techniques. The solid-state structures
of the two phosphazene derivatives (2 and  5)
were investigated by X-ray crystallography. 

MATERIAL AND METHODS

Reagents used for synthesis 
Hexachlorocyclotriphosphazatriene
(phosphonitrilicchloride)  (Aldrich);  ethyl  p-
hydroxybenzoate,  (Aldrich)  and
ferrocenecarboxaldehyde (Acros organics) were
used without further purification. The solvents
(THF, ethanol,  toluene,  n-hexane, acetonitrile,
and benzene) were dried by standard methods.
Reactions have been monitored with TLC (Merck
silica  gel  60  B254  sheets).  The  column
chromatography was performed on Merck silica
gel 60 (0.040−0.063 mm).

Physical measurements
Melting  points  were  measured  with  a
Gallenkamp  apparatus  using  a  capillary  tube.
The 1H, 13C and 31P NMR spectra were recorded
on  a  Bruker  DPX  FT-NMR  (300  MHz)
spectrometer (SiMe4 as internal and 85% H3PO4

as  external  standards).  The  IR  spectra  were
recorded  on  Perkin  Elmer  FTIR  spectrometer
(4000-650 cm-1).

X-ray crystallography 
Suitable crystals of  2 and  5 were selected for
data collection which was performed on a D8-
QUEST diffractometer equipped with a graphite-
monochromatic Mo-Kα radiation. The structures
were solved by direct methods using SHELXS-
97 (26) and refined by full-matrix least-squares
methods  on  F2  using  SHELXL-2013  (27).  All
non-hydrogen  atoms  were  refined  with
anisotropic  parameters.  The  following
procedures were implemented in our analysis:
data  collection:  Bruker  APEX2  (28);  program
used  for  molecular  graphics  were  as  follows:
MERCURY  programs  (29);  software  used  to
prepare material for publication: WinGX (30).

Synthesis of compounds 
The  spiroferrocenylphosphazene  derivative  1
was  synthesized  from  the  reactions  of
hexachlorocyclotriphosphazene  with  potassium
salt  of  [3-(N-ferrocenylmethylamino)-1-
propanoxide according to the literature (24).

Synthesis of compound 2; A solution of ethyl p-
hydroxybenzoate (0.325 g, 1.95 mmol) in dry
THF  (100  mL)  was  added  to  a  solution  of  1
(1.00 g, 1.95 mmol) with K2CO3 (1.08 g) in dry
THF (100 mL). Reaction mixture was refluxing
for  12  h  with  stirring.  Reaction  mixture  was
purified  by  column  chromatography  with
benzene used as eluent. The product eluted was
mono-ethyl  p-hydroxybenzoate  substituted
derivative  2 (0.499 g, 1.95 mmol, 37.7%, mp
146-147  C).  Anal.  Calcd  for  ⁰C). Anal. Calcd for 2
C23H26N4O4FeP3Cl3: C, 40.77; H, 3.87; N, 8.27.
Found: C, 40.55; H, 3.93; N, 8.14. FTIR (cm-1):
3098  (C-H  arom.),  2906  (C-H  aliph.),  1711
(C=O), 1598; 1500 (C=C arom.), 1200 (P=N).
Synthesis  of  compounds  geminal-  (3a)  and
nongeminal-  (transa-3b,  transb-3c and  cis-
3d); The work-up procedure was similar to that
of compound  2, using  1 (1.00 g, 1.95 mmol),
ethyl  p-hydroxybenzoate (0.65 g,  3.90 mmol)
and  K2CO3 (1.58  g).  Reaction  mixture  was
purified  by  column  chromatography  with
benzene/THF  (80/1).  The  disubstituted
compounds were not separated but they have
been  identified  by  31P-NMR  spectrum  from
different  elusion.  [geminal  (3a);  non-geminal
(transa-3b,  transb-3c and  cis-3d)]  (0.60  g,
40.8%). Anal. Calcd for mixture of 3a, transa-
3b, transb-3c and cis-3d C32H35N4O7FeP3Cl2: C,
47.61; H, 4.37; N, 6.94. Found: C, 48.39; H,
4.84; N, 6.66. FTIR (cm-1): 3083 (C-H arom.),
2980;  2981;  2934;  2853  (C-H  aliph.),  1714
(C=O), 1601; 1502 (C=C arom.), 1198 (P=N).

Syntheses of compounds 4 and 5; The work-up
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procedure was similar to that of compound  2,
using  1 (0.70  g,  1.36  mmol),  ethyl  p-
hydroxybenzoate  (0.70  g,  4.21  mmol)  and
K2CO3 (2.30 g). The tri-  4 (0.41 g, 35.9%, mp
89-90  C)  and  tetra-  ⁰C). Anal. Calcd for 5 substituted  (0.23  g,
17%, mp 110-111 C) compounds were purified⁰C). Anal. Calcd for 
from  reaction  mixture  by  column
chromatography  (benzene/THF  (30/1)).  Anal.
Calcd  for  4 C41H44N4O10FeP3Cl:  C,  52.55;  H,
4.73;  N,  5.98.  Found:  C,  51.88;  H,  4.51;  N,
5.85.  FTIR  (cm-1):  3082  (C-H  arom.),  2982;
2903  (C-H  aliph.),  1716  (C=O),  1601;  1501
(C=C arom.),  1199  (P=N).  Anal.  Calcd  for  5
C50H53N4O13FeP3:  C,  56.29;  H,  5.01;  N,  5.25.
Found: C, 56.07; H, 5.19; N, 4.86. FTIR (cm-1):
3082  (C-H  arom.),  2981;  2936  (C-H  aliph.),

1709 (C=O),  1600;  1501 (C=C arom.),  1198
(P=N).

RESULTS AND DISCUSSION

Synthesis
The  precursor  molecule
spirocyclicferrocenylphosphazene  1,  which  has
four P–Cl bonds, was synthesized according to
the procedure  (24). The reactivity of the P–Cl
groups was then used to produce mono- 2, di-
[geminal  (3a);  non-geminal  (transa-3b,
transb-3c and cis-3d)],  tri-  4 and  tetra-  5
substituted  phosphazene  derivatives  (Scheme
1).

Scheme 1. The synthesis route of compounds mono- 2, di- [geminal (3a); non-geminal (transa-
3b, transb-3c and cis-3d)], tri- 4 and tetra- 5.

The reaction of a 1:1 molar ratio of compound 1
and  ethyl  p-hydroxybenzoate  produced  the
corresponding monosubstituted phosphazene  2
as  a  major  product  and  disubstituted
phosphazenes as minor products. These minor
products,  which  were  observed  by  TLC,  were
separated  from  the  major  product  by
chromatographic  methods.  The  reaction  of  a
1:2  mol  ratio  of  compound  1 and  ethyl  p-
hydroxybenzoate  produced  the  expected
disubstituted  phosphazenes.  Disubstituted
phosphazenes  were  not  separated  from  the

reaction  mixture  using  chromatographic
methods.  When  the  31P-NMR analyses  of  two
different samples taken from the column were
examined,  geminal-  3a and  nongeminal-
(transa-3b,  transb-3c and  cis-3d)  isomers
were  observed.  When  a  1:3.3  mol  ratio  of
compound 1 and ethyl p-hydroxybenzoate was
used in the reaction, tri-substitute 4 and tetra-
substitute  5 phosphazenes  were  synthesized.
Compound  2 was  crystallized  from  an
acetonitrile/THF  mixture  (5:1);  compound  5
was crystallized from an n-hexane/ THF mixture

219



Tümer Y et al. JOTCSA. 2020; 7(1): 217-226. RESEARCH ARTICLE

(10:1) at room temperature.

Spectroscopic Analysis 
The  1H-decoupled  31P-NMR  spectral  data  for
mono-  2,  di-  [geminal  (3a);  non-geminal
(transa-3b, transb-3c and cis-3d)], tri- 4 and
tetra-  5 are  listed  in  Table  1.  The  31P-NMR
signals  of  all  compounds were  found  on  the
NMR  spectrum  (Figure 1-3). Disubstituted
phosphazene  isomers  [geminal  (3a);  non-
geminal  (transa-3b,  transb-3c and cis-3d)]
could not be purified from the reaction mixtures
using  column chromatography.  When the  31P-
NMR  spectrum  of  two  different  samples
obtained  by  column  chromatography  were

analyzed,  cis- and  trans- isomers  were
observed in first sample while geminal isomers
as  well  as  cis- and  trans- isomers  were
observed in the second sample.  The mono-  2,
geminal- 3a and tri- 4 substituted phosphazene
derivatives showed a 12-line resonance pattern
consisting of a doublet of doublets for all the P
atoms. Transa-3b and  transb-3c have  three
stereogenic P-centers,  exhibiting a total  of  16
signals,  and  indicating  that  transa-3b and
transb-3c are  diastereoisomers  (9). The
nongeminal-cis  3d and  tetra-substituted
ferrocenylphosphazene  5 gave  rise  to  one
triplet and one doublet.

Figure 1.  The  31P{1H}  NMR spectra  of  mono-  2 (a),  tri-  4 (b) and tetra-  5 (c) substituted
phosphazenes, respectively.

Figure 2. (a) The 31P-NMR spectra of the mixture of transa-3b, transb-3c and cis-3d; (b) 21.5-
18.0 ppm; (c) 15.0-13.0 ppm.
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Figure 3. (a) The 31P-NMR spectra of the mixture of gem-3a, transa-3b, transb-3c and cis-3d;
(b) 28.0-18.0 ppm; (c) 15.0-13.0 ppm; (d) 4.5-3.5 ppm.

Table 1. The  31P-NMR (decoupled)  spectral  data  of  mono-  2,  di-  [geminal  (3a);  non-geminal
(transa-3b, transb-3c and cis-3d)], tri- 4 and tetra- 5. (Chemical shifts are reported in ppm and J
values in Hz; 31P-NMR measurements in CDCl3 solutions at 293 K)

 

Compound
δ (ppm)

2JPP (Hz) Spin 
System

PCl2 P(NO)(spiro) P(OAr)
2

P(OAr)(Cl)

2 25.24 (dd) 17.65 (dd) - 11.53 (dd) 72.9; 47.4;
66.8

ABX

gem-3a 27.41 (dd) 13.95 (dd) 3.83 
(dd)

- 77.8; 65.6;
58.3

AMX

transa-3b - 20.76 - 19.16 76.5 AB2

transb-3c - 14.31 - 13.87 43.7 AB2

cis-3d - 13.99 (t) - 20.13 (d) 65.6 AB2

4 - 16.49 (dd) 6.38 
(dd)

22.72 (dd) 85.1; 72.9;
65.6

ABX

5 - 18.78 (t) 8.58 (d) - 69.3 AX2
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The  expected  signals  from  the  carbon  atoms
and hydrogen  atoms were  present  in  the  13C
and  1H NMR spectra (Table S1  and S2) of all
the new compounds. The carbon peaks for the
carbonyl (COCH2CH3) and phenyl groups in the
ethyl  benzoate groups were  observed  ranging
from 165.84 to 165.70 ppm and from 154.51 to
120.75 ppm,  respectively.  Also,  the  carbon
peaks for the ferrocenyl group were observed in
a range from 82.47 to 67.15 ppm as expected. 
All  the  synthesized  substituted  phosphazenes
have aliphatic protons that  are diastereotopic,
so the  1H-NMR spectra of the new compounds
are highly complex. When the  1H-NMR spectra
of the synthesized compounds were examined,
three different peaks were observed for the H2,
H3 and H4 protons of the ferrocenyl group at
3.92  to  4.31 ppm.  The  protons  of  H4  are
equivalent and were observed as a single peak.
The  H6  protons  belonging  to  the  substituent
were observed as quadrupole peaks at 4.25 to
4.44 ppm, and the H7 protons were observed as
triple peaks at 1.35 to 1.44 ppm. The H2 and
H3 protons of the aromatic rings were observed

in the range from 7.20 to 8.17 ppm.

The  IR  spectra  of  the  new  phosphazene
derivatives  displayed  characteristic  bands
between  1200  and  1198 cm−1 and  between
1174  and  1169 cm−1.  These  vibration bands
were  attributed  to  the  stretching  frequencies
(asymmetric and symmetric) of the P–N bonds
in the phosphazene rings. At the same time the
substitute ethyl  p-hydroxybenzoate  groups
have characteristic IR absorbance peaks in the
range  from  1709  to  1716 cm−1 due  to  the
stretching of the C=O bonds.

X-ray structures of compounds 2 and 5
The molecular structures of  2 and  5, with the
atom numbering schemes, are shown in Figure
4. The crystallographic data are given in Table
S3, and the selected bond lengths and angles
are listed in Table S4 for compounds 2 and 5.
The  crystallographic  analyses  reveal  that
compounds 2 and 5 are very similar. Compound
2 crystallizes  in  the  space group P21/c,  while
compound 5 crystallizes in the space group Pn.

               (a)                                                                  (b)
Figure 4. The molecular structures of 2 (a) and 5 (b) showing the atom numbering schemes.

In compound  2,  the phosphazene ring is in a
flattened-boat  conformation  [φ  =  −62.7(3)°
and  θ  =  60.2(3)°]  having  a  total  puckering
amplitude QT of  0.180(1)  Å.  In compound  5,
the values of the ring puckering parameters are
φ = 191 (2) to 196 (3)°, θ = 78.3 (3) to 80.0
(3)° and QT = 0.121 to 0.114 (5) Å, indicating
that  each  phosphazene  ring  has  a  chair
conformation. The P1/O1/C12-C14/N4 ring was

in a chair conformation [φ = 36.5(1)° and θ =
89.6(1)°]  having  a  total  puckering  amplitude
QT of 0.659(2) Å in 2, while in 5, the values of
the ring puckering parameters were φ = 191(2)
to 196(3)°, θ = 78.3(3) to 80.0(3)° and QT =
0.121(4)  to  0.114(5)  Å.  In  the  phosphazene
rings, the P–N bond lengths were in the range
of  1.561(3)  to  1.612(3)  Å  [average  value  is
1.582(3) Å] (Table S4). 
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                          (a)                                                         (b)
Figure 5. The C-H···Cl hydrogen bonds and C-H···π interactions  in the compound 2 (a); 5b. an
infinite 1D supramolecular network in the compound 5 (b).

As shown in  Figure 5,  the C–H∙∙∙Cl hydrogen
bonds produced a centrosymmetric R2

2(14) ring
in  2  (a),  while  the  intermolecular  C–H∙∙∙O
hydrogen bonds produced a 1D supramolecular
network running parallel to the [101] direction
in  5 (b).  Compounds 2 and  5 also contain C–

H∙∙∙π (Table  2)  and  π∙∙∙π interactions.  Each
π∙∙∙π contact between the ferrocenyl rings may
stabilize the structure, with a center to center
distance of 3.287(2) Å in  2 and 3.303(6) and
3.308(6) Å in 5.

Table 2. The hydrogen bonds and C-H···π interactions parameters for compounds 2 and 5 (Å, º)
D-H· · ·A D-H H···A D···A D-H···A
Compound 2
C13-H13A···Cl3i 0.99 2.77 3.649 (4) 148
C14-H14A···Cg(2)i 0.99 2.87 3.624 134
Compound 5
C29—H29···N1 0.93 2.59 3.228 (11) 126
C50—H50B···O19 0.96 2.52 3.39 (2) 151
C72—H72A···O6i 0.97 2.56 3.497 (19) 162
C79—H79···N5 0.93 2.58 3.221 (12) 126
C84—H84···N6 0.93 2.61 3.163 (11) 119
C13-H13A···Cg(1)i 0.97 2.92 3.661 (13) 134
C62-H62B···Cg(2)ii 0.97 2.93 3.710 (13) 138

Symmetry codes: (i) −x+1, −y, −z+1; Cg(2)=C6-C10 for  2; (i) x−1/2, −y, z+1/2; (ii) x−1/2,
1−y, z+1/2;  Cg(1)=C33-C38; Cg(2)=C83-C88 for 5.

CONCLUSIONS

The  Cl  replacement  reactions  of
monoferrocenylphosphazene  1, which has four
P–Cl bonds with ethyl benzoate, resulted in the
formation  of  new  cyclotriphosphazene
derivatives:  [mono-  2,  di-  [geminal  (3a);
nongeminal  (transa-3b,  transb-3c and  cis-
3d)],  tri-  4 and  tetra-  5]. The  structures  of
these new compounds were characterized using
elemental  analyses,  FTIR  and NMR (1H-,  13C-

and  31P-)  techniques.  The  peaks  observed  in
the  31P-NMR  spectrum  were  evaluated  by
comparison  with  the  results  obtained  in
previous  studies.  The  presence  of  geminal
(3a),  non-geminal (transa-3b,  transb-3c and
cis-3d)  compounds  was  detected  in  the
reaction mixtures.  Furthermore,  the molecular
geometries  of  2 (monosubstituted
ferrocenylphosphazene) and 5 (tetrasubstituted
ferrocenylphosphazene)  were determined from
the X-ray crystallography data.
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Table S1 13C NMR (decoupled) spectral data for 2, gem-3a, transa-3b, transb-3c, cis-3d, 4 and 5 [Chemical shifts (δ) reported in ppm and J values in 

Hz]. 

O C O CH2 CH3

O

1

2

2

3

3

4
5 6 7

Fe

CH2

4

3

3

2

2

1
5

 

 N-CH2-
CH2- 

N-
CH2-
CH2- 

O-CH2-
CH2- 

Fc-CH2 carbon atoms Substituent carbon atoms 

C5 C4 C3 C2 C1 C7 C6 C5 C4 C3 C2 C1 

2 25.77(d) 

3JPC=4.5 

45.10 68.42(d) 

2JPC=7.5 

47.20(d) 

2JPC=3.0 

68.66 67.85 

 

69.98(d) 

4JPC=13.5 

81.90(d) 

3JPC=9.8 

14.34 61.17 165.72 131.47 

 

128.28(d) 

4JPC=2.3 

121.32(d) 

3JPC=5.3 

153.39(d) 

2JPC=9.8 

gem-3a 25.79 44.96 

 

68.54 46.88 68.02 67.71 69.60 82.26 

 

14.33 61.19 165.84 131.43 

 

127.93 

127.74 

125.53 

121.16(d) 

3JPC=4.5 

153.96(d) 

2JPC=7.5 

153.69 

2JPC=6.0 

transa-3b. 
transb-3c 
and cis-
3d 

29.71 

25.85 

45.06 69.66 47.11 68.66 

68.57 

68.47 

68.37 

68.12 

67.65 70.07 

69.90 

82.16 14.33 61.16 165.70 131.38 

 

128.08 121.62 

121.56 

121.41 

121.34 

121.17 

153.59 

4 25.90 44.89 67.91 46.73 68.53 

68.44 

67.35 

67.26 

69.93 

69.61 

82.47 

82.32 

14.33 61.16 

61.10 

61.08 

165.74 131.35 

131.28 

127.85(d) 

4JPC=1.5 

127.77(d) 

4JPC=1.5 

121.52(d) 

3JPC=4.5 

121.12(d) 

3JPC=5.3 

153.74(d) 

2JPC=9.8 

154.07(d) 

2JPC=7.5 



127.47 120.86(d) 

3JPC=5.3 

5 25.99 44.98 68.11 46.77 68.46 67.15 69.48 82.30 14.33 61.14 

61.04 

165.80 

165.74 

131.33 

131.17 

127.35 

127.33 

 

120.82(dd) 

3JPC=6.0 

120.75(dd) 

3JPC=5.3 

154.51(dd) 

2JPC=7.5 

154.13(dd) 

2JPC=7.5 



Table S2 1H-NMR spectral data for 2, gem-3a, transa-3b, transb-3c, cis-3d, 4 and 5. [s: singlet, d: doublet, t: triplet, m: multiplet and bp: broad peak]. 

O C O CH2 CH3

O

1

2

2

3

3

4
5 6 7

Fe

CH2

4

3

3

2

2

1
5

 

 
N-CH2-
CH2- 

N-CH2-
CH2- 

O-CH2-
CH2- 

Fc-CH2 hydrogen atoms Substituent hydrogen atoms 

H5 H4 H3 H2 H2 H3 H6 H7 

2 

 

 

1.92  

2H 

 

3.08  

2H 

 

4.15 

2H  

 

3.89 (m) 

2H 

 

4.14  

5H 

 

4.29  

2H 

 

4.31  

2H 

 

7.40  

2H  

 

8.10  

2H 

 

4.40 (d) 

2H 

3JHH=7.2 

1.42 (t) 

3H 

3JHH=7.2 

transa-3b. 
transb-3c 

and cis-3d 

1.88 

2H 

3.05 

2H 

4.05 

2H 

3.92 

2H 

4.14 

5H 

4.25 

2H 

4.30 

2H 

7.29-7.46 

4H 

8.05-8.15 

4H 

4.25-4.44 

4H 

1.37-1.45 

6H 

transa-3b. 
transb-3c. 
gem-3a and 
cis-3d 

1.88 

2H 

3.04  

 2H 

4.01 

2H 

3.71 

2H 

4.13 

5H 

4.21 

2H 

4.31 

2H 

7.28-7.47 

4H 

8.03-8.17 

4H 

4.34-4.43 

4H 

1.35-1.45 

6H 

4 

 

 

 

 

 

 

1.84 (bp) 

2H 

 

2.99 (bp) 

2H 

 

3.75 

2H 

 

3.32 

2H 

 

4.02 

5H 

 

4.07 

2H 

 

4.19 

2H 

 

7.45 

2H 

3JHH=8.7 

7.24 

4H 

3JHH=9.3 

8.14(d) 

2H 

3JHH=9.6 

9.00 

4H 

3JHH=4.8 

4.33-4.42 

(m) 6H 

 

1.35-1.44 

(m) 9H 

 

5 

 

1.81(bp) 

2H 

2.98 (m) 

2H 

4.18 (m) 

2H 

3.40 (d) 

2H 

3.92  

5H 

4.03 

2H 

4.03  

2H 

7.36 (d) 

4H 

8.07 (d) 

4H 

4.382 (d)  

4H 

1.42 (t) 

6H 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3JPH= 8.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3JHH=8.7 

7.14 (d) 

4H 

3JHH=9.0 

3JHH=8.7 

7.93 (d) 

4H 

3JHH=8.7 

3JHH=7.2 

4.382 (d)  

4H 

3JHH=7.2 

3JHH=7.2 

1.38 (t) 

6H 

3JHH=7.2 



Crystallographic data for the structural analysis have been deposited with the Cambridge 

Crystallographic Data Centre, CCDC No. 1816268 for 2 and 1816269 for 5. Copies of this 

information may be obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge 

CB2 1EZ, UK (fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk or www: 

http://www.ccdc.cam.ac.uk). 

 

Table S3 Crystal data and structure refinement parameters for compounds 2 and 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Crystal data 2 5 

Empirical formula C23H26Cl3FeN4O4P3 C50H53FeN4O13P3 

Formula weight 677.59 1066.72 

Crystal system Monoclinic Monoclinic 

Space group P21/c Pn 

a (Å) 13.8402 (2) 11.9429 (12) 

b (Å) 18.8222 (2) 31.543 (3) 

c (Å) 10.7335 (3) 13.6725 (13) 

β (°) 97.377 (1) 90.535 (4) 

V (Å3) 2772.97 (9) 5150.5 (9) 

Z 4 4 

Dc (g cm-3) 1.623 1.376 

θ range (º) 2.2-28.1 3.0-26.4 

μ (mm-1) 1.05 0.45 

Measured refls. 29809 19462 

Independent refls. 6882 14820 

Rint 0.036 0.065 

S 1.04 1.16 

R1/wR2 0.049/0.122 0.071/0.158 

max/min (eÅ-3) 1.60/-1.04 0.55/-0.60 

mailto:deposit@ccdc.cam.ac.uk


Table S4 Selected bond distances and angles for compounds 2 and 5 (Å, º) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound 2    

P1-O1  1.573(2)  P1-N1  1.591(2) 

P1-N3  1.612(3)  P1-N4  1.632(2) 

P2-N1  1.568(2) P2-N2  1.586(3)  

P3-N3  1.561(3) P3-N2  1.576(3) 

N1-P1-N3  114.99(13) O1-P1-N4  103.76(12)  

N1-P2-N2 120.15(13)  N3-P3-N2  119.33(14) 

Compound 5    

N2-P2  1.581(7) N2-P1 1.580(7) 

N3-P3  1.578(7) 
N3-P2  

1.584(7) 

N4-P3 1.573(7) N4-P1 1.598(7) 

N6-P5 1.572(7)  N6-P4  1.594(7) 

N7-P5  1.573(7) N7-P6  1.593(7)  

N8-P6  1.580(7)  N8-P4  1.598(8) 

N2-P1-N4  116.6(4) O1-P1-N1  103.7(3) 

N2-P2-N3 118.6(4) N4-P3-N3  118.0(4) 

N6-P4-N8 115.7(4)  O14-P4-N5  103.6(3)  

N6-P5-N7  118.7(4) N8-P6-N7  118.7(4) 
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The Effect of Polymer Capping Group to the Electrocatalytic Water
Oxidation Activities of Prussian Blue Analogues
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Abstract:  Prussian Blue (PB) nanoparticles can be obtained by reacting the hexacyanometal center
with  metal  ions  in  the  existence  of  polymers  such as  polyethyleneglycol  (PEG).  In  this  study,  a
pentacyanometal complex, [Fe(CN)5NO]2-, was used in addition to hexacyanometal ion, [Fe(CN)6]3-, to
obtain  nanoparticles  coated  with  PEG.  PB  nanoparticles  have  been  prepared,  characterized,  and
comprehensive electrochemical  studies were performed to investigate  their  performance for water
oxidation electrocatalysis.  The effect the ratio  of PEG to the morphology and the water oxidation
electrocatalytic performance have also been interrogated. Overall, the study clearly indicates that Co-
FeNO@PEG  with  1:10  and  1:25  Co:PEG  rate  show  the  best  electrocatalytic  activity  with  an
overpotential of 472 and 489 mV for current density of 1 mA cm-1, respectively.
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INTRODUCTION

Due  to  the  increasing  energy  demand  and
environmental  problems  based  on  using  fossil
fuels,  it  has  been  necessary  to  find  alternative
energy resources (1). Water splitting is one of the
cheap  and  promising  ways  to  provide
environmentally friendly future energy needs (2).
There  occurs  two half  reactions:  water  oxidation
(oxygen  evolution  reaction  (OER))  and  water
reduction (hydrogen evolution reaction (HER)). The
OER  (2H2O  → 4H+ +  4e- +  O2)  is  considerably
more complex and the rate-limiting step because it
requires a 4e- process. Hence, the robust, efficient
and low-cost water oxidation catalysts (WOCs) are
necessary  to  oxidize  water  with  low  kinetic
overpotential (3).

Although metal oxides such as IrO2 and RuO2 have
excellent  catalytic  activity  for  OER,  their  scarcity

and  high-cost  limit  the  usability  for  large-scale
applications  (4).  Therefore,  various  materials
including non-noble 3d metal ions such as metal
oxides  (5–7),  Prussian  Blue  derivatives  (8,9),
perovskite  structures  (10,11)  and  amorphous
materials (12,13) have also been investigated for
WOCs  with  competing  activities  those  of  noble-
metal  catalysts.  Because  of  the  high  catalytic
activities,  cobalt  oxides  stand  out  among  them.
However, they are inefficient at neutral or unstable
at  acidic  medium.  Furthermore,  it  is  difficult  to
determine correlation of the catalytic activities with
structure due to their amorphous nature (8).

In  2008,  Kanan  et  al.  reported  that  cobalt
phosphate  (Co-Pi)  film  easily  prepared  by
electrodeposition  of  Co2+ salts  in  neutral  water
containing phosphate as a new area of exploration
for  non-noble  catalysts  that  oxidize  water  (14).
After this research, many studies have been focus
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on Co-Pi catalysts (15–17).

Prussian  Blue  (PB)  structure  is  a  mixed  valence
iron hexacyanoferrate  with  a  face-centered cubic
structure (FCC) that is two different iron centers as
Fe2+ and Fe3+ and CN- groups that bridge them.
Prussian  Blue  and  its  analogues  draw  attention
because  of  their  porous  structure.  Cobalt
hexacyanoferrate,  members  of  the  well-known
Prussian Blue analogue (PBA) family, was coated
on  fluoride-doped  tin  oxide  (FTO)  electrode  by
electrochemical method and investigated as WOCs
by Galán-Mascarós et al (9). This study shows that
PBA  extraordinary  candidates  for  electrocatalytic
WOCs due to their high electrocatalytic activities,
robustness,  and  durability  at  neutral  pH  and  an
alternative  to  cobalt  oxide  matrices.  Galán-
Mascarós et al.  also prepared thin films of  PBAs
with  a  new  synthetic  method,  which  involves
chemical  etching  of  cobalt  oxides  with  a
hexacyanoferrate  solution.  This  new  method
provided  an  impressive  improvement  on  the
stability  of  the  electrode and the electrocatalytic
performance in a wide pH value(18). Karadas et al.
have been investigated electrocatalytic activity of a
group  of  cobalt  hexacyanometallates,  (CoHCMs)
including various M(CN)6 units (M=Co3+, Cr3+ and
Fe2+/3+), and impact of the metal and its oxidation
state in the M(CN)6 unit on the catalytic efficiencies
of PBAs (8). In addition, Karadas shows the cobalt
hexacyanocobaltate,  as  an  ideal  composition  of
metal  hexacyanocobaltates,  exhibits  the  highest
electrocatalytic activity toward the OER (19). 

In  this  study,  it  is  aimed  to  obtain  PB
nanoparticles’  presences  of  polyethylene  glycol
(PEG)  as  stabilizing  agent.  The  synthesis  and
characterization  of  PB  nanoparticles@PEG  hybrid
compounds are presented. Cyclic voltammetric and
chronoamperometric studies were performed with
catalyst-coated FTO electrode in phosphate buffer
(KPi) solution (pH 7). Also, effect of PEG amount
on  electrocatalytic  water  oxidation  activity  was
investigated. 

EXPERIMENTAL SECTION

Chemicals
All  chemicals,  including  Co(CH3COO)2.4H2O,
K4[Fe(CN)6].3H2O,  Na2[Fe[CN)5NO],  PEG  (used
molecular weight of PEG8000), KH2PO4  (>99.0%),
K2HPO4  (>99.0%),  orthophosphoric  acid  (H3PO4,
85%), KOH, fluorine-doped tin oxide, and solvents
were  supplied  from  Sigma  or  Merck  and  used
without purification.

Instrumentation
XRD  studies  were  performed  by  PanAnalytical
X’PertPro multipurpose X-ray diffractometer (MPD)
operating  CuKa  radiation  (λ=1.5418  Å).  FTIR
spectra  were  performed  with  a  Bruker  Alpha

Platinum-ATR spectrometer over the wavenumber
range  4000–400  cm-1.  Dynamic  light  scattering
(DLS)  measurements  were  performed  with  a
photon  correlation  spectroscopy  using  a  Malvern
Nano ZS ZEN3600 (Malvern Instruments Inc.) at a
fixed  scattering  angle  of  173°  to  specify  the
particle sizes of samples. A transmission electron
microscope  (TEM,  Tecnai  G2-F30,  FEI)  was
performed  at  200  kV.  All  electrochemical
measurements  were  carried  out  by  Gamry
Instrument  Interface  1000
Potentiostat/Galvanostat  with  a  conventional
three-electrode  electrochemical  cell  used  with
Ag/AgCl  electrode  (satd.  KCl)  as  the  reference
electrode, Pt as a counter electrode, and catalyst
loaded fluorine-doped tin oxide (FTO) as a working
electrode.  All  potentials  were  reported  versus
Ag/AgCl reference electrode.

Instrumentation
FTO electrodes were obtained from Sigma-Aldrich
(with 1 × 2 cm, 2 mm slides with 7 Ω/sq−1 surface
resistivity  and ~ 80% transmittance).  Electrodes
were cleaned by sonication for 10 minutes in basic
soapy solution,  deionized water  and isopropanol,
respectively. Then they were annealed at 400 °C
for 30 minutes. Catalyst-modified electrodes were
prepared by drop-casting method. A mixture of 5
mg of  PBA  catalyst,  500  µL  of  DMF,  500  µL  of
water, and 100 µL of Nafion solution were mixed
and  sonicated  for  30  minutes.  After  making  a
stable  suspension,  50  µL  of  it  was  taken  and
dropped onto the mixture by covering 1 cm2 of the
FTO electrode. Electrodes were then dried at room
temperature for 10 min followed by 80 °C for 10
min in an oven. They were then left in desiccator
until  further  use  for  electrochemical  experiments
and characterization.

Electrochemical Methods
Cyclic voltammograms (CV) were recorded with a
scan  rate  of  50  mV s-1 in  potassium phosphate
buffer (KPi)  solution with  1M KNO3 between 0 V
and 1.5 V vs Ag/AgCl reference electrode. Surface
concentration of active metal site was determined
by CV taken in the region of Co2+/3+ redox couple
with  different  scan rates.  Bulk  water  electrolysis
was performed with a two compartment cell with
separation  of  a  glass  frit.  The  electrolysis  and
steady  state  chronoamperometric  experiments
were performed in KPi buffer solution containing 1
M  KNO3 as  a  supporting  electrolyte  and  the
potential was increased with 0.02 V increments to
obtain a Tafel plot. Tafel data were collected using
equilibrium current density after 600 s at applied
potentials. All experiments were performed under
nitrogen atmosphere. 
Potassium phosphate buffers (0.05 M KPi, pH 7.0)
including 1 M KNO3  were prepared using K2HPO4,
KH2PO4, KNO3, and deionized water and then set
by adding H3PO4 or KOH to the desired pH. The
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solution  was  prepared  with  Millipore  Milli-Q
deionized water with a resistivity of 18.2 MΩ cm. 

RESULTS AND DISCUSSION

Synthesis of Prussian Blue Nanoparticles with
PEG
K4[Fe(CN)6].3H2O and [Fe(CN)5NO] were used as
initiators  in  the  presence  of  Co(CH3COO)2.4H2O.
The existence of a stabilizing agent prevents the
growth  of  an  unlimited  number  of  three-
dimensional  cyano-bridged  coordination  polymer
networks by providing the formation of metal ions
on the surface and stable colloidal (20). Therefore,
the particle size was controlled by using PEG as a
stabilizing agent of molecular weight of PEG8000.
PEG was added to both of two aqueous precursor
solutions  separately.  These  two  solutions  were
mixed with each other dropwise until a solid form
formation was observed and centrifuged at 9000
rpm for 25 minutes (Figure 1).

Figure 1. Schematic representation of PBn@PEG
formation.

The liquid  layer  is  taken and modest  amount of
solution  pulled  away  in  order  to  use  for  DLS
measurements. Acetone was added to separate the
nano-sized products and stored at 4 °C for a day.
Table 1 shows the experimental condition to obtain
the structures.

Table 1. Experimental condition to obtain the 
structures.

Sample Co/PEG
Ratio

Co-Fe@PEG 1/10
Co-Fe@PEG 1/25
Co-FeNO@PEG 1/10
Co-FeNO@PEG 1/25
1Co/Fe ratio is 1/1. +
2[Co2+] / M = 10-2

Synthesis of Prussian Blue Nanoparticles with
PEG
Powder  XRD studies  were  performed  on  powder

samples  of  derivatives  to  investigate  their
crystalline nature. XRD patterns displayed in Figure
2 clearly indicate that all  samples adopt identical
Prussian Blue nanoparticle structure (20–22).

Figure 2. XRD patterns for samples.

PBAs structures exhibit characteristic bands related
with PB- structure systems in infrared spectrum: i)
HOH bending and OH stretching are observed as a
sharp band at around 1610 cm-1 and a broad band
at 3200– 3500 cm-1  respectively. ii) CN stretching
is observed as a sharp band at around 2000-2200
cm-1.  Therefore,  FTIR  is  one  of  the  reliable
techniques for the characterization of PBAs. FTIR
spectra  of  each  sample  exhibit  sharp  peak  at
around 2080 cm-1 attributed to CN stretching. Also,
each  compound  has  a  sharp  stretch  at  around
1580 cm-1 and a broad one at 3400 cm-1, which
correspond  to  H-OH  bending  and  O-H  stretch,
respectively (Figure 3).

Figure 3. FTIR spectra of the samples.

Dynamic light  scattering  (DLS)  measurements
were  carried  out  to specify  particle  size  of  Co-
Fe@PEG  and  Co-FeNO@PEG.  According  to  DLS
measurements, uniform distribution was observed
in  the  sample  and  it  indicates  the  formation  of
particles with diameters of around 15 nm (Figure
4).  Transmission  Electron  Microscopy  (TEM)
measurements were also performed to determine
the  size  and  morphology  of  the  nanoparticles
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(Figure 5). The mean particle size for both samples
was approximately obtained 20 nm. This result is

consistent with DLS measurements.

Figure 4. DLS diagrams of a) Co-Fe@PEG b) Co-FeNO@PEG

Figure 5. TEM images of a) Co-Fe@PEG and b) Co-FeNO@PEG

Electrochemical Studies
Electrochemical  properties  of  FTO  (PBn@FTO)
electrodes coated with Prussian Blue nanoparticles
are  investigated  by  cyclic  voltammetry  (CV)
performed in KPi solution (pH 7) containing 1 M
KNO3 as an electrolyte in the range of 0–1.5 V vs.
Ag/AgCl reference electrode at a scan rate of 50
mV s-1  (Figure  6).  All  catalysts  show the  higher
irreversible  peak  attributed  to  water  oxidation
process  than  blank  FTO  electrode.  According  to
Figure  6a,  Co-FeNO@PEG  (1:10)  exhibits  the

lowest  overpotential,  highest  current  density  and
thus the highest catalytic activity, among all.

It is also observed that the overpotential value for
water oxidation process shifted to more negative
regions with the addition of PEG. Figure 6b shows
the  effect  of  PEG  amount  on  Co-FeNO catalyst.
Co:PEG  rate  of  1:25  exhibits  the  best  catalytic
activity towards the water oxidation.

Both  structures  exhibit  quasi-reversible  peaks  at
around ~ 0.9 V (vs Ag/AgCl), which is attributed to
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the  Co2+/3+ redox  process.  Redox-active  metal
concentration on electrode surface was detected by
CV performed with various scan rates in the region
of  Co2+/3+ redox  couple  (19,23).  The  surface
concentrations  (Γ)  of  Co-FeNO@PEG10 and  Co-
FeNO@PEG25 were  obtained  from  the  slope  of
current density (j) vs. scan rate plots according to
Equation 1:

slope=n
2F 2 AΓ
4 RT

(Eq. 1)

where n is the number of electrons involved in the
redox process, F is the Faraday constant, A is the
electrode  area,  Γ  is  the  electroactive  surface
concentration, R is the gas constant and T is the
temperature. For calculated surface concentration,
CVs  at  different  scan  rates  were  recorded  at
potential  ranges  of  0.4  V-1.1  V  (vs.  Ag/AgCl).
electroactive  surface  concentration  of  Co-
FeNO@PEG10 and Co-FeNO@PEG25  were calculated
as 7.8 and 9.3 nmol cm-2 (Figure 7). This result
suggests that surface concentration of redox-active
metal increased with the increase in the amount of
PEG. 

Figure 6. a) CV comparison of PBn modified FTO electrodes at pH 7.0 with a 50 mV s-1 scan rate; b) CV
of the Co-FeNO@PEG10 (red line), Co-FeNO@PEG25 (blue line) in the same conditions.

The catalytic  activity  of  the catalysts  toward the
OER is  investigated  by corresponding Tafel  plots
(log  j−η)  obtained  chronoamperometric
measurements.  The experiments  were  performed
in 50 mM KPi solution with 1 M KNO3 as supporting
electrolyte,  at  pH  7,  and  the  potential  was
increased with 0.02 V increments to obtain a Tafel
slope for each catalysts (Figure 8). A linear trend
was  obtained  in  the  280–400  mV  region.  Tafel
slope  of  Co-FeNO@PEG10 and  Co-FeNO@PEG25

were found to be 96 and 95 mV dec-1, respectively.
The  similarity  in  Tafel  slopes  indicate  that  the
mechanism  of  water  oxidation  with  these
electrodes  are  similar,  however,  it  is  difficult  to
determine which pathway occurs for the reaction
from  this  analysis.  The  slopes  are  similar  with
previously  reported  Prussian  Blue  catalysts
(8,9,19), metal dicyanamides [Mdca2] (24), cobalt-
sulfide catalyst (25), while it is higher than CoPi
catalyst film (26). 
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Figure 7. Cyclic voltammograms of a) Co-FeNO@PEG10 and b) Co-FeNO@PEG25 coated FTO electrodes
at different scan rates in 50 mM KPi solution containing 1 M KNO3, pH 7; inset shows the linear trend
between the scan rate and the Co2+/3+ peak current density.
Catalytic  current  densities  of  55  µA  cm-2 (ηonset)
and 1 mA cm-2 (η1mA) for Co-FeNO@PEG10 and Co-
FeNO@PEG25 were  calculated from Tafel  linearity
as  351,  369,  472  and  489  mV.  Onset
overpotentials  are  similar  with  [CoFe(CN)5-
PVP@FTO;  360  mV)  (27)  and  other  Co-based
catalysts (η: 310 mV for Co(PO3)2, η: 434 mV for
Co3O4, and η: 480 mV for CoNCN) (26,28,29). The
catalytic  onset  overpotentials  of  Co-FeNO@PEG10

and Co-FeNO@PEG25 are also lower than previous
reported  [Fe-Co]-coated  FTO  electrode  (η:  475
mV)(19).  In  addition,  catalysts  require  lower
overpotential for 1 mA cm-2 than previous reported
Prussian Blue catalysts  of [CoFe(CN)6@FTO; η >
600  mV]  (9),  [Co-Co]@  FTO   (η:  531  mV),
[Co0.9Fe0.1 -Co]@ FTO (η: 569 mV), [Co0.5Fe0.5 -
Co]@ FTO (η: 591 mV), [Fe-Co]@ FTO ( η: 730
mV) (19) and [CoFe(CN)5-PVP@ FTO; η : 510 mV]
(27) fundamentally as a result of the change in the
number of active metal sites on electrode surface.

Figure 8. Tafel plots for Co-FeNO@PEG10 and Co-
FeNO@PEG25 coated FTO electrode at pH 7.

To  further  evaluate  the  catalytic  activity  of  Co-
FeNO@PEG10 and  Co-FeNO@PEG25,  turnover
frequency  (TOF)  values  calculated  using  surface
concentration  and  current  density  obtained  from

chronoamperometric  measurement  were  plotted
versus overpotential (Figure 9). TOF of 2 × 10-3 s-1

can be reached at overpotentials of 251 and 287
mV,  respectively.  These  values  are  lower  than
reported for CoFe(CN)6@FTO (η = 300)(9) and Co-
Pi  catalysts  (η  =  410)(16),  as  a  result  of  the
surface concentration.

Figure 9. log TOF vs. overpotential plots for Co-
FeNO@PEG10  and  Co-FeNO@PEG25  extracted
from Tafel plots at pH 7.

To  determine  the  long-term  stability  of  Co-
FeNO@PEG10 and  Co-FeNO@PEG25 coated  FTO
electrodes, chronoamperometric measurement was
carried out at 1.2 V for 16 hours at pH 7 (Figure
10). The current density increased for the first 2
hours over Co-FeNO@PEG10 coated FTO electrode
and remained constant at 0.3 mA cm-2 during the
electrolysis.  A  beginning  increase  in  the  current
density can be assigned to morphological changes
on the electrode surface like those of  previously
reported  Cu-based  catalysts  (30,31).  Over  Co-
FeNO@PEG25 coated  FTO  electrode,  the  current
density decreases gradually with time and it stable
at  0.2  mA  cm-1 during  the  electrolysis.  This
observation is similar to previous reported Prussian
Blue catalysts (9,19).
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Figure 10. Long-term studies of electrolysis for a) Co-FeNO@PEG10 and b) Co-FeNO@PEG25 coated FTO
electrode performed at 1.2 V (vs Ag/AgCl) at pH 7.0. The insets display the CVs obtained pristine and

post-catalytic electrode.

In addition, the long-term stability of the catalysts
was  assessed  by  comparison  of  CVs  performed
before  and after  16  hours  of  electrolysis  (Figure
10, inset). An increment in the current density was
obtained in the voltammogram of Co-FeNO@PEG10

performed  after  electrolysis,  which  is  consistent
with  the  chronoamperometric  measurement.  The
similarity  in  the  cyclic  voltammetric  profiles
obtained  before  and  after  chronoamperometric
experiments  also  supports  the  stability  of  both
catalysts.

CONCLUSION

Prussian Blue nanoparticles have been synthesized
in  the  presence  of  PEG  as  a  stabilizing  agent,
which  were  used  for  electrocatalytic  water
oxidation studies.  The effect  of  the  ratio  of  PEG
and  the  type  of  cyanide  precursor  to  the
electrocatalytic  activity  were  investigated.  It  is
known  that  the  crystallinity  of  the  PB  structure
decreases formed penta-cyanometal complexes by
removing the one CN group from the PB structure,
and  thus  a  significant  increase  in  the  surface
concentration of Co sites. It is observed that the
overpotential  value  for  water  oxidation  process
shifted  to  more  negative  regions  and  current
density increased by replacing the CN group with
the NO group and also with increase in the ratio of
PEG,  suggesting  that  surface  concentration  of
redox-active metal increases as a result of increase
in the surface area. The current density of 1 mA
cm-1 was reached at an overpotential of 472 and
489 mV for Co-FeNO@PEG10 and Co-FeNO@PEG25,
respectively. The catalysts offer a TOF = 2×10-3 s-1

at  an  overpotential  of  262  and  298  mV.  The
similarity of CVs obtained for the before and after
electrolysis  suggest  the stability of  Prussian blue
nanocubes during electrocatalysis.
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Abstract:  The  phytochemical  composition  of  medicinal  plants  is  responsible  for  the
ethnopharmacological applications. These phytochemicals vary in plants of same species planted in
various geographical locations. The seed of Moringa oleifera Lam., a widely consumed multi-medicinal
plant was examined for the bioactive phytochemicals. With the aid of Nuclear Magnetic Resonance (1H-
NMR/13C-NMR)  spectrometer,  Electrospray  Ionisation  Mass  Spectrometry  (ESI-MS)  and  Fourier
Transform Infrared (FT-IR) spectroscopy, the phytochemical investigation of the seed of M. oleifera
afforded nine compounds which included niazimicin  1,  niazidin  2,  glucomoringin isothiocyanate  3,
niazinin acetate 4, niazinin triacetate 5, niazirinin 6, glucotropaeolin 7, triolein 8, trivaccenin 9. The
Gas  Chromatography-Mass  Spectrometry  (GC-MS)  analysis  of  a  major  oily  fraction  revealed  the
presence of additional ten compounds which include oleic acid (major), 13-docosenoic acid, stearic
acid, p-hydroxybenzyl cyanide, α -l-rhamnopyranose and other fatty acids/esters.  This is the first
account  of  a  fully  acetylated  niazinin  (a  4-(2’,3',4’-O-triacetyl-α-L-rhamnosyloxy)benzyl
isothiocyanate) 5 from Moringa oleifera seed. The in silico toxicity evaluation indicated that most of
the isolated compounds are either immunotoxic, carcinogenic or mutagenic. The result thus obtained
could serve a basis for the pharmacological and toxicological evaluation and profiling of the seed. The
result further implied the need for dosage regulation of the consumption of the seed.
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INTRODUCTION

The  phytochemicals  of  plants  used  in  folkloric
medicine  are  apparently  responsible  for  the
ethnopharmacological  applications.  These
phytochemicals within plants of same species vary
due to differences in their geographical locations.
Moringa oleifera Lam. of the monogenetic family,
Moringaceae is a widely cultivated medicinal plant
with many attributes (1-3). All parts of the plant

which include the stem bark, leaves, root, flowers,
fruits,  pods,  and  seeds  are  used  in  folkloric
medicine. Particularly, the seed is used for water
purification  as  flocculants  and  de-immobiliser  of
some pathogens (2). Apart from the application of
the seed in water purification, the seed is widely
consumed by locals in Africa and Asia as a cheap
source of anti-hypertension therapy (4). It is also
consumed as food or used as food supplement in
many part of Africa while its  oil  is also used for
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cosmeceutical  purposes  (5,  6).  Prior  to  the
commencement  of  this  work,  there  has  been
paucity  of  comprehensive  detail  chemical
composition of the seed of M. oleifera of Nigerian
origin. However,  major compounds which include
thiocarbamates,  isocyanates,  glucosinolates,
triglyceride, triterpenes and fatty acids have been
isolated from the seed majorly of Asian origin (7-
10). Various reports have been documented about
the  chemical  and  biological  applications  of  the
plant (4, 11, 12). Despite the numerous emerging
reports on M. oleifera, the plant is still considered
underexplored and underutilised for its many great
potential (2, 4). Due to environmental impact and
geological  differences,  the  phytochemicals  of
plants often vary from place to place (13). In our
previous  report  (14),  we  indicated  that  the
ethanolic  seed  extract  of  M.  oleifera  of  Nigerian
origin could trigger infertility of the male through
decreased  semen  pH  and  also  induce
hepatotoxicity  due  to  persistent  increase  in  AST
and ALP despite withdrawal of the administration
of the extract. In addition, we have also previously
shown that  the  seed  has  the  potential  to  cause
renal  toxicity  (15).  Our  previous  studies  further
indicated  that  though  the  Moringa  oleifera seed
extracts  had  high  anti-oxidant  potentials,  it
however  showed  low  proteinase  and  membrane
stabilisation responses (10). In the continuation of
our  work  on  the  chemical  and  biological
investigations  on  Moringa  oleifera seeds  of
Nigerian origin (10,  14,  16),  we here report  the
isolation  and  characterisation  of  nine  bioactive
compounds  and  additional  ten  compounds
identified with the aid of GC-MS.

MATERIAL AND METHOD

General Method
Solvents and chemicals used were analytical grade
and  where  applicable,  solvents  were  re-distilled
before  use.  Infrared  spectra  were  recorded  on
Shimadzu  (8400S)  Fourier  Transform-Infrared,
Shimadzu, Japan, using KBr pellets.  1H-NMR (300
MHz)  and  13C-NMR  (75  MHz)  spectra  were
recorded  in  deuterated  chloroform  (CDCl3)  on
Bruker  300  Nuclear  Magnetic  Resonance
Spectrometer.  Adopting  tetramethylsilane  (TMS)
as an internal  standard,  all  chemical  shifts  were
expressed  in  parts  per  million  (ppm)  downfield
from it.  Mass  spectral  data  were  taken  on  JMS
spectrometer  (ESI+)  ion  trap  LCQ  and
Thermoelectron Corporation. Chromatography was
carried out on a silica gel gravity loaded column.
Thin  layer  chromatography  (TLC)  was performed
on pre-coated plates of silica gel 60F-264 (Merck),
and spots were visualised using an ultraviolet-light
lamp or by exposure to iodine vapour.

GC-FID/GC-MS Analyses
One of  the  major  oil  fraction  obtained  from the
column chromatography was subjected to GC-FID/
GC-MS  using  an  Agilent  Technology  7890A  gas
chromatograph  equipped  with  a  HP-5MS  column
with size 30 m by 0.32, 0.5 μm and coupled to a
mass  spectrometer.  The  injection  and  interface

were  operated  at  250  and  380  °C  respectively
while  the  oven  temperature  was  set  to  operate
from  60  to  300  °C  at  5  °C  min-1 and  held
isothermally at that temperature using a splitless
mode at the injection volume of 0.2 µL. The scan
was operated for a total time of 0.5 h and chemical
constituents identified primarily by comparing the
fragmentation  pattern  of  each  spectrum  with
reference  compounds  in  the  NIST  library  and
literature.

Preparation of Plant Material
The  seed  of  M.  oleifera was  collected  from
Northern  Nigeria  and  authenticated  at  the
herbarium  of  the  department  of  Plant  Biology,
University of Ilorin, Nigeria. The voucher number
UILH/002/1008 was assigned.

Extraction,  Column  Chromatography
Fractionation and Isolation
The  dried,  de-husked  seed  material  (2  kg)  was
pulverised and extracted exhaustively with ethanol
for  nine  days followed by water  extraction for 5
days.  The  aqueous  extract  was  partitioned  with
dichloromethane (DCM) and the DCM extract was
collected  and  concentrated  in  vacuo to  afford
46.30  g  extract  while  the  ethanolic  extract  was
also  concentrated  in  vacuo using  a  rotary
evaporator to afford 37.10 g of thick brown syrup-
like  extract.  Both the  DCM and ethanol  extracts
were  subjected  to  silica  gel  column
chromatography  separately  with  elution  using  n-
hexane, DCM, and methanol in an increasing order
of polarity. The DCM extract afforded 23 fractions
while  the  ethanolic  extract  afforded  42  fractions
which were further pulled together based on their
TLC profile to afford 7 and 11 major fractions for
DCM and ethanol extracts respectively. The major
fractions  were  re-chromatographed  and  some
partially  purified  compounds  were  further
subjected  to  preparative  thin  layer
chromatography  or  washing  with  solvents  as
appropriate. Thus, compounds  1-9 were obtained
and subjected to various spectroscopic studies for
the elucidation of the structures.  An oily fraction
obtained  from  the  fractionation  of  the  ethanolic
extract was subjected to GC-MS analysis.

Extraction,  Column  Chromatography
Fractionation and Isolation
In order to further identify if any of the compounds
have toxic potentials, computational methods were
used to predict their toxic effects using ProTox-II
web server (17), which has a total 33 models for
the  prediction  of  various  toxicity  endpoints  was
used  for  this  study,  such  as  acute  toxicity,
hepatotoxicity,  cytotoxicity,  carcinogenicity,
mutagenicity,  immunotoxicity,  adverse  outcomes
pathways  and  toxicity  targets.  Additionally,  in
house  based-cytochrome  (1A2,  2C9,  2C19,  2D6
and 3A4) models were used for the prediction. The
respective cytochrome models were based on the
SuperCyp  database  (SuperCyp),  and  were
validated both on internal and external datasets.
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RESULTS AND DISCUSSION

The  silica  gel  column  chromatography  of  the
dichloromethane  and  methanolic  extracts  of  M.
oleifera seed afforded nine compounds which were
characterised  using  a  combination  of  Nuclear
Magnetic  Resonance  (1H-NMR/13C-NMR)
spectrometry,  Electrospray  Ionisation  Mass
Spectrometry  (ESI-MS)  and  Fourier  Transform
Infrared  (FT-IR)  spectroscopy  as  well  as  in
conjunction with literature.

Compound  1:  Niazimicin  or  (O-ethyl-4[α-L-
rhamnosyloxy]thiocarbamate).  ESI-MS  (+)  358
[M+H]+ and 453 [M+26]+,  fragment at  m/z 311
and 253.  m/z 357 [M]+ observed for C16H23NO6S.
1H-NMR (300 MHz, CDCl3): δH (ppm) 6.97 (H-2, H-
6, d), 7.27 (H-3, H-5, d), 4.53 (H2-7, d), 5.32 (H-
1', d), 3.98 (H-2', m), 3.66 (H-3', m), 3.23 (H-4',
m), 3.65 (H-5', m), 1.08 (H-6', d), 5.01 (OH, d),
4.67 - 4.85 (OH, m), 4.38 (H, q), 1.25 (H, t), 9.85
(NH). 13C-NMR [75 MHz, (CDCl3)]: δC 155.8 (C-1),
116.7 (C-2, C-6),128.4 (C-3), 130.6 (C-4), 131.0
(C-5), 48.6 (C-7), 190.7 (C-8), 98.2 (C-1'), 70.4
(C-2'), 70.9 (C-3'), 71.9 (C-4'), 69.4 (C-5'), 17.7
(C-6'), 66.5, 14.2 (OCH2CH3).

Compound  2:  Niazidin  or  (O-cyano-4-(R-L-
rhamnosyloxy)benzenethiocarbamate).  IR;  υmax

(cm-1) 3389 (NH/OH), 3005 (Ar C-H), 2924/2854
(CH), 2077, 1739, 1647 (N-H bend), 1612 (C=C
stretch), 1510 (C = C), 1465, 1420 (O-H bend),
1379  (C-H  bend),  1232  (C-N  stretching),  1093
(C=S stretch). ESI-MS (+) 355 [M+H]+, 311 and
270  fragments.  m/z 355  [MH]+ observed  for
C15H18N2O6S. 1H NMR (300 MHz, CDCl3): δH (ppm)
6.95 (H-2, H-6, d, J = 8.4 Hz), 7.19 (H-3, H-5, d, J
= 8.4 Hz), 4.58 (H-7, d), 5.32 (H-1', d), 3.82 (H-2'
d), 3.66 (H-3', m), 3.23 (H-4', s), 3.65 (H-5', m),
1.00 (H-6', d), 4.70 – 5.01 (OH, m), 7.80 (NH).
13C-NMR [75 MHz, (CDCl3)]: δC 156.5 (C-1), 117.3
(C-2, C-6), 129.2 (C-3), 130.1 (C-4), 129.7 (C-5),
179.1 (C-8), 98.5 (C-1'), 70.2 (C-2'), 70.4 (C-3'),
70.8 (C-4'), 69.3 (C-5'), 17.7 (C-6').

Compound  3:  Glucomoringin isothiocyanate or 4-
(α-L-rhamnosyloxy)benzyl isothiocyanate. IR; υmax

(cm-1)  3358  (OH),  2928/2854  (CH),  2210  (CN),
2065,  1743,  1654  (N-H  bend),  1612  (C=C
stretch), 1510, 1450 (C = C), 1388 (C-H bend),
1230 (C-N stretching), 1093 (C=S stretch).  ESI-
MS (+) 312 [M+H]+, 311, 270 and 253 fragments.
m/z 310.5 [M]+ observed for C14H17O5NS. 1H NMR
(300 MHz, CDCl3): δH (ppm) 7.21 (H-2, H-6,  d),
7.02 (H-3, H-5, d, J = 9.3 Hz), 4.62 (H2-7, s), 5.45
(H-1', d J = 1.2), 4.10 (H-2' br, s), 3.99 (H-3', dd,
J = 6 Hz), 3.56 (H-4', s), 3.79 (H-5', m), 1.26 (H-
6', d, J = 5.4 Hz), 4.81 (OH, s), 2.63 (2OH, br s),
7.80 (NH).  13C-NMR [75 MHz, (CDCl3)]: δC 156.1
(C-1),  116.7  (C-2),  129.3  (C-3),  129.0  (C-4),
129.1 (C-5), 116.6 (C-6), 48.8 (C-7), 130.9 (C-8),
98.2 (C-1'), 70.7 (C-2'), 70.3 (C-3'), 72.7 (C-4'),
69.1 (C-5'), 17.4 (C-6').

Compound 4: Niazinin acetate or 4-(3'-O-acetyl-α-
L-rhamnosyloxy)benzyl isothiocyanate. ESI-MS (+)

432 [MH+Na+Na]+, 310 and 270 fragments.  m/z
432.02 [M+NH4]+ observed for M+ C17H23NO7S. 1H
NMR (300 MHz, CDCl3): δH (ppm) 7.03 (H-2, H-6,
d), 7.18 (H-3, H-5, d), 4.63 (H2-7, d), 5.543 (H-1',
d), 4.10 (H-2' br, s), 4.07 (H-3', d), 4.87 (H-4', t),
3.96 (H-5', m), 1.01 (H-6', d), 3.77, 3.24 (2’-OH,
4’-OH, s), 7.60 (NH, t), 2.19 (OAc, br, s).

Compound  5:  Niazinin triacetate or 4-(2’,3',4’-O-
triacetyl-α-L-rhamnosyloxy)benzyl  isothiocyanate.
IR; υmax (cm-1) 3381 (υN-H/O-H), 2926/2854 (υC-H),
2171 (υCN), 2088, 1741 (υC=O), 1654 (υC-N bend),
1612 (υC=C stretch), 1510, 1458 (υC=C), 1379 (υC-H

bend),  1236  (υC-N stretch),  1093  (υC=S stretch).
ESI-MS  (+)  487  [M+NH4]+,  325,  310  and  270
fragments.  m/z 487.15  [M+NH4]+ observed  for
C21H27NO9S . 1H NMR (300 MHz, CDCl3): δH (ppm)
7.00 (H-2, H-6, d, J = 8.4 Hz), 7.12 (H-3, H-5, d, J
= 8.4 Hz), 4.58 (H2-7, d, J = 6.9 Hz), 5.56 (H-1',
d), 5.32 (H-2' br, dd, J = 5.1 Hz), 5.21 (H-3', dd),
4.99 (H-4', t), 3.93 (H-5', m), 1.01 (H-6', d, J =
6.9 Hz), 3.45 (OMe, s), 4.62 (NH, t), 1.99 (OAc,
br, s). 13C-NMR [75 MHz, (CDCl3)]: δC 156.2 (C-1),
116.7 (C-2), 128.4 (C-3), 131.0 (C-4), 128.2.1 (C-
5), 116.9 (C-6), 48.3 (C-7), 190.7 (C-8), 97.8 (C-
1'), 76.8 (C-2'), 72.5 (C-3'), 71.5 (C-4'), 71.0 (C-
5'),  17.7  (C-6'),  174.2,  174.0,  173.7  (3C=O),
22.8, 21.2 and 19.9 (3OAc).

Compound  6:  Niazirinin.  4-[(4’-O-acetyl-α-L-
rhamnosyloxy)benzyl]  nitrile.  ESI-MS  (+)m/z
357.89  [M+NH4+NH4]+ was  obtained  for
C16H19NO6. 1H NMR (300 MHz, CDCl3): δH 7.07 (H-
2, H-6, d, J = 9.0 Hz), 7.16 (H-3, H-5, d, J = 9.0
Hz), 3.68 (H2-7, s), 5.38 (H-1', d, J = 2.4), 4.15
(H-2' m), 4.09 (H-3', dd), 4.62 (H-4', t), 3.58 (H-
5', m, J = 9.3), 1.19 (H-6', d, J = 7.2 Hz), 2.00
(2OH, br, s), 2.04 (OCOMe, s), 4.62 (NH, t), 1.99
(OAc, br, s). 13C-NMR [75 MHz, (CDCl3)]: δC 156.1
(C-1),  116.7  (C-2),  129.3  (C-3),  131.2  (C-4),
129.7 (C-5), 116.9 (C-6), 22.9 (C-7), 123.8 (C-8),
98.0 (C-1'), 71.3 (C-2'), 70.8 (C-3'), 72.5 (C-4'),
66.7  (C-5'),  17.6  (C-6'),  173.9,  (OCOCH3),  21.1
(OCOCH3).

Compound  7:  Glucotropaeolin  or  (glucosinolate).
IR;  υmax (cm-1)  3412  (υO-H),  2931  (υC-H),  1645
(υC=N stretch),  1610  (υC=C stretch),  1510  (υC-H),
1384 (υS=O stretch), 1254 (υC-O-C/C-N stretch), 1234
(υC-N stretch). ESI-MS (+) m/z 425.11 [M+H]+ was
obtained  for  C14H18NO10S2-.  1H  NMR  (300  MHz,
CDCl3): δH (ppm) 3.30-3.66 (m, 4H, H-2’, H-3’, H-
4’,  H-5’),  3.67-3.73  (m,  2H,  H-6a’,  H-6b’),  2.00
(3OH’, br, s), 4.07 (s, 2H, CH2Ph), 4.77 (d, 1H, H-
1’), 5.33 (s, br,
ArOH), 7.18 (dd, ArH-4, 8, J = 8.4 Hz), 7.02 (dd,
ArH-5, 7, J = 8.4 Hz).

Compound  8: Triolein. IR; υmax (cm-1) 2926/2854
(υC-H),  1747  (υC=O),  1610  (υC=C stretch),  1456
(υC=N stretch),  1238 (υC-O-C stretch).  ESI-MS (+)
m/z 903.47 [M+NH4]+ obtained for C57H104O6.  1H-
NMR (300 MHz, CDCl3): δH (ppm) 0.88-0.90 (t, -
CH3),  1.25-1.30,  1.60  (m,  -CH2-),  1.97  (m,  -
CH2C=C-), 5.39 (m, -CH of olefins), 5.24 (m, CH

237



Ataloni O et al. JOTCSA. 2020; 7(1): 235-244.  RESEARCH ARTICLE

of glycerol), 4.10-4.32 (ddd, CH2 of glycerol). 13C- NMR [75 MHz, (CDCl3)]: δC (ppm) 173.3 (C=O, C-
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Figure 1: Strutures of Niazimicin 1, Niazidin 2, Glucomoringin isothiocyanate 3, Niazinin acetate 4, 
Niazinin triacetate 5, Niazirinin 6, Glucotropaeolin 7, Triolein 8, Trivaccenin 9.
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1), 34.3 (C-2), 25.0 (C-3), 29.1 (C-4), 29.9 (C-5),
29.8 (C-6), 32.0 (C-7), 29.6 (C-8), 129.9 (C-9),
129.8 (C-10), 29.5 (C-11), 31.9 (C-12), 29.4 (C-
13), 29.3 (C-14), 29.3 (C-15), 32.0 (C-16), 22.8
(C-17),  14.2  (C-18),  69.1  (C-1’  of  glycerol
backbone), 62.2 (O-C-2’ of glycerol backbone).

Compound  9:  Trivaccenin. IR;  υmax (cm-1)
2926/2854 (υC-H), 1747 (υC=O), 1612 (υC=C stretch),
1465 (υC=N stretch), 1238 (υC-O-C stretch).  ESI-MS
(+)  m/z 903.47 [M+NH4]+ observed for C57H104O6.
m/z  824 observed for [M+  - C9H18]+ fragment.  1H-
NMR (300 MHz, CDCl3):  δH (ppm) 0.88-0.90 (t, -
CH3),  1.25-1.30,  1.61  (m,  -CH2-),  1.98  (m,  -
CH2C=C-), 5.39 (m, -CH of olefins), 5.25 (m, CH of
glycerol),  4.10-4.32  (ddd,  CH2 of  glycerol).  13C-
NMR [75 MHz, (CDCl3)]:  δC (ppm)  173.3 (C=O),
34.1  (C-2),  25.0  (C-3),  29.1  (C-4),  29.2  (C-5),
29.3  (C-6),  29.4  (C-7),  29.7  (C-8),  29.8  (C-9),
31.9 (C-10), 129.9 (C-11), 129.8 (C-12), 31.9 (C-
13), 29.8 (C-14), 29.7 (C-15), 29.4 (C-16), 22.8
(C-17),  14.2  (C-18),  69.0  (C-1’  of  glycerol
backbone), 62.2 (O-C-2’ of glycerol backbone).

Composition  of  the  Fraction:  The  major  oily
fraction obtained from the silica gel fractionation of
the ethanolic extract was subjected to GC-FID/GC-
MS and FT-IR analyses. Ten compounds, primarily
fatty acids/esters, were identified (Table 1). The
major compound was oleic acid (45.19%), followed
by  13-docosenoic  acid  (16.15%),  stearic  acid
(10.56%), palmitic acid (9.21%) and methyl trans-
vaccenate (6.48%). Other compounds which were
obtained  in  low  yield  includes  methyl  palmitate
(2.48%),  α-monopalmitin  (2.12%),  methyl
stearate  (1.32%). Two non-fatty  acids/esters,  p-

hydroxybenzyl  cyanide  (4.16%)  and  α  -l-
rhamnopyranose (2.33%) were however obtained
in  minute  quantities.  The  FT-IR  spectrum of  the
fraction  indicated  major  peaks  at  3392,  2926,
2854, 2173, 2090, 1741, 1612, 1510, 1386, 1236,
1021, 983 and 669 cm-1.

From  the  in  silico studies,  compounds  which
include  niazidin,  niazinin  acetate,  and  niazinin
triacetate  were  estimated  to  possess  high
immunotoxicity (as shown in Table 2). Also, most
of  the compounds were predicted as cytochrome
3A4  substrate  and/or  inhibitors  with  good
probability.  Additionally,  triolein  and  trivaccenin
were  predicted  to  be  carcinogenic  and  mildly
mutagenic. Triolein and trivaccenin were predicted
with  good  pharmacophore  fit  values  to  justify
probable binding with amine oxidase.

Sixteen carbon signals were depicted by the C-13
spectrum  of  the  compound  1 with  the
characteristic  C=S signal  appearing at  190 ppm.
The C-O carbon of the aromatic was observed at
155  ppm  while  the  aromatic  C=C  bonds  were
clearly depicted 116, 128, 130 and 131 ppm. The
aromatic carbon signals were corroborated by the
proton NMR signals between 6.97 and 7.27 ppm.
The fragment ion at 311 resulting from the loss of
the ethoxy group of from the niazimicin in the ESI-
MS  spectrum  strengthens  the  claim  about  the
structure of the elucidated compound as O-ethyl-
4[α-L-rhamnosyloxy]thiocarbamate with molecular
formula  C16H23NO6S.  The  spectra  data  of  the
niazimicin  was  confirmed  by  comparing  with
literatures (7, 18-20). The proton and carbon 13
NMR of  niazidin  2 ran  in  deuterated  chloroform
was carefully compared to the literature (8).

Table 1: Compounds identified in a major oily fraction of the ethanolic extract.

SN RT (min) Compounds MF % Composition Important 
Fragments 

1 6.93 α -l-rhamnopyranose C6H12O5 2.33 43, 73, 128

2 12.41 p-Hydroxybenzyl cyanide C8H7NO 4.16 51, 78, 133

3 17.24 Methyl palmitate C17H34O2 2.48 74, 87, 270

4 18.65 Palmitic acid C16H32O2 9.21 43, 73, 256

5 20.27 Methyl trans-vaccenate C19H36O2 6.48 55, 69, 296

6 20.59 Methyl stearate C19H38O2 1.32 74, 87, 298

7 21.41 Oleic acid C18H34O2 45.19 41, 55, 280

8 21.60 Stearic acid C18H36O2 10.56 43, 55, 284

9 25.22 α-Monopalmitin C19H38O4 2.12 43, 57, 313

10 27.10 13-Docosenoic acid C22H42O2 16.15 41, 55, 325

RT: Retention Time; MF: Molecular Formula
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Table 2: Computational toxicity evaluation result from the ProTox-II platform.

NB: Compounds marked in red have higher toxicity potential.

The  sugar  moiety  was  confirmed  following  the
appearance of  the  proton doublet  at  5.32,  3.82,
3.66, 3.23, 3.65, 1.00 and broad hydroxyl proton
signals at 4.70 – 5.01 ppm. The anomeric (H-1')
proton  signal  indicates  that  the  sugar  moiety  is
linked  with  the  aglycone  by  a  α-glycosidic  bond
suggesting  an  α-L-rhamonoside  (8,  18).  The
agylcone  moiety  had  protons  which  mutually
coupled at 7.19 (J = 8.4 Hz) and 6.95 (J = 8.4 Hz)
supporting  a  para-substituted  benzene  structure.
The  evidence  of  the  para-disubstituted  benzene
was also affirmed by the characteristic stretching
vibration at 835 cm-1 in the infrared spectrum. The
N-H  bond  linked  to  benzylic  methylene  was
characteristically  supported  by  the  peaks  at  m/z
253, 270 and 311 corresponding to the fragment
ions  at  [(M+ +  1)  –  C2H2N2OS],  [(M+ +  1)  –
C2HN2S] and [(M+ – HOCN] respectively.

In the infrared spectrum, the overlap of the N-H
and O-H stretching vibration was observed at 3389
cm-1  while the C-H bond stretching of the methyl
group appeared at 2962 cm-1 with a corresponding
bending vibration at  1379 cm-1.  The asymmetric
stretching and symmetrical stretching vibrations of
the methylene appeared at 2924 and 2854 cm-1.

The  O-H  bending  appeared  at  1420  cm-1.  The
characteristic cyanate (R-O-CN) and C-S vibrations
appeared at 2077 and 671 cm-1 respectively. Thus,
the  structure  of  the  compound  2 was
unambiguously  established  as  O-cyano-4-(R-L-
rhamnosyloxy)benzenethiocarbamate  otherwise
known as niazidin (Fig. 1).

In order to confirm the structure of the compound
3,  the  spectra  data  were  compared  with  those

reported in the literature (8, 18, 20, 21). The 1H-
NMR  spectrum  indicated  two  aromatic  protons
resonating  at  δ7.21  and  7.02  with  coupling
constant of 9.3 Hz suggesting a para-substituted
benzene  structure.  The  absence  of  the  N-H
chemical  shift  in  the  1H-NMR spectrum supports
the isothiocyanate  nature  of  the  compound.  The
anomeric proton at δ 5.45 confirms the glycosidic
nature  which  was  further  strengthened  by  the
carbon signal at δ 98.2. The bands at 3358, 2210
and  1230  cm-1  corresponding  to  the  hydroxyl,
nitrile  (CN)  and  C-N  stretching  vibration  in  the
infrared  spectrum  corroborate  this  position.  The
mass spectrum exhibited the molecular ion at m/z
310.5  corresponding  to  C14H17O5NS.  Thus,  the
combination  of  the  mass  spectra  data  and  NMR
data with the infrared report unequivocally assisted
the  identification  of  the  compound  as  4-(α-L-
rhamnosyloxy)benzyl  isothiocyanate otherwise
called  glucomoringin isothiocyanate.  Many
isothiocyanates  and  glucosinolates  have  been
reportedly isolated from various plants (22).

Compound  4 was  identified  principally  using  the
ESI-MS and 1H-NMR data and comparing with the
literature (8, 23, 24). The molecular weight of the
compound was obtained as a disodiated species at
m/z 432.02. The compound was identified as 4-(3'-
O-acetyl-α-L-rhamnosyloxy)benzyl  isothiocyanate
also called niazinin acetate  4. The compound has
been isolated as a minor constituent of the seed of
M. oleifera previously (24).

Compound 5 has structural similarity with niazinin.
However,  when the  1H-NMR data  was  compared
with that of niazinin (18, 23,  25), the broad OH
peak appearing between 4.8-5.1 ppm was absent,
implying  that  the  hydroxyl  groups  have  been
acetylated.  In addition,  the molecular ion adduct
peak  at  m/z 487.15  in  the  mass  spectrum  in
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conjunction with the three carbonyl carbon signals
(at δ 174.2, 174.0 and 173.7) and three addition
signals at 22.8, 21.2 and 19.9 for methyl carbons
of  the acetyl  in the  13C-NMR attested to the tri-
acetate  nature  of  the  compound.  The  δ  190.7
signal  confirms  the  presence  of  the  CS  carbon
while  the  isothiocyanate  band  was  confirmed  at
2171 cm-1 in the infrared data. The N-H stretching
vibration  was  slightly  reduced  and  observed  at
3381  cm-1 due  to  intra-molecular  hydrogen
bonding. The study of the combined spectral data
and comparison with literature data facilitated the
establishment of the compounds as 4-(2’,3',4’-O-
triacetyl-α-L-rhamnosyloxy)benzyl  isothiocyanate
otherwise  referred  to  as  niazinin  triacetate  an
analogue  of  and  niazinin  and  4-(3'-O-acetyl-α-L-
rhamnosyloxy)benzyl  isothiocyanate  previously
isolated from the seed of M. oleifera (18, 19). This
is  the  first  account of  a  fully  acetylated  niazinin
(with  three  acetyl  group)  from  Moringa oleifera
seed.

The structure  of the compound  6 was elucidated
using the  1H-NMR,  13C-NMR and ESI-MS data and
further  confirmed by comparing the data to that
reported  for  niazirinin  (7).  The  molecular  ion
adduct  peak  at  m/z 357.89  in  the  ESI  mass
spectrum in conjunction with the carbonyl carbon
signals  (at  δ  173.9)  in  the  13C-NMR  spectrum
which were absent in spectrum of niazirin added
credence to the position. Other observations are as
rightly indicated for niazidin. Thus, the structure of
niazirinin,  4-[(4’-O-acetyl-α-L-
rhamnosyloxy)benzyl]  nitrile  was  established  as
the  4’-acetyl  derivative  of  niazirin,  a  nitrile
glycoside.

The  structural  elucidation  of  compound  7 was
based on the 1H-NMR and ESI-MS data generated
in conjunction with the infrared data which were
compared to data  reported in  the  literature  (26,
27). The molecular ion [M+H]+ peak at m/z 425.11
in  the  mass  spectrum  confirms  the  molecular
weight  of  the  compound which  corresponding  to
C14H18NO10S2-.  The agylcone moiety with protons
resonating  at  7.18  and  7.02  with  a  coupling
constant  of  8.4  Hz  supports  a  para-substituted
benzene structure.  The infrared spectrum affirms
the  presence  of  the  major  functional  groups  at
3412, 1610 and 1384 corresponding to N-H, C=C
and  S=O  stretching  vibrations.  The  C=N  of  the
glucosinolate  was  observed  at  1645  cm-1.  With
comparison  with  literature  data,  the  compounds
were established as 4-(-α-L-rhamnopyranosyloxy)
benzyl  glucosinolate  also  called  glucotropaeolin.
Glucotropaeolin  has  been  isolated  from  the
Moringa oleifera and Bretschneidera sinensis (28).
It is also known to occur in many edible plants that
include  broccoli  and  cabbage (22,  29).  The
glucosinolates are  water-soluble glycosides  which
constitute an interesting class of natural products
with its aglycone containing nitrogen and sulphur.
A  class  of  the  glucosinolates  known  as
benzylglucosinate (glucotropaeolin) is presumed to
be the precursor of the benzyl isothiocyanate (30).
The  toxicity  of  glucosinolates  is  not  fully

established  but  evidence  of  the  potential  anti-
cancer activities exist in literature (31, 32).

Compound  8 obtained  as  a  viscous  oil  was
characterised  using  the  infrared,  mass
spectrometry,  1H-NMR  and  13C-NMR  data  and
comparison with the literature (33-35). Precisely,
the  infrared  spectrum  showed  characteristic
absorption  bands  2926,  1747  and  1610  cm-1

corresponding to the C-H, C=O (carbonyl of esters)
and  C=C  (olefin)  along  with  stretchings  of  the
tryglycerol. The absence of the O-H stretching at
3200  –  3600  cm-1  confirms  that  the  absence  of
fatty acid but instead, an ester. The presence of
the carbonyl chemical shift at 173.3 ppm (typical
of esters) in the  13C-NMR spectrum attests to the
claim. The molecular weight of the compound was
depicted by the [M+NH4]+ observed at m/z 903.47
[M+NH4]+  which  corresponds  to  the  molecular
formula C57H104O6. In the  1H-NMR, the equivalent
terminal  methyl  protons  were  observed  between
0.88-0.90 ppm as triplets while methylene protons
were clearly depicted at 1.25-1.30, 1.60 ppm. The
chemical shift at 5.39 and 5.23 ppm confirms the
presence  of  the  vicinal  methine  protons  (olefin)
and the methine proton of the glycerol backbone.
Furthermore, the 13C-NMR spectrum also indicated
the chemical shifts typical of C=C (129 ppm) and
triglycerol backbone at 69.1 and 62.2 ppm (33).
The compound was thus identified as triolein  8, a
triglyceride.  Triolein  have  been  reportedly
identified in the plants previously (25).

The structure of compound 9 was established by
using  the  infrared,  mass  spectrometry,  1H-NMR
and  13C-NMR data and comparison with literature
(33, 34). However, the infrared and  1H-NMR data
were quite identical with that of compound 8 with
minor  differences.  The  major  difference  was
observed  in  the  ESI-MS  spectrum  where  an
additional fragment peak at m/z 824 observed for
[M+  - C9H18]+ corresponding to C48H86O6  fragment
was  observed.  This  fragment  which  was  not
observed in the triolein is supposedly as a result of
cleavage of the C=C bond at position 7 from the
lipidic tail. It was reported that the slight shift in
the  chemical  shift  of  the  carbonyl  and  olefinic
carbon signals in the C-13 NMR are sufficient to
distinguish between the triolein and the trivaccenin
(34). The hydrolysis of the triolein yields omega-9
fatty acids while the trivaccenin hydrolysis yields
omega-7  fatty  acids  both liberating  the  glycerol.
The omega-7 and omega-9 fatty acids obtained in
the  Moringa oleifera seed  are  both
monounsaturated  fatty  acids  that  are  found  in
various  other  animal  fats  and  plant  oils  and
reported  to  possess  various  important
pharmacological potentials (36).

The GC-MS analysis  of the major fraction of  the
ethanol extract depicted ten peaks corresponding
to ten known natural compounds (Table 1). Our
previous report indicated that oleic acid is the most
abundant  fatty  acid  in  the  seed  oil  of Moringa
oleifera  [10]. The fatty acid profile reported is in
agreement  with  other  reports  (2,  4).  The  fatty
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acids which include the stearic acid, palmitic acid
and vaccenic acid (5) have been reported as part
of the fatty acid profile of the seed. The presence
of monopalmitin is suspected to be from the partial
enzymatic hydrolysis of palmitin triglyceride while
the  methyl  trans-vaccenate  could  also  be
hydrolysis  product  of  trivaccenin  reported  as
compound  9 in  this  report.  The  α  -l-
rhamnopyranose and p-hydroxybenzyl cyanide are
likewise rationalised to be hydrolysis  products  of
niazirinin  (compound  6),  a  4-[(4’-O-acetyl-α-L-
rhamnosyloxy)benzyl] nitrile also reported in this
work. The GC-MS result of the fraction was further
corroborated  by  the  infrared  data  obtained.  The
FT-IR  spectrum  of  the  fraction  revealed  the
presence of prominent O-H stretching vibration at
3392  cm-1 and  C-H  of  aliphatic  hydrocarbon  at
2926  and  2854  cm-1.  Interestingly,  the  cyanide
stretching  vibration  apparently  from  the
hydroxybenzyl cyanide was observed at 2173 cm-1.
The  carbonyl  of  esters  and  C=C  stretching
vibration of olefins were significantly represented
at  1716  and  1612  cm-1  respectively.  The
complexity of the infrared spectrum indicated that
the  fraction  is  a  mixture  of  compounds  with
numerous functional groups.

The compounds identified in this work belonged to
the  thiocarbamate,  isothiocyanate,  nitrile,
glucosinolate and lipid class of naturally occurring
compounds and are presumably responsible for the
primary biological activities observable in the seed.
Additionally, the in silico evaluations revealed that
compounds  which  include  niazinin  triacetate  and
trivaccenin  are  probable  immunotoxic,
carcinogenic,  and  mutagenic  compounds  on  the
computational  toxicity  models.  Most  of  the
compounds  were  predicted  as  cytochrome  3A4
substrate and/or inhibitors with good probabilities.
The  seed  of  M.  oleifera has  been  implicated  for
some measure of toxicities in various models (37,
38). This result partly validates the previous report
of  the  potential  toxicity  of  the  M. oleifera seeds
(39).

CONCLUSION

In  this  work,  a  comprehensive  phytochemical
investigation of the seed of M. oleifera of Nigerian
origin has been carried out and nine compounds
comprising  of  niazimicin  1,  aiazidin 2,
glucomoringin isothiocyanate 3, niazinin acetate 4,
niazinin triacetate 5,  niazirinin 6,  glucotropaeolin
7,  triolein 8 and  trivaccenin 9 have  been
characterised.  Ten  other  compounds  were
identified from the GC-MS of  a fraction obtained
from the column chromatography. Oleic acid, 13-
docosenoic acid, and stearic acid were the major
compounds  in  the  fraction.  All  the  nineteen
compounds  identified  thus  far  belong  to  the
thiocarbamate,  isothiocyanate,  nitrile,
glucosinolate, and lipid class of naturally occurring
compounds.  The  in silico studies  implicated
niazinin  triacetate  and  trivaccenin  as  possible
immunotoxic,  carcinogenic,  and  mutagenic
compounds indicating the need to take caution in

the  consumption  of  the  seed.  The  report  thus
obtained serves as a basis for the evaluation of the
pharmacological actions and toxicities of the seed.
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pH Effect on Hydrothermal Synthesis of the Coordination Polymers
Containing Pyrazine-2,3-dicarboxylate: Investigation of Thermal
Stability, Luminescence, and Electrical Conductivity Properties
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Abstract:  Hydrothermal  reactions of  the lanthanide(III)  salt  with  2,3-pyrazinedicarboxylic  (2,3-pzdc)
acid  yielded  the  coordination  polymers  [La2(2,3-pzdc)3(H2O)]n.3nH2O  (1) and  [La2(2,3-
pzdc)3(H2O)]n.2nH2O (2).  Compounds were obtained in a three dimensional form with different pH values
under subcritical water conditions.  The structures  had variable coordination numbers.  In addition,  pH
values play an important role in the structural chemistry of these materials. Different characterization
techniques (elemental analysis, FT-IR, ICP-OES, TG/DTA, FESEM, PXRD, BET and single crystal X-ray)
were carried out to confirm crystallinity, porosity, purity and chemical composition of the coordination
polymers.  Crystal  structures  of  the  polymers  were  examined  in  detail.  Their  thermal  stability,
luminescence and electrical conductivity properties were investigated in the solid state.
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INTRODUCTION

Coordination  polymers  (CPs)  have  structures
consisting of metal nodes and organic linkers that
are connected together via coordination bonds (1-
3).  Synthesis  of  the  CPs  have  attracted  ever-
increasing  interest  not  only  their  structural
aesthetics but also their potential applications such
as heterogeneous catalyst (4-6), luminescence (7-
9),  gas  storage  (10-12),  molecular  separation
(13), sensor (14), drug encapsulation (15) and so
on.  Several  methods  have  been  used  for  the
synthesis  of  CPs.  Among  them,  some  important
synthetic routes are hydro/solvothermal synthesis,
sonochemical,  slow  evaporation,  microwave
assisted  synthesis,  mechanochemical  and
electrochemical  synthesis  (16).  It  is  well  known

that the crystallization, structure, and morphology
of CPs depend on the metal or ligand type, solvent
type (17-19),  pH value  of  reaction mixture (20-
23),  stoichiometric  ratio  of  metal/ligand (24),
mineralizing agent (25), temperature (26-28), and
time (29). These parameters play a profound effect
on the structural chemistry of compounds. In this
study,  pH  effect  of  the  solution  on  polymer
formation  under  subcritical  conditions  was
investigated. For this purpose, multifunctional 2,3-
pzdc  was  selected  as  a  ligand  due  to  the  six
potential  coordination  sites.  There  are  many
studies on the coordination modes of the 2,3-pzdc
acid  ligand  in  the  literature.  These  modes  are
available  in  many  different  coordination  modes,
including  mono-to-heptadentate and  bridging
mode  ligands (30-42).  However,  the  number  of
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works with mixed coordination mode is very few
(43). In  this  work,  the  ligand  2,3-pzdc  adopted
three different coordination modes in the polymeric

chains  through  which  lanthanum ions  are  linked
together to form a three-dimensional structure.

Figure 1: Schematic representation of CPs synthesized at different pH values in hydrothermal conditions.

In this work, our aim is hydrothermal synthesis of
CPs  to  better  understand  the  pH  effect  under
subcritical  conditions. In  the  synthesis  of  CPs,
stoichiometric  ratio,  reaction  temperature,  and
time  were  kept  constant  and  pH  values  were
changed  from  1.00  to  7.00.  pH  values  were
adjusted by a mineralizing agent piperazine. At the
pH  values  of  6.00  and  7.00,  three  dimensional
lanthanum-based  coordination  polymers,  namely
[La2(2,3-pzdc)3(H2O)]n.3nH2O  (1) and  [La2(2,3-
pzdc)3(H2O)]n.2nH2O  (2),  with  different
coordination  numbers  and  coordination  modes
were  obtained  (Figure  1).  Electrical  conductivity,
thermal  stability,  and luminescence properties  of
CPs were investigated.

EXPERIMENTAL

Materials and methods
All  chemicals  were  purchased  from  commercial
sources  and  used  without  further  purification.
PTFE-lined  stainless  steel  containers  with  23  mL
capacity  were  used  for  hydrothermal  synthesis.
Perkin  Elmer  Pyris  Diamond TG/DTA  equipment
(50-800 ºC range) at a heating rate of 10 ºC/min
was  used  for  TGA  analysis.  Thermo  Flash  2000
CHNS  analyzer  was  used  for  the  elemental
analysis.  Quantitative  lanthanide  analyses  were
performed  with  Perkin-Elmer  Optima  2100DV
Inductively  Coupled  Plasma  Optical  Emission
Spectrometry (ICP-OES) instrument.  Perkin-Elmer
RX-1  FT-IR with  KBr  pellets  spectrometer  in  the
range  of  4000-400  cm-1 was  used  for  the  IR
analysis  of  the  compounds.  The  Field  Emission
Scanning Electron Microscope (FESEM)  images of
the  compounds  were  recorded  using  Carl  Zeiss,
SUPRA-55.  Rigaku  Miniflex  system  with  CuKα
radiation (λ= 1.54059 Å) was used for the Powder
X-Ray  Diffraction  (PXRD)  studies.  The  electrical
conductivity  properties  of  the  coordination
polymers  were  determined  by  four-point  probe
method with an Electrometer Entek Electronic FPP-

470. Asimeto AS-105 digital micrometer was used
for  thickness  measurements.  Perkin-Elmer LS 55
Luminescence Spectrometer was used for the solid
state fluorescence excitation and emission spectra.
LEICA EZ4W stereo microscope was used for the
high  definition  views  of  the  CPs.  Autosorb-6B
surface area and pore size analyzer was used for
the Brunauer, Emmett and Teller (BET) analysis.

Synthesis of La2(2,3-pzdc)3(H2O)]n.3nH2O (1)
A mixture of LaCl3.7H2O (0.1114 g,  0.30 mmol),
2,3-pzdc acid (0.0504 g, 0.30 mmol),  piperazine
(0.0517 g, 0.60 mmol) and H2O (5.00 mL, 277.80
mmol)  with  the  mole  ratio  of  1:3:3:927  were
added 23 mL volumetric  steel  Parr  Acid  reactor.
The  heterogeneous  solution  was  stirred  for  30
minutes  at  ambient  temperature.  The  white
solution with an initial pH of 7.00 was heated at
160 °C for 72 hours. At the end of the reaction,
the system was cooled to room temperature. The
final  pH  of  the  solution  was  measured  by
separating the yellow solution and crystals (pH =
6.10). The resulting yellow crystals were washed
with  pure  water  and  dried  (Figure  2).  Single
crystals suitable for X-ray diffraction analysis were
obtained  in  78%  yield.  Anal.  Calcd.  for
C18H18N6O15La2:  C,  25.86;  H,  2.17;  N,  10.05.
Found: C, 25.83; H, 2,08; N, 10.34%.  The ICP-
OES  analysis  (%)  showed  that  1 contained  La:
33.22;  Calcd.: 34.17. IR (KBr pellet, cm-1): 3500,
3362 (m, b), 1618 (s), 1558 (s), 1366 (m), 558
(m), 442 (m).
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Figure 2: High resolution microscope image of 1
crystals.

Synthesis  of  [La2(2,3-pzdc)3(H2O)]n.2nH2O
(2)
A mixture of LaCl3.7H2O (0.3714 g,  1.00 mmol),
2,3-pzdc acid (0.1681 g, 1.00 mmol),  piperazine
(0.1292 g, 1.50 mmol) and H2O (5.00 mL, 277.80
mmol)  with  the  mole  ratio  of  1.00:  1.00:  1.50:
277.8 were added 23 mL volumetric steel Parr Acid
reactor. The heterogeneous solution was stirred for
30  minutes  at  ambient  temperature.  The  white
solution with an initial pH of 6.00 was heated at
160 °C for 72 hours. At the end of the reaction,
the system was cooled to room temperature. The
final  pH  of  the  solution  was  measured  by
separating the yellow solution and crystals (pH =
5.30).  The  resulting  light  yellow  crystals  were
washed with pure water, and dried (Figure 3). The
single  crystals  suitable  for  X-ray  diffraction
analysis were obtained in 86.8% yield. Anal. Calcd.
for C18H16N6O14La2:  C,  26.42;  H,  1.97;  N,  10.27.
Found: C, 26.91; H, 2,05; N, 9.87%. The ICP-OES
analysis (%) showed that 2 contained La:  32.52;
Calcd.:  33.45.  IR (KBr pellet,  cm-1):  3494, 3335
(m, b), 1606 (s), 1557 (s), 1363 (vs), 556 (s), 434
(s).

X-ray Crystallography
A  Bruker  SMART  system  equipped  with  a  CCD
diffractometer  at  low temperature  (100 K)  using
MoKα radiation (MoKα = 0.71073 Å) was used for
the  X-ray single-crystal  analysis  (44).  The data

were corrected for Lorentz and polarization effects,
and  absorption  corrections  were  made  using
SADABS  (45,  46).  The  structure  solution  and
refinement were carried out using the SHELXLTL
crystallographic  (47) software  package.  The
structure  was  solved by direct  methods and  the
nonhydrogen  atoms  refined  against  F2

anisotropically.  Crystal  data  are  summarized  in
Table  1,  and  selected  bond  distances  and  bond
angles are given in Tables 2 and 3. Full tables bond
lengths  and  angles  for  CPs  are  available  as
Supplementary materials (Tables S1-S4).

Figure 3: High resolution microscope image of  2
crystals.

RESULTS AND DISCUSSION

Crystal structures of CPs
Three-dimensional  1 and  2 have   [La2(2,3-
pzdc)3(H2O)]n.3nH2O  and  [La2(2,3-
pzdc)3(H2O)]n.2nH2O  closed  formulas.  They  have
monoclinic  P21/c  crystal  systems  and  these
polymers  differ  from  each  other  in  terms  of
coordination  modes  and  uncoordinated  water
molecules.  Dimeric  lanthanum  atoms  in  1 have
trigonal  prismatic  geometry  (seven  coordination)
and  close  to  a  trigonal  dodecahedron  (eight
coordination)  geometry,  respectively.  In  2,
because  of  the  pH effect  of  under  hydrothermal
conditions  dimeric  lanthanum  atoms  have
tricapped  trigonal  prismatic  geometry  (nine
coordination) (Figure 4).
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(a)                                            (b)                                                    (c)

Figure 4: Trigonal prismatic geometry (a), trigonal dodecahedron (b) and tricapped 
   trigonal prismatic geometry (c).

Table 1. Crystal data and structure refinement for the CPs.
Compound 1 2
Empirical Formula C18H18N6O15La2 C18H16N6O14La2

Temperature (K) 100(2) 100(2)
Formula weight 836.20 818.16
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
a (Å) 8.9545(13) 8.9637(3)
b (Å) 16.9040(3) 16.9171(6)
c (Å) 15.468(2) 15.4942(5)
α (°) 90 90
β (°) 101.348(2) 101.36
γ (°) 90 90
Volume (Å3) 2295.57 2303.51
Z 4 4
Densitycalculated (g/cm-3) 2.354 2.423
Absorp. coeff. (μ, mm-1) 3.689 4.354
Wavelength (λ, Å) 0.71073 0.71073
R indices (all data)  (R1 / wR2) 0.0150 / 0.0489 0.0332 / 0.0545

Single crystal X-ray analysis showed that 2,3-pzdc
ligands show multiple chelation at 7.00 and 6.00
pH  values.  When  the  pH  of  the  solution  was
adjusted to 7.00, during synthesis of  1, 2,3-pzdc

ligand behaved as 3, 5 and 6 dentate ligands in the
polymeric chains (Figure 5). Due to the differences
in  the  number  of  coordination  modes  in  the
frameworks, multiple metal bridges occurred.
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Figure 5: Coordinating modes of the 2,3-pzdc ligand at pH = 7.00 in compound 1. 

Asymmetric  units  contain  two  La(III) ions.  The
La01 atom has eight coordination, while La02 atom
of seven and together form a dimeric unit (Figure
6). As seen in the asymmetric unit of  1, nitrogen
atoms of  2,3-pzdc ligand are  not  coordinated to
metals  in  the  case  of  pH  at  7.00.  Only  oxygen
atoms in the carboxyl  groups are coordinated to

metals. La01 and La02 atoms are linked to each
other by oxygen bridges [(O30)]. Around the La01
atom,  five  oxygen  atoms  from  carboxyl  groups,
two oxygen bridges and with an oxygen atom in a
coordinated  water  molecule,  has  totally  eight
coordination  numbers.  Nevertheless,  there  are  a
total of seven coordination numbers with the five
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oxygen atoms and two oxygen bridges from the
carboxyl  groups  around  around  the  La02  atom.

Asymmetric  unit  of  1,  there  are  three  water
molecules outside the coordination sphere. 

Figure  6: Coordination  environment of  different  coordinated  La(III)  monomeric structure  of  1.  All
hydrogen atoms are omitted for clarity.

Figure 7 shows the coordination environment of 1.
La01  atom  has  eight  coordination  numbers  and
only oxygen atoms are coordinated to lanthanum
atom.  An  oxygen  atom  [(O9)]  of  the  tridentate
ligand,  oxygen  atoms  [(O3),  (O2)]  of  the
pentadentate ligand, oxygen atoms [(O5), (O6)] of
the  hexadentate  ligand,  oxygen  atom  of  a
coordinated water molecule [(O1W)]  and oxygen
atoms  in  the  bridge  position  are  coordinated.
However, La02 atom has a coordination number of
seven.  Oxygen  atoms  [(O3),  (O4)]  of  the
pentadentate ligand, oxygen atoms [(O10), (O11)]

of the tridentate ligands, an oxygen atom [(O6)] of
the hexadentate ligand, and two oxygen atoms in
the bridge position are coordinated.  [(O3), (O6)]
oxygen  atoms  coordinated  to  La(III)  atoms  and
caused  different  structural  positioning  in  the
polymeric chain. La-O’s bond lengths ranged from
2.396 to 2.695 Å, while O-La-O’s bond angles are
between  69.24  and  145.20°.  The  selected  bond
length and bond angle values of the atoms around
the coordination sphere are given in Tables 2 and
3. 
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(a)

(b)
Figure  7: Coordination  environment  of  the  1 (a) and  3D  packing  diagram  linked  by  tridentate,
pentadentate and hexadentate pzdc ligands (b). All hydrogen atoms are omitted for clarity. 
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The pH of the solution was adjusted to 6.00 in the
synthesis  of  2.  The 2,3-pzdc ligands behaved as
4-, 6-, and 7-dentate ligands in the polymer chain
of  2 and  showed differences  from  1 (Figure  8).

Asymmetric units have two La(III) ions and both of
them  have  a  coordination  number  of  9.   The
asymmetric unit consist of  three 2,3-pzdc ligands
with different coordination modes (Figure 9).

N N

CO

O

C O

O

N N

CO

O

C O

O

N N

CO

O

C O

O

La

La

La La

La

La

La

La

La

La

La

La

              Tetradentate                  Hexadentate                     Heptadentate
      a) µ3-η1: η1: η1 : η1            b) µ4- η1: η1: η1: η1: η2         c) µ5- η1: η2: η1: η1: η2

Figure 8: The coordination modes of the 2,3-pzdc ligand at pH = 6.00 in the 2.

Unlike 1,  the nitrogen and oxygen atoms are also
coordinated to metal atoms due to the pH value in
the  polymeric  2.  Two  water  molecules  in

monomeric structure are in the cage structure with
hydrogen bonds outside the coordination sphere.

Figure 9: Coordination environment of nine coordinated monomer structures of  2. All hydrogen atoms
are omitted for clarity.

Table 2. Selected bond length [Å] and bond angles [°] for 1.
La01-O1W      2.515(2) La02-O1   2.503(1) 
La02-O6     2.496(1)  La02-O10     2.491(2)  
La01-O2     2.494(2)  La02-O11     2.396(2)  
La01-O5     2.713(1)  La01-O9     2.442(1)  
La01-O6     2.572(2)  La02-O7    2.565(1)  
La02-O4   2.606(1)  La01-O3   2.536(2)  
La02-O3   2.695(2)  La01-O30   2.628(1)  

O1W-La01-O2 73.28(5) O1W-La01-O5 79.28(5) 
O1W-La01-O6 128.29(5) O1W-La01-O9 83.35(5)
O1W-La01-O3 145.20(5) O1W-La01-O30 83.93(5)
O1W-La01-O30 137.69(5) O2-La01-O5 79.66(5)
O2-La01-O6 98.25(5) O2-La01-O9 144.04(5)
O2-La01-O3 138.33(5) O2-La01-O30 73.01(5)
O2-La01-O30 69.45(5) O5-La01-O6 49.24(5)
O5-La01-O9 69.24(5) O5-La01-O3 114.88(5)
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There are three different coordination modes of the
bridge  2,3-pzdc  ligands  in  the  polymeric  chain
(Figure 10), and the pyrazine rings are oriented in
different  ways  in  the  framework.  Although
lanthanum  ions  have  nine  coordination  number,
coordination environments are different. The pzdc
ligand,  acting  as  hexa-  and  hepta-dentate,  was
coordinated to the lanthanum atom by the nitrogen
[N(2)]  and  the  oxygen  [O(4)]  atoms  in  the
carboxyl group. Two oxygen atoms [O(1), O(5)] in
the  carboxyl  group  (μ2,η3-carboxyl)  of  the
hexadentate pzdc ligand, an oxygen [O(3)] atom
in the carboxyl group of the tetradentate ligand, an
oxygen [O(11)] atom in the  μ2,η2-carboxyl group
of  the  heptadentate  pzdc  ligand  and  an  oxygen
[O(4)]  atom  in  the  μ2,η3-carboxyl  group  of  the
other heptadentate pzdc ligand was coordinated to
the La1 atom. Compared to La1, there is only one

pzdc  ligand  that  acts  just  like  a  heptadentate
ligand around the coordination of  La2 atom. La2
atom  was  coordinated  through  nitrogen  and
oxygen atom in the carboxyl group. La2 was also
coordinated  from  two  oxygen  atoms  in  the
carboxyl  group  of  the  heptadentate  pzdc  ligand
and four  oxygen atoms from the 4-,  6-,  and 7-
dentate  ligands.  The oxygen atom from a water
molecule  coordinated  by  lanthanum  centers  and
has completed nine coordination numbers. In total,
six pzdc ligands are linked to the lanthanum ions.
La-O’s bond lengths ranged from 2.403 to 2.713 Å,
while La-N’s bond lengths were 2.531 and 2.767 Å.
When  the  bond  angles  were  examined,  it  was
determined  that  O-La-O,  O-La-N  and  N-La-N
angles  were  between  69.2  and  144.1°,
respectively,  which  are  consistent  with  those  of
reported literature (48, 49).

(a)
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(b)
Figure 10: Coordination environment of the 2 (a) and 3D packing diagram linked by tetradentate, 
hexadentate, and heptadentate pzdc ligands (b). All hydrogen atoms are omitted for clarity.

Table 3. Selected bond length [Å] and bond angles [°] for 2.
La1-O3 2.450(3) La1-O1 2.501(5) 
La1-O4 2.561(4) La1-N1 2.531(5) 
La1-N2 2.767(4) La1-O5 2.544(3) 
La1-O6 2.577(4) La1-O2 2.713(3) 
La1-O4 2.625(4) La2-O7 2.403(5) 
La2-O5 2.699(4) La2-O10 2.610(3) 
La2-O9 2.502(4) La2-O6 2.497(3) 
La2-O8 2.509(4) La1-O6 2.577(4)

O3-La1-O1 144.1(1) O3-La1-O4 132.0(1)
O3-La1-N1 83.0(1) O3-La1-N2 71.7(1)
O3-La1-O5 73.7(1) O3-La1-O6 75.2(1)
O3-La1-O2 69.2(1) O3-La1-O4 138.9(1)
O1-La1-O4 72.8(1) O1-La1-N1 73.5(1)
O1-La1-N2 122.3(1) O1-La1-O5 138.5(1)
O4-La1-O5 92.2(1) N1-La1-N2 70.2(1)
O4-La1-O2 151.0(1) N1-La1-O6 128.2(1)

IR spectra
FT-IR spectra of free ligands 1 and 2 are given in
Figures  S1-S3.  The  peaks  seen  in  the  range  of
3300-3500 cm-1 are  belong to  υ(O-H) stretching
vibrations  of  the  coordinated  and  uncoordinated

water  molecules  in  the  structures.  In  the  IR
spectrum of the 2,3-pzdc, the band at 1712 cm-1 is
attributed  to  υ(C=O) stretching band  (50).  After
coordination, this peak shifted to 1618 cm-1 (for 1)
and  1606  cm-1 (for  2)  as  strong  peaks  in  the
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spectrum of complexes. These shifts support that
the  oxygen  atoms  in  carbonyl  groups  are
coordinated  to  lanthanides.  The  symmetric
stretching  vibrations  of  υ(C=O) in  the  polymeric
chain  are  observed  at  1366  and  1363  cm-1,
respectively. In the IR spectrum of the 2,3-pzdc,
the  band  at  1687  cm-1 is  attributed  to  υ(C=N)
stretching band. This peak shifted to 1557 cm-1 for
2  after coordination. New bands at 442 and 434
cm-1 in the spectrum of complexes are attributed
to υ(La-O). The coordination of the oxygen atoms
to  the  metal  ions  indicates  that  the  CPs  are
formed. A new and strong band at 556 cm-1 in the
spectrum of  2 is attributed to υ(La-N) stretching
vibrations (51). 

Thermal properties
TG/DTG curves of 1 and 2 are given in Figures S4
and S5.  Three-step mass losses are  observed in
the TG/DTG curve of 1. Two mass losses at around
100-300 ºC temperatures are thought to belong to
coordinated and uncoordinated water molecules in
the  structure.  The  final  mass  loss  between
temperatures of 357 and 600 ºC is related to the
degradation  of  organic  ligands  in  the  structure.
When the TG/DTG curve of the  2 was examined,
two-step  mass  loss  occurred.  The  coordination
polymer  exhibited  thermal  stability  up  to  about
150 ºC. The first mass loss between 150-285 ºC
belongs to the degradation of water molecules in
the  framework.  The second mass loss  at around
372-590  ºC  corresponds  to  the  degradation  of
organic  ligands.  As  seen in  thermal  curves,  2 is
more thermally stable than 1. It is due to the fact

that  the  uncoordinated  water  molecules  in  the
structure 2 are connected to the main structure by
hydrogen  bonds from  N1-O2W-O10,  O1W-O42
atoms (Figures S6 and S7).

PXRD patterns
To determine the phase purities of the CPs, powder
XRD analysis was performed at room temperature.
For this purpose, simulated and experimental XRD
results  were  compared.  The  simulated  X-ray
diffraction  patterns  were  determined  by  Mercury
diffraction-crystal module program with the help of
data obtained as a result of single crystal analysis.
The  experimental  and  simulated  powder  XRD
patterns of the synthesized compounds are given
in Figure S8. These patterns were compared with
each other in terms of peak positions. When the
experimental and theoretical curves of the samples
are examined, they are compatible, and obtained
with high purity. These results are supported with
high resolution microscope images.

Morphologies of the CPs
BET  and  FESEM  analysis  were  performed  to
determine surface morphology, pore volume, and
pore size of CPs. When the surface morphology of
1 was examined, it  was seen that obviously the
crystals have both porous structures and regional
cracks in different approximations (Figure 11). The
surface  area of  1 was determined as  5.82 m2/g
and the pore volume was 18.25 x 10-3 cm3/g as a
result  of  BET  analysis.  In  addition,  the  average
pore  size  of  the  crystal  having  mesoporous
structure was calculated as 3.21 nm diameter.

Figure 11: FESEM images of 1.

When the surface morphology of 2 was examined,
there  are  regional  crystallizations  in  different
approximations  of  the  crystals  (Figure 12).  The
surface area of the crystal was 6.43 m2/g, and the

pore  volume  was 6.80x10-3 cm3/g.  It  is  also  in
mesoporous  form  due  to  the  average  pore
diameter of 3.08 nm.
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Figure 12: FESEM images of 2.

Luminescence properties
Lanthanides are of great significance for designing
new luminescent materials and cause new areas of
application.  Narrow-band  light-emitting
performances  of  lanthanides  are  excellent  (52).
Luminescence properties of free ligand and CPs are
investigated in solid state at room temperature, as
shown in Figure 13. The free 2,3-pzdc acid ligand
displays an emission maximum at 415 nm (λex =
300 nm), which is attributed to the π*-n transition.
Bathochromic (red) shifts are observed in 1 and 2
polymers compared with the 2,3-pzdc.  1 gives a
narrow and strong emission band from 505 nm to
520  nm  with  the  maximum  at  517  nm  upon
excitation  at  285  nm,  and  similarly  2 gives  a
narrow and strong emission band from 565 nm to
602  nm  with  the  maximum  at  584  nm  upon
excitation at 290 nm. These emission values are
supported  by  similar  La(III)  studies  in  the

literature (53). According to the above results, the
emission  of  complexes  may  be  assigned  to  the
ligand-to-metal-charge-transfer bands (LMCT) (54,
55), rather than the π*-n transition of the ligand.
Although the polymers have the same ligand and
metal, the emission values are different due to the
difference in the coordination numbers and modes
formed by various pH values. The excitation and
emission values, Stokes’ shifts and emitted colors
of  the  synthesized  coordination  polymers  are
summarized in Table 4. It was observed that there
was no overlap in excitation and emission values in
all of the compounds and they give bands at distal
wavelengths. Very large Stokes’ shift values (232
nm  for  1,  294  nm  for  2)  are  observed.  Large
Stokes’  shifts,  thermal  stability,  brightness,  and
suitable material size lead to be in many different
sensor applications (56, 57).
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Figure 13: Solid-state  emission spectra of  2,3-pzdc,  chromaticity diagram of compounds  1 and  2 at
room temperature.

Table 4.The luminescence results of free ligand and coordination polymers.

Compounds
Excitation

(λ, nm)
Emission
(λ, nm)

Stokes’ Shift (nm)
Emitted

Color

2,3-pzdc 300 415 115 -
1 285 517 232 Green
2 290 584 294 Yellow

Electrical conductivity 
Liquid  based  electrolytes  are  widely  used  as
batteries and supercapacitors. Moreover, because
of their high thermal stability, easier processability,
and mechanical properties, inorganic-organic solid
polymers  attract  more  attention  than  others.
Therefore,  solid  polymer  conductors  (organic  or
organic-inorganic)  have  been  proposed  as  an
alternative to liquid based electrolytes. Because of
the  facile  synthesis  of  CPs  by  hydrothermal
method,  and  having  high  thermal  stability,  we
aimed  to  examine  their  electrical  conductivity
properties in a solid phase. Crystal samples of CPs
were compressed under 12 tons of pressure as a
solid  phase.  Their  thickness  (0.274  mm  for  1;
0.435  mm for  2)  and  diameters  (12  mm) were
measured  by  using  digital  micrometer.  Solid
electrical  conductivity  measurements  were
performed  at  room  temperature.  Electrical
conductivity values of the CPs were measured by
four-point probe technique. In order to obtain the
most accurate results, the conductivity values were
measured  in  five  parallel  measurements.  The
highest electrical conductivity was exhibited by  1
with  3.45x10-6 S/cm  at  ambient  temperature.  2
showed  the  maximum  conductivity  of  2.08x10-6

S/cm at 25 ºC. Both mesoporous samples showed
very  close  electrical  conductivity  values.  Due  to
having different framework structures, 1 exhibited
slightly more conductivity  values than that  of  2.
The conductivity range of the conducting polymers

is  between 10-12  and 104 S/cm, while  the electro
active polymeric composite ranges from 10-8 to 103

S/cm.  However,  the  semiconductor  range  is
between 10-8  and 10  S/cm  (58).   In  our  study,
mesoporous CPs showed conductivity values at 10-

6 S/cm. According to the literature, the synthesized
polymers can be used as semiconducting materials
in solid phase. These materials have found a wide
range  of  applications  because  of  their  low  cost,
compactness, power efficiency and reliability. 

CONCLUSION

In  summary,  three  dimensional  La(III)
coordination  polymers  based  on  multifunctional
2,3-pzdc  acid  were  synthesized  under  subcritical
conditions  in  different  pH  values  and  were  fully
characterized. It is noteworthy that 2,3-pzdc acid
in  the  frameworks  have  different  coordination
modes. Therefore, it is found that the pH value of
the  solution  plays  an  important  role  in  their
coordination  modes  and  frameworks  under
hydrothermal  conditions.  1 and 2 show  good
electrical  conductivity  values  of  3.45x10-6 and
2.08x10-6 S/cm at room temperature, respectively.
Moreover,  the  compounds  have  thermal  stability
up  to  150  °C.  It  is  foreseen  that  the  obtained
semiconductor  CPs  can  be  employed  in  the
manufacture of various kinds of electronic devices,
including  integrated  circuits,  transistors  and
diodes. Photoluminescent  spectra  of  1 and  2
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showed that  CPs are  the  potential  luminescent
materials at the maximum emission  517 and  584
nm with sharp and narrow bands. Because of their
very  large  Stokes  shifts  and  low  cost,  the
synthesized CPs may find applications in different
sensor applications and light-emitting devices.
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Abstract: The  initial  step  of  the  rational  drug  design  pipeline  extremely  needs  an  increase  in
effectiveness. This can be done using molecular modeling: docking and molecular dynamics. Docking
programs are popular now due to their simple idea, quickness and ease of use. Nevertheless accuracy of
these programs still leaves much to be desired and discovery by chance and experimental screening still
play an important  role.  Docking performs ligand positioning in the  target  protein  and estimates  the
protein-ligand binding free energy. While in many cases positioning accuracy of docking is satisfactory,
the accuracy of binding energy calculations is insufficient to perform the hit-to-lead optimization. The
accuracy depends on many approximations which are built into the respective model. We show that all
simplifications  restricting docking accuracy  can be withdrawn and this  can be done on the basis  of
modern  supercomputer  facilities  allowing  to  perform  docking  of  one  ligand  using  many  thousand
computing cores. We describe in short the SOL docking program which is used during years for virtual
screening  of  large  ligand  databases  using  supercomputer  resources  of  Lomonosov  Moscow  State
University. SOL to some extent is organized similarly to popular docking programs and reflects their
limitations and advantages. We present our supercomputer docking programs, FLM and SOL-P, developed
over the past 5 years for Lomonosov supercomputer of Moscow State University. These programs are
free of most important simplifications and their performance shows the road map of the docking accuracy
improvement. Some results of their performance for very flexible ligand docking into the rigid protein and
docking of flexible ligands into the protein with some moveable protein atoms are presented. The so-
called quasi-docking approach  combining a force field and quantum chemical methods is described and it
is shown that best docking accuracy is reached with the PM7 method and the COSMO solvent model. 
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INTRODUCTION

Nowadays docking plays (1) an important role at
the initial stage of the rational drug design (2,3).
Docking programs perform positioning of a ligand
(a molecule) in the active site of the target protein
responsible  for  the  disease  progression  and
estimate  the  protein-ligand  binding  energy.  The
latter  is  directly  connected  with  the  binding  (or
dissociating) constant  defining the activity of the
ligand and the respective inhibition constant. The
ligand  upon  binding  with  the  protein  blocks
(inhibits) its functioning and changes or stops the
progression of a disease. The larger is the protein-
ligand binding free energy the low concentration of
the inhibitor is needed to reach the desired effect.
Several dozens of docking programs exist as well
as a dozen of sites presenting docking facilities are
available (4–6). Nevertheless, docking accuracy is
still  unsatisfactory  for  the  reliable  separation  of
strong inhibitors from medium ones and the latter
from weak inhibitors on the base of the docking
score  –  the  measure  of  the  estimated  protein-
ligand binding energy, e.g. see Table 6 in (6). The
performance of most of docking programs is based
on the docking paradigm which assumes that the
best position of the ligand in the active site of the
target protein corresponds to the global minimum
of the energy of the protein-ligand complex. As far
as the experimentally determined position of the
bound ligand in the protein is defined only by the
structure of the crystallized protein-ligand complex
the  docking  paradigm  can  be  paraphrased  as
follows: the global energy minimum of the protein-
ligand  complex  corresponds  to  the  ligand  pose
near  the  crystallized  native  ligand  position.  The
latter is usually taken from the Protein Data Bank
(7).  So,  the  docking  problem is  boiled  down  to
solving the global  optimization problem. And the
dimensionality  of  the  energy  surface  where  the
global minimum should be found is large: even if
the  ligand and the protein  are  rigid  there  are  6
degrees of freedom, 3 translations of the ligand as
a rigid body,  and 3 rotations of  the  ligand as  a
rigid body. Usually drug-like molecules have 5-15
internal rotations around ordinary valence bonds,
named  torsions,  and  the  number  of  degrees  of
freedom  of  the  global  optimization  problem  is
usually  10–20.  The  global  optimization  problem
with such a large number of dimensions is a heavy
task  and its  solution demands powerful  heuristic
algorithms  as  well  as  a  lot  of  computation
resources.  Another  docking  problem arises  when
one  asks  the  question:  what  is  the  energy
calculation method for which the docking paradigm
is true? On the one hand, the answer is simple: the
energy calculation method should be adequate for
the given protein-ligand system. But, on the other
hand,  there  are  many  force  fields,  i.e.  classic
potentials describing interatomic interactions in the
molecular  system, or  different  quantum-chemical

methods,  and the energy  calculation method for
which the docking paradigm should be satisfied is
a  priori unknown.  The  difficulty  of  the  docking
problem is  aggravated  by  the  hands-on need to
screen  large  databases  of  on-shelf  or  virtual
compounds.  Such  databases  or  libraries  can
contain  thousands  and  millions  of  compounds
which  can  be  treated  as  candidates  to  become
inhibitors for these or those bio-targets.

Initial  versions  of  some  docking  programs  were
developed more than 35 years ago, e.g. the DOCK
program (8,9), and available restricted computing
resources were the main limiting factor resulting in
a lot of  simplifications and crude approximations
used in docking programs. In addition, force fields
at  that  time  were  only  in  their  infancy,  and
quantum-chemical methods could not be used for
the  calculation  of  the  energy  of  such  large
molecular  systems  as  protein-ligand  complexes
containing thousands of atoms. Nevertheless, the
necessity of screening large libraries of ligands and
limited computer  recourses  bring to somewhat  a
competing  between  docking  programs  for  the
lowest time of docking of one ligand using 1 CPU.
Certainly,  the  development  of  docking  programs
under the mantra “faster and even faster”  could
not result in high accuracy of docking. 

About  ten  years  ago,  the  supercomputer  era
began, and hundreds and thousands of computing
cores  became  available  for  solving  of  one  task
(job).  For  the  docking  problem,  availability  of
supercomputers  resulted  in  a  possibility  of
screening  of  databases  of  ligands  containing
millions  of  compounds,  and  special  efforts  have
been  made  to  use  supercomputers  for  this  task
with maximal efficiency. For example, one solution
of  this  problem  is  presented  in  (10)  where  a
specially designed software `wrapper' called HSP-
DOCK on the base of the DOCK6 program has been
used for screening a library of 1.4 million lead-like
molecules from ZINC database against each of four
targets.  Another  direction  of  the  use  of
supercomputer resources for docking aims for the
increase of docking accuracy (11).

We  present  here  a  short  descriptions  of  our
docking programs SOL (1,12,13), FLM (14–17) and
SOL-P (15,18,19) developed in Lomonosov Moscow
State  University  for  the  computing  resources
available  in  this  university  during  the  recent  15
years  including the Lomonosov-2 supercomputer.
Some applications of these docking programs are
presented also in short.

DOCKING PROGRAMS

Actually, docking technique began to be developed
in  Lomonosov  Moscow  State  University  from
autumn of 2005 under the government contract #
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02.435.11.1008 of August 1, 2005. First version of
the  SOL  docking  program  was  applied  to  the
development  of  new  direct  thrombin  inhibitors
from beginning of 2006 and the program has been
implemented  in  the  Web-oriented  system
Keenbase allowing to perform virtual screening of
ligand libraries  using  the  X-Com grid  technology
(20).  In  the  following years  the improvement of
SOL and its  application  to  new inhibitors  design
advanced abreast each other. A parallel version of
SOL  appeared  in  2011,  and  supercomputer
programs  of  a  new  generation  have  been
developed from 2013 up till now. SOL is used now
for  a  preliminary  probing of  new target  proteins
and for a massive virtual screening of large ligand
databases on the Lomonosov supercomputer. The
supercomputer  docking  programs  of  the  new
generation are used at the lead optimization stage
and for the investigations of ways of improving the
docking accuracy.

SOL classic docking program
We designate  SOL as  a  classic  docking  program
because it has many features common for many
popular docking programs.  However,  during the
development of this program, the goal was set to
make as few model simplifications as possible and
to  take  into  account  the  most  important  effects
that determine the accuracy of docking as much as
possible. We foresaw the  extraordinary growth of
available computer resources in close future and
did  not  take  part  in  the  race  for  the  shortest
docking  time  but  tried  to  make  calculations
maximal accurate in the frame of existing facilities.

Algorithm and implementation
The energy of the molecular system is calculated in
the  frame  of  the  Merck  Molecular  Force  Field
(MMFF94) (21) which was specially created for the
description  of  protein-ligand  molecular  systems
and drug design needs. This force field is based on
a  large  amount  of  ab  initio quantum-chemical
calculations  of  different  molecules  and  molecular
complexes. As all other force fields it has its own
deficiencies in some features but comparisons with
different force fields revealed the best performance
of MMFF94 (22,23). In addition, MMFF94 combines
sufficiently good parameterization covering a broad
spectrum  of  organic  molecules  and  the  well-
defined procedure of atom typification applicable to
an arbitrary organic compound.

As  many  other  docking  programs  such  as
AutoDock,  ICM,  DOCK,  and  others,  SOL  uses  a
preliminary calculated grid of potentials describing
interactions  (electrostatic,  van  der  Waals
interactions) of all protein atoms with all possible
types of a ligand probe atom in the frame of the
MMFF94  force  field  practically  without  serious
simplifications.  The  desolvation  effect  in  the
simplified  form  of  the  Generalized  Born

approximation  and  respective  potentials  are  also
stored in the nodes of the grid. The grid is used to
move heavy calculations of all pairwise interactions
of a probe ligand atom with all protein atoms from
the  global  optimization  docking  step  to  the
preliminary  step.  The  grid  is  generated  by  the
SOLGRID  module  and  during  the  global
optimization it is stored as a binary file in the RAM
memory  and it  is  easily  accessed  from the  SOL
module  performing  the  global  optimization.  The
size of the grid by default is a cube with the edge
22 Å covering the active site of the target protein.
For the native docking the center of the cube is
usually  chosen  in  the  geometrical  center  of  the
native ligand crystallized with the target  protein.
Such size of the docking cube is sufficient in most
cases for the free ligand movement inside it during
the global optimization process: the ligand can be
at any position inside this docking cube but no one
ligand atom cannot be outside the cube. The grid is
formed by equidistant nodes along each of three
orthogonal  directions  of  cube  edges,  101  nodes
along one direction. Ligand energy in the field of
the protein is calculated as a sum of grid potentials
for all ligand atoms. A potential in the position of a
given ligand atom is obtained by the interpolation
of  potentials  in  eight  neighbouring  grid  nodes.
Usually  for  a  given  target  protein  the  grid  is
created for one to several hours on one computing
core  depending  on  the  number  of  atoms in  the
protein  and characteristics  of  the  processor.  The
grid is generated once for the given position of the
docking cube for the given target protein and the
respective binary file with the grid is used in the
following virtual screening of a ligand library.

The global optimization of the energy of a ligand in
the field of the protein is performed by the SOL
module. The optimized energy function is the sum
of  the  grid  energy  of  the  ligand  and  the  ligand
internal  energy  calculated  in  the  frame  of  the
MMFF94 force field. So, the relative ligand stress
energy is taken into account in the energy global
optimization process: ligand poses with high stress
energy  have  low  chances  to  correspond  to  the
global  energy  minimum  of  the  protein-ligand
system.  The  genetic  algorithm  is  used  for  the
global optimization. This is one of the most popular
docking algorithms: for example it is implemented
in  the  most  commonly  used  docking  programs
Autodock (24) and Gold (25). The main idea of this
mathematical method is a selection of most strong
individuals  in  the  evolution  of  a  population  of
individuals  developed through many generations.
In  our  case  the  individual  is  a  position a  ligand
inside  the docking cube,  and the measure of  its
strength in the competition with other individuals
is the target energy function, i.e. the energy of the
protein-ligand system. The population of the initial
generation is randomly generated by variations of
a  ligand  position  in  the  docking  cube.  A  ligand
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position is formed by translation and rotation of a
ligand as a whole rigid body and by the change of
each ligand torsion. The population size is 30000
by default but it can be set equal to any integer,
e.g.  in  heavy  docking  cases  for  too  complicated
structure of the energy surface or for a too flexible
ligand  with  a  large  number  of  torsions,  the
population  size  can  be  increased  up  to  millions.
The  evolution  is  driven  by  the  selection  of  the
strongest  individuals  into  the  mating  pool  (by
default its size is 70) and creation from them the
next  generation  by  their  random  crossover  and
direct translation of them into the next generation
and  random  mutations.  Several  elite  individuals
(four  by  default)  corresponding  to  the  ligand
positions  with  lowest  energy  are  transformed  to
the  next  generation  without  any  changes.  The
population  size  is  kept  fixed  through  all
generations.  When  selecting  individuals  into  the
mating pool the niching is used. Niching prevents a
selection into the mating pool close ligand poses
and  ensures  diversity  of  individuals  in  the  next
generation of the population. Niching is realized by
providing a positive energy penalty to the next in
turn individual, which is a candidate to be selected
into  the  mating  pool,  if  RMSD  (the  root-mean-
square  deviation)  between  coordinates  of  ligand
atoms  corresponding  to  this  individual  and
individuals, which have been already selected into
the mating pool, is small. Actually, the value of the
penalty is in inverse proportion to the RMSD value.
The individual with a large penalty is moved out
from the  row  of  strongest  individuals  which  are
candidates to be selected into the mating pool. The
number of generations is an input parameter of the
SOL module and it is equal to 1000 by default. The
strongest individual in the final generation, i.e. the
ligand pose with the lowest energy, is the solution
of the global optimization problem. How can one
believe that this solution corresponds to the lowest
value  of  the  target  energy  function?  Several
independent  runs  (50  runs  by  default)  of  the
genetic  algorithm  are  performed  to  reveal  the
reliability  of  the  found  solution.  Then,  all  50
solutions  (ligand poses)  are  clustered  in  respect
with their positions: two ligand poses are included
in one cluster if RMSD between coordinates of all
their  atoms  is  less  than  a  given  value  (1  Å  by
default).  The clusters  are ranked in respect with
energies  of  respective  ligand  poses  and  the
solution  of  the  global  optimization  problem
corresponds  to  the  ligand  pose  with  the  lowest
energy from the first cluster. The cluster analysis
helps  to  estimate  reliability  of  the  solution:  the
high  population  of  the  first  cluster  and  a  low
number  of  separate  clusters  indicate  the  high
reliability  of  the  found  solution  of  the  global
optimization  problem.  It  means  that  in  several
absolutely  independent  runs  of  the  genetic
algorithm practically one and the same ligand pose
corresponding to the lowest energy of the protein-

ligand complex is found. In other words, the high
population  of  the  first  cluster  indicates
convergence  of  independent  runs  of  the  genetic
algorithm  to  the  unique  global  minimum.  In
another utmost case when for 50 runs 50 different
clusters are found docking should be considered as
failed.  With  the  default  parameters  SOL docks a
ligand on one computing core for one to several
hours.

Parallel  versions  of  SOLGRID  and  SOL  modules
(26)  are  created  on  the  base  of  MPI  (message
passing interface) allowing to perform calculations,
generation of the grid of potentials and the global
energy optimization, on many hundreds of cores:
the time of the grid generation and fifty runs of the
genetic algorithm with the default parameters can
be  reduced  to  less  than  1  minute.  The  multi-
processor performance of the SOLGRID module is
useful for the optimization of the position of the
docking cube in the active site of the target protein
when a fast generation of the grid is needed. The
multi-processor  performance  of  SOL  is  usually
used  when  docking  with  standard  parameters  is
failed.   In  virtual  screening  of  large  ligand
databases (dozens and hundreds of thousands of
molecules) it is more effective to run SOL on the
Lomonosov  supercomputer  (27)  distributing
ligands  over  hundreds  and  thousands  computing
cores  and  docking  one  ligand  per  one  core.
Certainly some auxiliary scripts and programs are
created to queue up respective jobs and to analyze
the docking results.

Applications
The  SOL program was  used  for  CSAR2011-2012
benchmark  (12,28)  together  with  other  docking
programs  Gold,  AutoDock,  AutoDock  Vina,  ICM-
VLS, Glide and others which were used by different
research groups.  The area under  the  ROC curve
(AUC) was used as a measure of the reliability of
the  predicted  inhibitor  affinity.  For  the  highest
reliability of predictions, the AUC value is equal to
1, and for the worst reliability AUC is equal to 0.5.
The AUC value shows the docking ability to find
inhibitors  among  a  large  number  of  inactive
compounds.  AUC values  were  obtained  for  three
target proteins: Chk1, LpxC, Urokinase. SOL was
the  best  in  AUC  calculations  for  LpxC  and
Urokinase both, but it did not demonstrate a good
result for Chk1 (28).

SOL has been successfully used at the initial stage
of  new  low molecular  weight  direct  inhibitors  of
different  target  proteins  including  experimentally
confirmed  inhibitors  of  thrombin  (29,30),
urokinase (uPA) (31,32), and the blood coagulation
factor Xa (33,34). It should be noted here that a
bad  solvation  of  many  newly  synthesized
compounds is one of most important obstacles for
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experimental testing of docking predicted inhibition
activity of ligands.

FLM supercomputer docking program
The  name  of  this  program  (14–17)  is  the
abbreviation of “finding local minima” and reflects
its  goal  which  is  to  find all  low energy  minima,
including the global minimum, of a protein-ligand
complex. This is a gridless docking program which
is  not  used  the  preliminary  calculated  grid  of
protein-ligand interaction potentials. In the course
of  docking  the  energy  of  any  protein-ligand
configuration is calculated directly in the frame of a
given force field. FLM uses the MMFF94 force field
(21) without simplifications.

Algorithm and implementation
Protein-ligand complexes have a very complicated
multi-dimensional energy surfaces and the search
and  the  search  for  the  low  energy  minima  is
performed by the process of random throws of a
flexible ligand into the docking area covering the
active site of the rigid target protein followed by
the optimization of the energy of the protein-ligand
system from these random ligand poses using the
L-BFGS  gradient  algorithm  (35,36)  by  varying
Cartesian  coordinates  of  all  ligand  atoms.  The
initial  ligand  poses  are  obtained  by  random
continuous translations and rotations of the ligand
as  a  rigid  body  and  by  random  continuous
variations of ligand torsions. The only restriction is
that the ligand geometrical center should be inside
a sphere of a given radius (8 Å by default). If the
ligand  center  moves  out  of  the  sphere  in  the
optimization  process  the  obtained  minimum  will
not  be  included  in  the  low  energy  minima  set.
Special attention is paid to the uniqueness of the
ligand poses corresponding to the minima selected
into the low energy minima set. The measure of
the  minima  uniqueness  is  RMSD  between  the
respective ligand poses calculated in the course of
docking over heavy ligand atoms without chemical
symmetry. Two minima will be considered different
if  RMSD and the difference of  their  energies are
less than given values. The size of the low energy
minima  set  is  restricted  by  an  input  integer
parameter and can be a sufficiently large number,
e.g. several thousand – by default it is 8192 = 213.
This  set  consists  of  the  global  energy  minimum
and every  successive  energy  minimum above  it.
After finishing docking the set of found low energy
minima  is  inspected  on  uniqueness  again  but
taking  into  account  chemical  symmetry  and  by
calculating RMSD over all ligand atoms.      

FLM  performs  a  massive  parallel  search  of  low
energy  minima  using  Message  Passing  Interface
(MPI) and this search continues a given period of
time.  Basically,  there  is  no  the  program
termination criterion except the performance time
and  FLM can work  as  long  as  possible  using as

many as computing cores as available. The latter is
defined by FLM good scalability with the number of
cores  growth.  There  are  two  versions,  FLM-0.05
and FLM-0.10,  working  in  the  frame of  MMFF94
either  in  vacuum  or  using  the  PCM  continuum
model  (37)  to  take  into  account  water  solvent.
Certainly, FLM-0.10 is much slower than FLM-0.05
and the latter needs about 20000 CPU x hours to
dock one ligand and to find almost all low energy
minima by  performing several  hundred thousand
local optimization.  

Applications
FLM  can  be  useful  during  the  hit-to-lead
optimization  when  several  ligands  should  be
compared accurately on their ability to bind with a
given  target  protein.  However,  the  most
interesting application of this program is to use it
for the validation of new docking algorithms. For
example, FLM was used for the verification of the
TT-docking algorithm in (15). Another application
of  FLM  is  a  comparison  of  different  energy
functions for docking. It  was shown in (14) that
the use of the MMFF94 force field with the PCM
solvent  model  resulted  in  much  better  docking
positioning  accuracy  than  in  the  case  when  no
solvent was taken into account. Later, the docking
accuracy  was  compared  for  the  CHARMM  and
MMFF94 force fields, for PM6-D3H4X (38) and PM7
(39) semiempirical quantum chemical methods. It
was shown (40,41) that CHARMM is much better
than  MMFF94  but  PM7  with  the  COSMO solvent
model (42) is much better than CHARMM and it is
slightly  better  comparing  with  PM6-D3H4X  with
COSMO. So, the best energy function for docking is
the semiempirical quantum-chemical PM7 method
together  with  the  COSMO  solvent  model.  This
model as well as the PM7 method are realized in
the  MOPAC  package  (43)  where  the  use  of
MOZYME  module  allows  to  calculate  the  whole
protein-ligand  complexes.  Unfortunately,  to  use
this  quantum  chemical  energy  function  in  the
docking procedure is still impossible due too large
computer  resources needed.  But,  these findings
bring to the idea of quasi-docking which is a two-
step  procedure.  Firstly,  a  sufficiently  broad
spectrum of  low energy  minima  is  found  in  the
frame of the given force field. Secondly, all these
low  energy  minima  are  recalculated  using  a
quantum-chemical method with an implicit solvent
model.  Results of quasi-docking when MMFF94 is
used at  the first  step and PM7 with COSMO are
used at the second step are presented in (17,44).
The number of low energy minima which should be
found at the first step is a specific number for each
protein-ligand but for most of test complexes this
number is equal to 4096. The energy (MMFF94 in
vacuum) band occupied by these minima can reach
several dozen kcal/mol for some complexes (17).
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SOL-P supercomputer docking program
This supercomputer program (15,18,19) is also the
gridless generalized docking program of  the new
generation.  As  the  FLM  program  does  SOL-P
performs the search for low energy minima spectra
of  molecular  systems,  in  particular,  the  protein-
ligand complexes. However in opposite to the FLM
program SOL-P uses for the search a more keen
algorithm of the global optimization and also SOL-P
is able to perform docking of flexible ligands into
the  target  protein  with  moveable  atoms.  The
energy  of  protein-ligand  system  depends  on
variables  describing  translations  and  rotations  of
the ligand as a whole rigid body, internal rotations
of  ligand  molecular  groups  around  ordinary
chemical  bonds  (torsions)  and   Cartesian
coordinates of selected target  protein atoms and
all these variables are treated simultaneously and
equally in the global optimization process at that.
For example, if the ligand has 10 torsions and 10
protein  atoms must  be  treated  as  moveable  the
number  of  the  independent  variables  describing
the protein-ligand energy surface will be equal to d
= 6 + 10 + 3 x 10 = 46 where 6 is the number of
ligand translations and rotations as a rigid body.
The energy of molecular systems is calculated in
the frame of the MMFF94 force field as SOL and
FLM programs do.

Algorithm and implementation
SOL-P uses the TT-docking algorithm the idea of
which is as follows. The continuous energy function
depending on d ligand and target protein variables

is converted into a d-dimensional array (a tensor)
using  a  discretization  grid  in  the  space  of  the
variables, and modern methods of tensor analysis
are  applied  to  find  the  largest  in  magnitude
element of the tensor. If the grid is fine enough
the solutions of the continuous and discrete global
optimization problems will be close to one another.
The  docking  problem  which  is  the  global
minimization problem can be easily transformed to
the global maximization problem and we find that
it  is  convenient  to  apply  the  magnitude
maximization to the following functional (18):
f (x , E*)=exp {100 arccot [E(x )−E*]}  (1)

where  E(x) is  the  dimensionless  MMFF94 energy
for the given conformation  x of the protein-ligand
complex, E*  is  the global minimum found on the
previous iteration.

The number of entries of a d-dimensional tensor
grows exponentially in d, and if d is large it will be
impossible to use the list  of entries for practical
needs. For example, the number of tensor entries
will be huge, 10015 = 1030, for only 100 points at
each dimension and  d = 15. As a means to fight
with  this  “so-called”  curse  of  dimensionality the
Tensor  Trains  (TT)  decomposition  for  d-
dimensional tensors was introduced ten years ago
(45). TT-format is such a decomposition in which
the  initial  real-valued  d-dimensional  tensor

A∈ℝn1×n2 ,...×n i
 of  the  size  ni along  the  i-th

dimension is reduced to d tensors of the dimension
3: 

A(i1 ,…,id)≈ ∑
(α1=1 ,…, α(d−1)=1)

(r 1,…,rd )

G1(i1 ,α1)G2(α1 , i2 , α2)…G(d−1)(α(d−2) , i(d−1) , α(d−1))Gd(α(d−1) , id) (2)

where numbers r1, …, rd-1 are called TT-ranks of the
tensor; for convenience, dummy ranks r0 ≡ rd ≡  1
are  also  introduced.  The  3-dimensional  tensors

Gi∈R
r i−1×ni×ri

 are called cores or carriages of the
tensor train.

If  TT-ranks  are  reasonably  small,  the  TT-format
will  possess  very  useful  properties  (45,46):  only

∑
i=1

d

ni r i−1 ri O(dnr2)
 computer memory cells are

required (n = max (ni), r = max (ri), i = 1, 2, ….,
d) to store the tensor, operations on tensors are
reduced to standard matrix operations, and most
of operations on tensors are performed in O(dnr3)
arithmetic  operations  or  even  faster.  The  TT-
approximation of a tensor can be constructed in a
robust  way  using  TT-SVD  (Singular  Value
Decomposition)  method  (45).  However,  the  TT-
SVD method needs all the elements of the tensor,
but  for  a  large  tensor  to  calculate  all  tensor
elements is practically impossible. But, there is a
fast method, named TT-Cross, of the large tensor
approximation  utilizing  only  a  small  number  of

tensor  elements  (47).  It  finds  the  TT-
decomposition of a tensor evaluating only  O(dnr2)
elements  and  performing  just  O(dnr2)  arithmetic
operations.  TT-Cross  exploits  the  well-known
matrix cross interpolation method (48) applied to
selected submatrices of the unfolding matrices of
the  given  tensor.  Unfolding  matrices

A k ( i1…ik , ik+1…id )∈ R
nk×nd−k

 of  the given tensor

A (i1 ,…,id )∈ R
n1×…×nd

 contain the same elements
of the initial tensor A(i1...id) but reordered, and TT-
rank  rk is  just  the  rank  of  the  matrix  Ak .  The
matrix cross interpolation method approximates a

matrix  B (i , j )∈ Rm×n using only  O((m+n)r) of its
elements  and  performing  just  O((m+n)r2)
operations, where r is the approximation rank. The
matrix  cross  interpolation  method  performs  the
search of the largest in magnitude matrix element,
uses  the  found  element  to  perform  the  Gauss
elimination  and  repeats  operations  with  the
obtained matrix until the stopping criteria is met.
So, the matrix cross interpolation method could be
used as a simple global optimization method as it
finds the largest in magnitude element among all
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evaluated elements of the matrix. Great advantage
of  the  method  is  that  it  does  not  evaluate  all
matrix elements but only a small portion of them.
Similarly,  the  TT-Cross  method  iteratively
improves the sets of interpolation points searching
for  submatrices  of  unfolding  matrices  of  larger
volume  (determinant  in  modulus)  and
consequently  containing  the  elements  of  larger
magnitude. Therefore TT-Cross can be used as a
base for the TT global optimization method which
uses the same search strategy as TT-Cross, but in
more  parallel  way,  and  does  not  explicitly
construct  the  TT-approximation  of  the  whole
tensor. To reduce the number of evaluations, the
maximal  rank is bounded by rmax.  After the rank
limitation iterations could possibly never converge
and the maximal  iterations number parameter  is
introduced. 

At each iteration the following operations of the TT
global  optimization  are  performed:  (i)  the
generation  of  submatrices  of  unfolding  matrices
using  a  set  of  tensor  elements,  (ii)  the
interpolation  of  submatrices  using  the  TT-Cross
method with rank  ≤rmax and as a result a set of
interpolation  points  obtained  for  each  submatrix
contains  elements  with  large  values  in  modulus,
(iii)  these  sets  of  interpolation  points  (protein-
ligand  conformations)  are  extended  by  the  local
optimization  and  projections  of  optimized
interpolation  points  to  the  tensor  are  added  to
interpolation point sets, (iv)  updating of each set
of  interpolation points  of  the  unfolding matrix  is
made by merging the interpolation points  of  the
previous  unfolding  matrix  and  ones  of  the
subsequent unfolding matrix, (v) transition to step
(i) using the obtained interpolation point (protein-
ligand conformations) as the tensor elements for
the next iteration step. 

The  basic  optimal  parameters  of  TT-docking  are
(18): the discretization grid in the domain of each
variable n = 216, the maximal rank is bounded by
rmax =  4,  and  the  number  of  iterations  in  the
process of optimization equals to 15. More details
of the TT global optimization method can be found
elsewhere (15,18,19).

The  SOL-P  program  contains  a  set  of  modules
performing the TT search for low energy minima,
selecting  only  unique  minima,  performing
additional  local  optimization of the protein-ligand
conformations  corresponding  to  selected  unique
low  energy  minima  by  the  accurate  L-BFGS
gradient method and, finally, selecting again only
unique minima and ranking them on their energy.
In  the  process  of  TT-docking  the  ligand
geometrical center (the ligand center of mass for
equal ligand atoms’ masses) can move inside the
docking cube of a given size, by default the cube
edge is equal to 10 Å, the center of the cube is

situated  either  at  the  geometrical  center  of  the
native ligand crystallized with the target or can be
selected  based  on   other  considerations.  The
selected protein atoms can move inside their small
cubes  with  the  edges  1.0  Å  by  default  and
centered at the initial protein atom positions, e.g.
which  are  taken  from  Protein  Data  Bank.  The
docking cube size as well as small cubes sizes are
input  parameters  of  the  program.  More  detailed
description of SOL-P can be found in (18,19). 

The TT docking algorithm is 10 times faster than
the genetic algorithm (49) with approximately the
same  reliability  of  finding  the  ligand  pose
corresponding to the lowest energy of the protein-
ligand  complex.  The  comparison  was  made
between TTDock and SOL programs for the same
test set of protein-ligand complexes, for the same
preliminary  calculated  grid  of  potentials  in  the
frame of the same MMFF94 force field   but it finds
the same ligand poses with the lowest energy. For
the rigid protein SOL-P is two orders of magnitude
faster that the FLM program, these programs find
the same global energy minima for a test set of
protein-ligand  complexes  but  some  low  energy
minima  are  missed  from  the  spectrum  of  low
energy  minima  found  by  the  SOL-P  program
comparing with the minima spectrum found by FLM
(15).  SOL-P  can  cope  with  docking  of  flexible
ligands having a large number of torsions into a
rigid  protein  as  well  as  with  docking  of  flexible
ligands into protein having some moveable atoms.
The  latter  is  demonstrated  in  (18,19)  where  a
successful docking is demonstrated with up to 157
degrees freedom: unsuccessful docking into a rigid
target  protein  becomes  successful  when  several
dozen of protein atoms become moveable. Below
we present some results  of docking very flexible
ligands and docking into  proteins  with  moveable
atoms.  

Applications
Docking ligands with a larger number of torsions. 
Docking highly flexible ligands is still a challenging
task in the field of modern molecular modeling. In
the  same  time,  some  flexible  molecules,  for
example,  oligopeptides  are  of  high  interest  as
potential  therapeutics.  Ability  to  handle  them
computationally  determines  a  success  rate  of
projects  involved  in  developing  peptide-like
bioactive  compounds.  Most  popular  docking
programs are able to dock ligands having no more
than 10 torsions because of high dimensionality of
the energy surface on which the search for a ligand
bound configuration is performed. The TT-docking
algorithm intrinsically aims to work with systems of
high dimensionality, and to test its ability to dock
very flexible ligands SOL-P is applied for docking
oligopeptides  and  other  kinds  of  flexible  and
branching  non-peptide  ligands  in  the  same
manner. All crystal complexes selected for docking
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have  good  resolution  (better  than  2  Å),  do  not
contain  any  cofactor  molecules  (including  metal
ions)  and  have  no  gaps  near  the  binding  site.
Protein structures and oligopeptide molecules are
protonated  at  pH  7.4  using  the  Aplite  program.
Special  attention was paid to  the  1B9J complex.
We found that  the native ligand of  this  complex
carried one positively charged group which was not
involved in the interaction with any residues in the
ligand  crystal  conformation.  The  global  energy
minimum  found  by  SOL-P  in  this  complex
corresponds to the ligand pose where this ligand
charged  group  is  closely  situated  near  the
negatively charged carboxylic moiety of Glu32 and
this  ligand  pose  is  quite  different  from  the
crystallized one: RMSD  ≈ 6.7 Å. This is a simple
consequence  of  positive  and  negative  charges
attraction  in  the  absence  of  screening  water
solvent effect damping Coulomb interactions: SOL-
P  works  without  taking  into  account  a  water
solvent. To avoid this side effect we neutralized the
carboxylic moiety of Glu32 and re-docked the 1B9J
native  ligand.  The difference between the ligand
pose corresponding to the global energy minimum
and  the  ligand  crystallized  pose  become  small:
RMSD ≈ 1.2 Å. Non-peptide ligands are protonated
at  pH 7.4  with  the  Avogadro  program (50).  We
also perform docking of these flexible ligands by
the SOL program to compare efficiency of SOL-P

with a program which has common features with
popular docking programs (the grid approximation
and  the  genetic  algorithm  of  the  global  energy
optimization)  and  uses  the  same  force  field  as
SOL-P  does.  The  root-mean-square  deviation
(RMSD)  between  all  atoms  of  the  crystallized
native  ligand  pose  and  the  docking  pose
corresponding to the least energy of the protein-
ligand complex is selected as an accuracy metric.
Results of docking ligands with a large number of
torsions are shown in Table 1.

As can be seen from Table 1, if RMSD cutoff is set
to 2.3 Å that justified for such large ligands, SOL-P
copes quite well with docking highly flexible ligands
except one complex (2FLE), whereas SOL is able to
dock correctly only one ligand which has the least
number  of  torsions.  Analyzing  results  for  2FLE
complex  we  find  that  in  the  prepared  protein
structure  two  hydrogen  atoms  connected  to
backbone  nitrogen  atoms  are  placed  incorrectly
disturbing  the  planar  configuration  of  peptide
bonds in which they are involved and interfering
with ligand hydrogen atoms when the ligand is in
the  crystallized  position.  In  Figure  1  these  two
incorrectly  added  protein  hydrogen  atoms  are
designated by red letters and for the sake of clarity
only a central part of the ligand in its crystallized
position is shown. 
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Table 1. Results of docking ligands with a large number of torsions by SOL and SOL-P. Ntor stands for a
number of torsions. The indicated charge corresponds to the total charge of a ligand at pH 7.4. Note: all

oligopeptides carried, at least, two charged groups – the positively charged N-terminus and the
negatively charged C-terminus.

# PDB ID Sequence of an
oligopeptide

Charge Ntor
RMSD after

SOL, Å
RMSD after

SOL-P, Å

1 6DQQ AAAA 0 10 1.08 1.24

2 1B9J KLK +2 15 8.55 1.22

3 1OLA VKPG +1 18 9.94 1.28

4 6DTH RPPGF +1 18 10.13 2.12

5 3LIN Non-peptide 0 20 6.36 0.97

6 6DTG YLGANG 0 22 10.01 1.04

7 2OLB KKK +3 23 9.56 1.37

8 6DQU GIINTL 0 25 8.49 2.28

9 2FLE Non-peptide 0 25 8.99 13.78 (1.74)

10 1EC3 Non-peptide 0 25 12.29 2.19

Figure 1. The intersection of Van der Waals radii of two hydrogen atoms of the protein (shown as red
letters  ‘H’s)  and two hydrogen atoms of  the  ligand in  its  crystal  state (shown in  “balls  and sticks”
representation: carbon atoms shown in magenta colour, nitrogen atoms – in blue, oxygen atoms – in red,
hydrogen atoms – in white). 

The  mentioned  two  protein  hydrogen  atoms  are
out  of  the  planes  (defined  by  protein  atoms
designated  by  blue  letters  in  Figure  1)  of  the
respective peptide bonds and this occurs possibly
due to interactions of these hydrogen atoms with
neighboring protein atoms of two residues, Asp25A
and Asp25B, which are also shown in Figure 1.  If
a  docked  ligand  pose  is  close  to  the  ligand
crystallized  position  the  energy  of  the  protein-
ligand system will be high due to the intersection
of Van der Waals radii  of  the protein and ligand
hydrogen atoms. This is the reason of unsuccessful
docking for the 2FLE complex in the rigid protein
model.  We  tried  two  approaches  to  fix  the
problem. Firstly, a manual correction of hydrogen

positions in the protein is done which does not lead
to  successful  docking.  Secondly,  we use docking
with  SOL-P  and  add  mobility  to  these  two
hydrogen  atoms (other  protein  atoms are  fixed)
during docking. This has resulted in success and
the final RMSD value for 2FLE complex is equal to
1.74 Å. 

In  the  protein-ligand  configuration  corresponding
to the global  energy minimum found by docking
with  the  two  moveable  protein  hydrogen  atoms
these atoms are observed to be in the planes of
respective peptide bonds and the above mentioned
Van der Waals radii do not intersect (see Figure 2).
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Figure  2. Positions  of  selected  protein  and  ligand atoms of  the  2FLE complex  in  the  conformation
corresponding to the global energy minimum found by docking with the two moveable protein hydrogen
atoms (see text). The protein hydrogen atoms returned back in the planes of peptide bonds are marked
by blue letters. As in Figure 1, the ligand is truncated for clarity.

Summing  up,  it  can  be  noted  that  the  SOL-P
program  can  perform  well  in  docking  flexible
ligands having up to 25 torsions. One of the main
limitations  of  applying  SOL-P  as  well  as  other
docking programs can be insufficient quality of the
full  atomic  (including  hydrogen  atoms)  model  of
the  target  protein  resulting  in  the  presence  of
untypical  distorted  conformations  to  be
reproduced.  This  effect  should  be  taken  into
account  when  creating  the  full-atomic  target
model.  The use of  SOL-P with  moveable  protein
atoms which are close to the ligand position, e.g.
to the crystallized native ligand position, could be
one possible solution of this problem.

Docking  flexible  ligands  into  proteins  with
moveable atoms. 
Besides  docking  oligopeptides  and  branching
ligands, mobility of separate protein atoms during
docking  is  also  a  daunting  task  in  modern
computational  chemistry.  Each  moveable  protein
atom increases a number of degrees of  freedom
and dimensionality of the energy space on which
the  search  for  a  ligand  bound  configuration  is
performed.  Accounting  for  mobility  of  protein

atoms  is  of  great  importance  for  some  protein
targets and virtual screening projects.

The SOL-P program is able to perform docking with
moveable  protein  atoms  and  this  ability  was
studied recently (18) where SOL-P was tested by
using 30 high quality protein-ligand complexes. As
in the case of docking ligands with a large number
of torsions, all complexes were split into a ligand
and  a  protein  and  the  estimation  of  docking
accuracy  relied  upon  reproducibility  of  native
ligand  crystallized  poses  after  their  docking  into
the corresponding protein structures. Both ligands
and proteins were protonated at pH 7.4

For  almost  one  third  of  complexes  SOL-P  coped
with  docking  without  considering  mobility  of
protein  atoms.  To  cope  with  the  rest  ones,  we
apply SOL-P using mobility of some protein atoms.
The selection of moveable protein atoms is based
on their proximity to the native ligand crystallized
pose and it is made by the Mark-PMA program. For
4  complexes  docking  succeeds  when  protein
flexibility  is  added.  Features  of  these  complexes
and results of docking are presented in Table 2.

Table  2. Complexes  from  the  test  set  for  which  docking  results  are  dramatically  improved  after
considering mobility of some protein atoms. Ntor  stands for the number of ligand torsions, N lig is the
number of ligand atoms (including hydrogen atoms), RMSDstandart is the root-mean-square deviation for all
ligand atoms between the crystallized native ligand pose and the docked ligand pose in the global energy
minimum after docking without moveable protein atoms, RMSDmoveable is the root-mean-square deviation
for all  atoms between the crystallized ligand pose and the docked ligand pose in the global  energy
minimum after docking with  moveable protein atoms. The number of these atoms is indicated as Nmov prot.
PDB ID Ntor Nlig RMSDstandart RMSDmoveable Nmov prot

1J01 6 35 2.35 0.000017 15
1LQD 8 61 5.25 0.00668 17
1O3P 6 46 10.99 1.83 28
3CEN 7 50 7.59 1.59 13
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To  reveal  reasons  underlying  improvement  of
docking results, we have visually analyzed docking
poses and displaced positions of proteins’ atoms.
The main factor of the docking improvement is the
improved  structure  of  H-bonding:  all  displaced
protein  atoms are  related to  the  hydrogen bond
donors/acceptors. Ligand poses close to the ligand
crystallized pose seem to have more favorable H-
bonds in the protein conformation obtained after
docking  with  moveable  protein  atoms.  These  H-
bonds are less favorable when ligand poses close
to the ligand crystallized pose are placed into the
rigid  protein  without  any  adjustment  of  protein
atoms.  For  instance,  improved  geometry  of  H-
bonds  between  the  benzamidine  moiety  of  the
ligand  and  the  carboxylic  group  of  Asp189  is
observed for  1LQD complex – see Fig.3 in (51).
The distance between the hydrogen atom in the
amidine and the charged oxygen atom is reduced:
from 1.9 Å observed for a complex with accounting
the  initial  positions  of  the  oxygen  atoms of  the

carboxylic group to 1.6 Å observed for a complex
after  docking  with  moveable  protein  atoms.
Actually, this change is quite small but, as can be
seen  from  Table  2,  it  can  lead  to  dramatic
improvement in docking results. 

We also apply semiempirical calculations to confirm
that  the  configuration  of  the  complex  with
displaced  protein  atoms  after  docking  in  SOL-P
(denote  it  as  M-complex)  is  better  energetically
than  a configuration with  the  initial  state  of  the
protein  (denote  it  as  R-complex).  For  both  M-
complex  and  R-complex,  heat  of  formation  is
estimated by a single SCF calculation with the PM7
method.  Moreover,  calculations  were  performed
both  in  vacuum  conditions  and  in  water
environment (solvent effects were modelled in the
frame of the COSMO model). All calculations were
done  in  MOPAC2016.  The  results  of  the
calculations are listed in Table 3.

Table 3.  Results  of  semiempirical  calculations  for  the  1LQD complex aimed to  confirm that  the  M-
complex configuration is energetically more favourable than the R-complex configuration. Explanations
what M/R-complex stands for can be found in the text above. Δ equals to the heat (M-complex) minus
heat (R-complex), where heat (M/R-complex) is the heat of formation of the complex in the output file of
MOPAC.

Type of calculation
Heat of formation in

MOPAC for R-
complex, kcal/mol

Heat of formation in
MOPAC for M-

complex, kcal/mol
∆, kcal/mol

1SCF in vacuo -19787.31 -19791.49 -4.18
1SCF + COSMO -23030.61 -23032.65 -2.04

The consideration of results presented in Table 3
allows confirming that even the very slight change
in  positions  of  protein  atoms  belonging  to  the
hydrogen  bond  donors/acceptors  makes  ligand
poses near the ligand crystallized conformation to
possess  lower  energy  that  is  crucial  for  proper
ranking of found ligand poses which are found in
the  docking  procedure.  Thus,  the  model  of
accounting  for  protein  flexibility  which  is
implemented  in  SOL-P  can  improve  the  energy
estimation during docking by adjusting positions of
protein atoms involved in H-bonding. The TT global
optimization  method  is  capable  of  successful
handling  of  high  dimensionality  emerged  from
considering additional degrees of freedom related
to moveable protein atoms.

Cross-docking with moveable protein atoms. 
Cross-docking  is  a  type  of  docking  when  the
crystallized ligand from one complex is docked into
the  same  protein  which  is  taken  from  another
complex containing the same protein but another
crystallized  native  ligand.  In  other  words,  the
ligand  is  docked  into  different  protein
conformations  obtained  from  other  crystal
structures. The main purpose of the cross-docking
approach is the study of the effects of induced fit
upon  binding  and  estimation  of  ability  of  model

relied  upon  the  certain  protein  structure  to
reproduce  experimentally  determined  poses  of
chemically  diverse  ligands.  The  latter  task  is
immensely  important  for  quality  control  of  the
protein  model  intended  to  use  in  the  structure-
based  virtual  screening  campaign.  Cross-docking
implies the superimposition of protein structures to
the reference protein structure. The native ligands
undergo  the  same  transformation.  After  that,
docking  of  “rotated”  ligands  can  be  assessed
standardly in the terms of RMSD value calculated
between  the  docking  pose  which  corresponds  to
the global  minimum and the ligand quasi-crystal
(“rotated”) pose.

We apply SOL-P to cross-docking using two pairs
of  complexes  containing  oligopeptides  and  also
three  pairs  of  protein-ligand  complexes  with
ligands  of  non-peptide  nature.  The  first  pair
includes  1B9J  and  1OLA  complexes  which  both
contain  oligopeptide-binding  protein  (OppA)  of
S.typhimurium. For the study we take the protein
structure from the 1B9J complex in which Glu32 is
neutralized (see Section “Docking ligands with  a
larger  number  of  torsions”).  Complexes  of  the
second pair,  6DQQ and 6DTG,  contain  the same
protein  –  OppA  but  of  H.influenzae.  Additional
details  about  selected  complexes  can  be  found
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above  in  Table  1.  Characteristics  of  three  other
pairs  of  complexes  with  non-peptide  ligands
selected for cross-docking are presented in Table
4. It is worthy to note that for all these complexes
successful native docking is achieved by the SOL
program which utilizes the grid approximation and
the genetic  algorithm as  well  as  by the  gridless
supercomputer FLM docking program. In Table 4,

column  6  the  RMSD values  between  the  native
ligand crystallized pose and the docking pose with
the  best  energy  are  shown.  The  values  in
parentheses corresponds to results of the repeated
docking by SOL with heightened parameters of the
genetic  algorithm  (population  size  =  3  x  106,
number of generations = 1500). 

Table 4. Characteristics of complexes with non-peptide ligands for the cross-docking test.  Nlig – the 
number of ligand atoms (including hydrogen atoms), Ntor stands for the number of ligand torsions, Qlig is 
the ligand charge.
PDB ID Protein Nlig Ntor Qlig RMSD after SOL, Å RMSD after FLM, Å

1MRX
HIV-1 

Protease
group M subtype B (isolate BRU/LAI)

74 11 0 1.51 0.62

1MSM 78 12 0 11.13 (0.71) 0.95

3NU3 70 13 0 1.47 1.34

4LL3 75 13 0 11.16 (0.76) 1.04

2ZDM
Trypsin, Bos Taurus

59 9 1 1.16 0.96

2ZDN 58 9 1 1.98 0.59
 
The FLM program copes with native docking for all
complexes: all calculated global minima are close
to the corresponding native poses optimized in the
frame of the MMFF94 force field in vacuum. SOL
also copes with docking of all  native ligands into
the  proteins  they  crystallized  with  either  with
standard  docking  parameters  or  with  heightened
ones.  

The  total  procedure  of  preparation  includes  the
following steps. At the beginning, the protein from
one  complex  in  each  pair  is  superimposed  to
another protein and vice versa. Superimposing is
conducted  with  our  Super-impose-proteins
program. To confirm integrity of aligned proteins,
RMSD value for all  atoms between the reference
protein and the superimposed protein is calculated.
For pairs under the consideration this value does
not  exceed  2  Å  that  confirms  fitness  of  crystal
structures  to  each  other.  The  corresponding
ligands are  then  superimposed too  by  the  same

transformation which is found at the previous step
of proteins’ superimposing. For example, the ligand
from  1B9J  is  superimposed  to  the  protein  from
1OLA  and  vice  versa;  the  ligand  from  6DQQ  is
superimposed to the protein from 6DTG and vice
versa.  Transformed  ligand  conformations  are
denoted  as  quasi-native  poses  for  the  sake  of
brevity. Prior to docking in SOL-P, the quasi-native
pose  of  every  ligand  is  locally  optimized  in  the
MMFF94 force field with being placed in the active
site of the corresponding protein. We check that
this optimization do not cause quasi-native ligands
to move more than 2 Å from initial coordinates in
order to guarantee that optimization in SOL-P will
not  add  bias  into  results.  Moreover,  we  visually
check that when being placed in the corresponding
proteins quasi-native ligands have no clashes with
protein  atoms. After  confirming  that  all  quasi-
native ligands satisfy these checks, they are used
for cross-docking by SOL-P. Results of this docking
are listed in Table 5.
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Table 5. Results of cross-docking by SOL-P for pairs of complexes. RMSD value is calculated between the
locally optimized quasi-native pose in the MMFF94 force field in vacuum and the docking pose

corresponding to the global energy minimum. The INON index is found as the lowest number in sorted by
the energy list of minima founded by SOL-P so that the RMSD of such a minimum is less than 2 Å

relatively to the optimized quasi-native pose.
Ligand from Protein from Protein name,

organism
RMSD, Å INON

1B9J 1OLA OppA, Salmonella
typhimurium

6.709125 12
1OLA 1B9J 0.974301 1
1MRX 1MSM

HIV-1 protease
10.785163 2

1MSM 1MRX 2.416591 6
2ZDM 2ZDN

Trypsin, Bos taurus
7.128926 inf

2ZDN 2ZDM 2.510446 inf

3NU3 4LL3
HIV-1 protease

8.248767 6
4LL3 3NU3 4.517536 81
6DQQ 6DTG OppA, Haemophilus

influenzae
1.560041 1

6DTG 6DQQ 2.884729 6

As can be seen from Table  5,  cross-docking for
most  cases  is  unsuccessful.  The  worst-cases
correspond to INON=inf for complexes 2ZDN and
2ZDM. In these cases there are no minima with a
corresponding ligand pose near (with small RMSD
from)  the  optimized  quasi-native  ligand  pose
among all low energy minima found by SOL-P. To
improve  results,  we  use  docking  with  moveable
protein atoms. Two approaches for the selection of
moveable protein atoms are used. The first one is
applying the Mark-PMA program (18) which marks
protein atoms to be moveable relying upon their
proximity  to  the  native  crystallized  ligand

conformation. It was shown previously (18) that in
many  cases  successful  docking  is  reached  when
from 25  to  35  protein  atoms  became  moveable
using marking by this program. However, in this
approach mobility of some protein atoms does not
result  in  docking  improvement  but  docking  time
can  increase  noticeably.  Therefore  the  second
approach  is  also  tested.  In  the  frame  of  this
approach the selection of protein moveable atoms
is made by hands taking into account their role in
protein-ligand  binding.  Results  of  cross-docking
with moveable protein atoms are listed in Table 6.

Table 6. Results of cross-docking with moveable protein atoms for different pairs of complexes. RMSD
value was calculated between the locally optimized quasi-native pose in the MMFF94 force fiels in vacuum
and the docking pose corresponding to the global minimum. Nmov stands for the total number of moveable

protein atoms.
Ligand 
from

Protein 
from

Nmov 
selected 
by Mark-
PMA

RMSD, 
moveability 
by Mark-PMA

INON, 
moveability 
by Mark-
PMA

Nmov 
selected 
by hand

RMSD, 
moveablity 
by hand

INON, 
moveablity 
by hands

1B9J 1OLA 32 6.669763 30 17 6.649110 11
1OLA 1B9J 30 2.430996 7 16 2.624906 7
1MRX 1MSM 28 0.245360 1 19 3.589922 2
1MSM 1MRX 29 1.289056 1 23 1.897655 1
2ZDM 2ZDN 28 0.921806 1 18 0.919140 1
2ZDN 2ZDM 26 2.271176 3 18 1.899394 1
3NU3 4LL3 28 1.607883 1 19 8.382071 7
4LL3 3NU3 25 0.921040 1 21 4.278851 2
6DQQ 6DTG 30 1.236382 1 11 1.167734 1
6DTG 6DQQ 34 0.761266 1 25 1.304007 1

It  is  clearly  seen  when  comparing  Table  5  and
Table 6 that for most complexes cross-docking is
improved and becomes successful after taking into
account mobility of neighboring protein atoms and
this  improvement  is  higher  when  automatic
marking moveable atoms is applied. These findings
are  mainly  justified  by  changes  in  positions  of
atoms involved in H-bonding during docking with
moveable  protein  atoms  because  there  are  no

dramatic  differences  in  protein  structures  within
each pair and no steric clashes observed for quasi-
native poses of rotated ligands when placing into
the  corresponding  protein  structures.  Consider
results of cross-docking with automatic selection of
protein atoms to be moveable. They show that for
three pairs unsuccessful docking is obtained even
after adding mobility to some protein atoms. In the
case  of  1OLA/1B9J  pair  (a  ligand  from  1OLA  is
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docked  into  a  protein  from  1B9J)  accuracy  of
positioning  becomes  worse  after  cross-docking
with  moveable  protein  atoms.  The  failure  is
probably  related  to  facts  that  the  native  protein
from 1B9J is modified (neutralization of Glu32) and
the ligand from 1OLA is not able to bind properly
because of the modification. On the contrary, the
protein  from  1OLA  does  not  contain  neutralized
Glu32 and thereby allows the ligand from 1B9J to
stick to the active site in the wrong way which we
have  observed  earlier  performing  docking  of
oligopeptides (see Section “Docking ligands with a
larger  number  of  torsions”).  Addressing  these
issues  might  possibly  lead  to  more  adequate
results. 

In the case of unsuccessful docking of the ligand
from 2ZDN into  the  protein  from 2ZDM we find
that  the  docking  pose  of  the  ligand  both  after
docking without moveable protein atoms and with
moveable protein atoms quite correctly reproduces
the ligand crystallized conformation excluding the
tail  ligand moiety containing a  cyclopentyl  group
(see Figure 3).  It is also manifested in the fact
that the RMSD values only slightly differ from 2 Å
(2.51 Å – in the case of docking without protein
flexibility,  2.27 Å – after  docking with  moveable
protein atoms). And besides, the RMSD estimation
is  actually  carried  out  with  considering  not  only
ligand atoms but protein atoms as well. If calculate
RMSD  using  only  ligand  atoms,  one  obtain
difference being 2.016 Å between the quasi-native
pose of 2ZDN ligand and its  docking pose found
after  docking with  moveable  protein  atoms.  This

RMSD value is very close to “ideal” boundary – 2.0
Å. 

Study  (52)  which  describes  obtaining  crystal
structures  of  2ZDM  and  2ZDN  confirms
conformational flexibility of the tail moiety of the
ligand from 2ZDN in MD simulations. With regard
to successful  docking for this pair when applying
hand  marking  moveable  protein  atoms,  it  was
found that “successful” pose of 2ZDN ligand after
this  docking is  immensely similar  to the docking
pose  after  positioning  with  an  automatically
selected set of moveable protein atoms (see Figure
3).  In  that  context,  the  weakness  of  the  RMSD
concept  for  estimating  docking  results  is
illustrative. Given all these facts, we can conclude
that, despite RMSD being slightly larger than 2 Å
SOL-P manages to dock the ligand from 2ZDN in
the  meaningful  way  during  our  cross-docking
simulations.

Summing  up,  one  can  note  that  adding  protein
flexibility in the cross-docking procedure helps to
improve  accuracy  of  positioning  of  quasi-native
ligands: for six initially failed complexes the RMSD
value is reduced to less than 2 Å after including
protein  flexibility  in  the  docking  process.
Considering approaches for selecting protein atoms
to  be  moveable  and  obtained  results,  it  can  be
concluded that the  first  (automatic)  approach to
choose  moveable  protein  atoms  results  in  more
accurate positioning in docking but at the expense
of  some increase  (approximately  from 0.5 to  2
hours) of docking time comparing with the second
approach.
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Figure 3. Results of cross-docking for the ligand from 2ZDN into the protein from 2ZDM. 4 different
ligand poses are shown: the quasi-native pose (carbon atoms – in green color), the pose after docking
with no moveable protein atoms (carbon atoms – in cyan color), the pose after docking with moveable
protein atoms selected by Mark-PMA (purple-colored  carbon atoms), and the pose after docking with
moveable protein atoms chosen by hand (yellow-colored carbon atoms). Protein atoms involved in H-
bonding with the ligand are shown as spheres.  Nitrogen atoms are colored in blue, oxygen atoms – in
red, hydrogen atoms – in white. For sake of clarity, most hydrogen atoms of the ligand are removed.

CONCLUSIONS

Three docking programs developed at Lomonosov
Moscow  State  University  are  described  in  the
present  work:  SOL,  FLM  and  SOL-P.  Their
performance  is  based  on  the  docking  paradigm
connecting  docking  with  the  global  optimization
problem:  the  ligand  is  bound  near  the  global
energy  minimum  of  the  protein-ligand  complex.
The first program, SOL, is used successfully for the
computer  aided  structural  based  drug  design
during almost 15 years. The MMFF94 force field is
used in SOL for the calculation of the energy of
protein-ligand  complexes  and  the  genetic
algorithm is used for the global optimization. The
preliminary  calculated  grid  of  potentials  of
interactions of ligand probe atoms with the target
protein is used in SOL and they are Coulomb, van
der Waals interatomic interactions and desolvation
potentials appeared from the simplified form of the
implicit  Generalized  Born  solvent  model.  The
SOLGRID module  generating  the  grid  as  well  as
the  docking  SOL  module  are  parallelized  and
adapted for the supercomputer calculations. SOL is
used for initial docking of native ligands into new
targets and then for large ligand databases virtual
screening.

FLM and SOL-P belong to the new generation of
generalized docking programs designed for running
on  supercomputers.  They  use  the  MMFF94 force
field  both  without  any  simplifications  and  fitting
parameters.  Their  task  is  to  find  the  whole
spectrum of low energy minima for a given energy

function. FLM can perform long time on available
computing resources until   the found pool of low
energy  minima  reaches  the  saturation,  i.e.  until
the pool ceases to be updated. For the first time
we  investigated  carefully  spectra  of  low  energy
minima of several dozen protein-ligand complexes
and  checked  the  feasibility  of  the  docking
paradigm. Low energy minima sets found by FLM
can be used as reference sets to compare different
docking  algorithms  and  energy  functions.  The
quasi-docking  procedure  approaching  quantum
chemical docking is realized on the base of several
thousand low energy minima found by FLM. It is
shown  that  the  PM7  quantum  chemical
semiempirical  method  together  with  the  COSMO
solvent  model  is  one  of  the  best  candidates  for
energy calculations in the docking procedure.

The  new TT-docking  algorithm is  realized  in  the
SOL-P  program.  This  algorithm  is  based  on  the
recently  developed  so-called  tensor  train  (TT)
global  optimization  method  which  in  its  turn  is
based  on  the  TT  approximation  of  large  multi-
dimensional tensors. The main advantage of this
TT-docking method is its ability to perform docking
with a large number of degrees of freedom, i.e. to
find  low  energy  minima  spectra  on  the  energy
surface with very large number of dimensions. This
property of the TT docking algorithm opens up the
possibility  for  docking  molecules  with  a  large
number (> 20) of torsions and for docking flexible
ligands into proteins with mobile atoms. In the TT-
docking procedure all degrees of freedom, i.e. all
variables  describing  ligand  and  protein
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conformations,  are  treated  equally  and
simultaneously  during  the  global  energy
optimization process. Some examples of successful
docking  of  ligands  with  a  larger  number  of
torsions,  docking into  the  protein  with  moveable
atoms as well as cross-docking are presented.

Finally,  the  supercomputer  docking  programs
briefly  described  in  this  work  open  the  road  to
higher  accuracy  of  docking:  to  the  higher
positioning  accuracy  as  well  as  to  the  high
accuracy  of  the  protein-ligand  binding  energy
calculation.  This  will  certainly  results  in  higher
effectiveness the rational drug design. 
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A Turn-on Fluorescent Sensor For Cadmium Ion Detection In Aqueous
Solutions

Ziya Aydin*

*Vocational School of Technical Sciences, Karamanoglu Mehmetbey University, 70200 Karaman, Turkey. 

Abstract: Fluorescent sensors have attracted an important interest due to their advantages such as high
selectivity, rapid response, easy use, etc. In this study, a rhodamine based fluorescent sensor, RhDP, was
synthesized,  and  used  for  selective  detection  of  Cd2+ ions.  The  sensor  responds  to  Cd2+ via  the
coordination induced fluorescence activation (CIFA) mechanism. RhDP gives a very fast and reversible
fluorescence response to  Cd2+ in  the  presence of  the  metal  ions  tested.  The complex  stoichiometry
between RhDP and Cd2+ was found to be 1:1 and the binding constant was calculated as 2.70 × 107 M-1 in
acetonitrile (ACN)/HEPES buffer (10 mM, pH: 7.05, v/v 1:1). The fluorescent detection limit of RhDP for
Cd2+ was found to be 0.218 µM, which gave a marked sensitivity towards Cd2+.

Keywords: Fluorescence, Sensor, Cadmium, Rhodamine B, Turn-on.
 
Submitted: October 28, 2019. Accepted: December 27, 2019. 

Cite this: Aydın Z. A Turn-on Fluorescent Sensor For Cadmium Ion Detection In Aqueous Solutions.
JOTCSA. 2020;7(1):277–86. 

DOI: https://doi.org/10.18596/jotcsa.  638912  . 

*Corresponding author. ziyaaydin@kmu.edu.tr; ziyaaydin@yahoo.com.

INTRODUCTION

Cadmium, which is one of the highly toxic heavy
metals,  is  widely  distributed  in  soil,  water  and
crops,  generated  from  volcanic  eruption,  the
combustion  of  fossil  fuels,  Ni-Cd  rechargeable
batteries, fertilizers, paint pigments, etc., causing
serious  problems  for  human  health  (1-3).
Cadmium ion (Cd2+) shows high affinity to sulfur,
and it can interfere with metal ions such as Ca2+

and Zn2+ to replace in the binding sites of some
enzymes  (4,  5).  It  causes  dysfunction  of  these
enzymes, causing serious damage to the organs.
Cadmium and cadmium compounds are category I
carcinogens  (6), and are known to be associated
with cancer mortality, hepatic and renal damage,
and  cardiovascular  disease  (7-9).  Thus,  it  is  an
essential  point  to  develop detection methods for
cadmium. 

Several  methods  have  been  reported  to  detect
Cd2+;  however,  these  methods  are  generally

expensive  and  have  complicated  sample  pre-
treatment procedures and sophisticated   synthetic
procedure  (10-13).  As  an  alternative  method,
fluorescence  spectroscopy  requires  easier
procedures.  In  recent  years,  considerable  effort
has  been  dedicated  towards  the  design  and
preparation of various colorimetric and fluorescent
sensors  for the detection of  Cd2+ ions;  however,
they  respond  to  Cd2+  by  fluorescence  quenching
(14-16). Some organic molecules can also be used
as  turn-on  fluorescent  sensor  for  Cd2+  (17-19);
however,  many  of  them  have  some  technical
drawbacks.  For  example,  some  Cd2+-selective
sensors  also  give response to  Zn2+ ions  because
they are in the same group of the periodic table
and have similar properties  (20, 21). Some Cd2+

sensors  have  a  poor  detection  limit  (22) and
complicated synthetic routes (23, 24). Thus, better
turn-on  fluorescent  sensors  should  be  developed
for  Cd2+ ions.  Rhodamine-based  sensors  are
believed  to  be  the  ideal  platforms  for  turn-on
fluorescent  tools  because  of  its  excellent
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photophysical properties  (25). Since the report of
Czarnik’s  Cu2+-sensor  (26),  various  rhodamine-
based  turn-on  fluorescent  sensors  have  been
reported for Hg2+ (27), Fe3+ (28), Cr3+ (29), Cu2+

(30),  and  Pd2+ (31).  So  far,  a  few  rhodamine-
based  turn-on  fluorescent  sensors  have  been
reported for Cd2+ (32-36). However, some of these
sensors also have some technical drawbacks such
as  interference  with  other  metal  ions  (36) and
sensing  to  hydrogen  ions  (33).  In  this  paper,  a
simple  and  reliable  turn-on  rhodamine  based
fluorescent  sensor  RhDP  for  Cd2+ has  been
introduced.  The sensor  exhibited good selectivity
and sensitivity for Cd2+. The sensor gives response
to Cd2+ very fast (<1 minute) and is stable even
under pH 5.

EXPERIMENTAL

Materials and general methods
Rhodamine  B  base,  2,6-diacetylpyridine  and
dimethyl  aspartate  were  purchased  from  TCI
America.  The  solvents  and  the  other  chemicals
used  in  the  experiments  were  obtained
commercially. The solution of Fe2+ and Fe3+ were
prepared  by  dissolving  in  0.1  M  HCl.  Unless
otherwise stated, the stock solutions of the metal
ions tested were prepared from chloride salts  or
nitrate salts  of them in deionized water. A stock
solution of RhDP (500 µM) was prepared in ACN
and diluted to 20 µM with ACN/HEPES buffer (10
mM, pH: 7.05, v/v 1:1). 

An NMR spectrometer (Bruker DRX-300) was used
to record 1H and 13C NMR spectra. A Perkin Elmer
API  150EX  mass  spectrometer  was  used  to
perform ESI-MS analyses. A Perkin Elmer Lambda
25 spectrophotometer at 293 K was used to record
UV-Vis  spectra.  Fluorescent  intensities  were
collected with  a  Perkin-Elmer  LS55 luminescence
spectrometer at 293 K. 

Synthesis of RhDP
Rhodamine B hydrazine was synthesized using the
published  method  (37).  Before  RhDP  was
synthesized,  the  intermediate  product  (1)  was
prepared  and  the  synthesis  of  1  was  explained
below. 

Synthesis of 1 : Rhodamine B hydrazine (1 mmol,
0.556 g) and 2,6-diacetylpyridine (1 mmol, 0.162
g)  were  dissolved  and mixed  in  boiling  ethanol.
The mixture  was then refluxed for  5 hours.  The
solution was then cooled and allowed to stand at
room  temperature.  After  the  solvent  was
evaporated  under  reduced  pressure,  the  crude
product was obtained. The crude product was then
purified by silica gel column chromatography using
CH3OH/CH2Cl2 (1:20, v/v) as eluent to obtain 0.405
g  of  1 (yield,  56%).  1H  NMR  (CDCl3,  300  MHz
δ(ppm): 8.72 (d, 1 H), 8.08 (d,  1 H), 7.78–7.67

(m, 2 H), 7.62–7.53 (m, 2H), 7.23 (d, 1 H), 6.54–
6.46 (m, 4H), 6.21 (d, 2 H), 3.63 (m, 8 H), 2.70
(s,  3H),  1.91  (s,  3H),  1.21  (t,  12H);  13C  NMR
(CDCl3,  75  MHz   δ(ppm):  168.8,  154.3,  153.3,
152.6, 150.1, 148.3, 147.8, 145.7, 137.7, 133.8,
129.6, 128.1, 127.4, 124.5, 123.2, 119.9, 118.9,
108.1,  107.097.7,  66.5,  51.7,  44.3,  21.7,  12.7;
ESI-MS:  found:  m/z  = 602.1  [M+H]+,  calcd  for
C37H39 N5O3 = 601.2.

Synthesis of RhDP :  1 (0.670 mmol,  0.405 g)
and  dimethyl  aspartate  (0.670  mmol,  0,076  g)
were  dissolved  in  ethanol  (15  mL).  The mixture
was  then  refluxed  overnight.  The  solvent  was
evaporated under vacuum and the crude product
was purified by alumina gel column using CH2Cl2 to
CH2Cl2/MeOH as eluent to afford RhDP as a yellow
solid (0.115 g, yield, 23%).  1H NMR (CDCl3, 300
MHz  δ(ppm): 8.82 (d, 1 H), 8.14 (d,  1 H), 7.78–
7.67 (m, 2 H), 7.62–7.53 (m, 2H), 7.23 (d, 1 H),
6.54–6.46 (m, 4H),  6.21 (d,  2 H),  3.82 (s,  6H)
3.63 (m, 8 H),3.01 (m, 1H), 2.70 (s, 3H), 2.58 (d,
2H) 1.91 (s, 3H), 1.21 (t, 12H);  13C NMR (CDCl3,
75  MHz   δ(ppm):  158.8,  154.3,  153.3,  152.6,
150.1, 148.3, 147.8, 145.7, 137.7, 133.8, 129.6,
128.1, 127.4, 124.5, 123.2, 119.9, 118.9, 108.1,
107.097.7,  66.5,  54.6,  51.7,  44.3,  41.6,  36.1,
21.7, 12.7; ESI-MS: found: m/z = 745.2 [M+H]+,
calcd for C43H48 N6O8 = 744.3.

Binding studies
The binding constant between RhDP and Cd2+ was
determined with the absorption values at 557 nm
using the method explained below. 
S+M⇔SM
Where S = sensor, M= Cd2+ and SM = RhDP+Cd2+

The complex apparent binding constant is given by

K=
[SM ]

[S] [M ]
Here, the concentrations at equilibrium.

Fc=
(Au−Am)

(Au−Ac)
= K=

[SM ]

[S ]
Fc is the fraction of S that formed a complex, [SM]
is  concentration  at  equilibrium,  [S]  is  initial
concentration. Au; Am; and Ac are the absorbance
(at  a  chosen wavelength)  of  solutions  of  S  only
(before  Cd2+ was  added);  S  and  SM  mixture
(somewhere  in  the  middle  of  titration);  and  SM
only  (at  the  end  of  titration)  respectively.  The
concentration of free Cd2+ at equilibrium, [M]e, is
found with the following identity.
[M ]e=[M ]0−[SM ]e=[M ]0−F c [S ]0

K=
F c
1−Fc

×
1

[M ]eq

Quantum yield
Quantum  yields  of  RhDP  and  RhDP+Cd2+ were
calculated using the method reported (38). 
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ϕ=ϕR(
Grad
GradR )(

η
2

ηr
2 )

ΦRhDP = 0.0187, ΦRhDP+CdRhDP = 0.0187, ΦRhDP = 0.0187, ΦRhDP+CdRhDP+Cd2+ = 0.219

RESULTS and DISCUSSION

The strategy  for  the development of  RhDP is  as
follows:  1)  Rhodamine  B  was  chosen  as  a
fluorophore  due  to  its  excellent  photophysical
properties (39). 2) Rhodamine B was reacted with

hydrazine to lower the sensitivity of the rhodamine
part to pH and be suitable for the next step. 3)
Rhodamine B hydrazine was first reacted with 2,6-
diacetyl  pyridine  and then reacted  with  dimethyl
aspartate to obtain the binding part for Cd2+. The
binding part consists of three nitrogen and three
oxygen  atoms  to  afford  one  six-membered  ring
and four five-membered rings. The sensor, RhDP,
was  synthesized  in  a  three  step  procedure  (the
synthesis  of  RhDP  was  explained  in  the
experimental  part)  with  overall  yield  of  23%
(Scheme 1). The sensor was characterized by NMR
(13C NMR and 1H NMR) and mass spectrometry. 
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Scheme 1: Synthesis of RhDP.

The  absorption  spectral  changes  of  RhDP  after
coordination  with  Cd2+ in  ACN/HEPES  buffer  (10
mM, pH: 7.05, v/v 1:1) were investigated at first.
The  absorption  spectra  were  recorded  at
approximately 5 minutes after the addition of each
Cd2+ concentration. RhDP is a colorless compound
showing very weak absorption (ε = 7.6 × 103  M-1

cm-1) in  the  450-650  nm region;  indicating  that
RhDP  was  dominantly  in  the  formation  of  the
spirocylic form  (40). Upon addition of Cd2+ to the
colorless  solution  of  RhDP,  it  instantaneously
turned  to  pink  (see  inset  in  Figure  1a)  with  an
absorption band appearing at 557 nm (ε = 3.15 ×

105  M-1 cm-1) and  growing  in  intensity  with  the
gradual addition of Cd2+  (Figure 1a), which implies
that the rhodamine spirocylic ring was under ring-
opening process (41) as a result of Cd2+ binding. In
order to examine the selectivity of RhDP to Cd2+,
the absorption spectra of RhDP with various metal
ions  Cr3+,  Cu2+,  Na+,  Hg2+,  Mg2+,  Ca2+,  Fe3+,
Zn2+,  Ag+,  Pb2+,  K+,  Co2+,  Fe2+,  Mn2+  and Ni2+

were  collected.  As  shown  in  Figure  1b,  only
Cd2+ gave a large response to RhDP while other
metal  ions  showed little  change in maximum
UV-Vis absorption peak (only Cu2+ and Co2+ give
response to the sensor).

  
Figure 1: (a) Absorption spectra of 20 μM RhDP with gradual addition of CdClM RhDP with gradual addition of CdCl2 (0, 2, 4, 6, 8, 10, 12, 14,

16, 18, 20, 25, 30, 35, 40 µM respectively) in ACN/HEPES buffer (10 mM, pH: 7.05, v/v 1:1); (b)
Absorption spectra of RhDP (20 µM) with various metal ions (20 µM for Cd2+, Cu2+, Ni2+, Mn2+, Hg2+, Zn2+,

Ag+, Pb2+, Fe3+, Co2+, Fe2+, Cu+ and Cr3+; 100 µM for Ca2+, Mg2+, K+ and Na+) 

Before  performing  fluorescent  experiments  for
RhDP, the time evolution of RhDP, the response of
the RhDP to 1 equivalent of Cd2+ and their stability
in ACN/HEPES buffer (10 mM, pH: 7.05, v/v 1:1)

were studied. As seen in Figure 2,  the interaction
of RhDP with Cd2+ was completed in less than 5
minutes, and it was stable for 15 hours. RhDP itself
was stable in aqueous solution for 8h (emission at
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591 nm). The results showed that the coordination of Cd2+ to RhDP also increased the stability of the
sensor. 

Figure 2: Time evolution for RhDP (20 µM) and RhDP+Cd2+ (20 µM).

To examine the fluorescent response to Cd2+, a
solution of RhDP in ACN/HEPES buffer (10 mM,
pH:  7.05,  v/v  1:1)  was  titrated  with  various
concentrations  of  Cd2+ and  monitored  with  a
fluorometer  by  excitation  at  530  nm.  The
sensor  (Ф=0.0187)  showed  a  very  weak
fluorescent  emission  at  580  nm.  Upon  the
addition of Cd2+ to the RhDP solution, a large
increase in fluorescence was observed at 591
nm,  which  is  attributed  to  the  ring  opening
induced  by  the  complexation  of  Cd2+ (Figure
3a). The changes in the fluorescent properties of
RhDP as a result of addition of the various metal

ions were tested at 591 nm (excitation at 530 nm).
As seen in Figure 3b and blue bars in Figure 4b,
only Cd2+ gave a great response to RhDP while
other  metal  ions  showed  little  change  in
maximum fluorescent intensity peak (similar as
that  observed  by  UV-Vis,  only  Cu2+ and  Co2+

showed  a  minor  enhancement  in  fluorescence
under  these  conditions.).  The  emission  intensity
enhancement at 591 nm (Ф=0.219) is greater than
40-fold with 1.0 equivalent of Cd2+, which was red-
shifted about 11 nm compared with that of RhDP,
suggesting  that  RhDP  is  a  great  turn-on
fluorescent sensor for Cd2+. 

  
Figure 3: (a) Fluorescence intensities of 20 μM RhDP with gradual addition of CdClM RhDP with gradual addition of CdCl2 (0, 2, 4, 6, 8, 10, 12,

14, 16, 18, 20, 25, 30, 40 µM respectively) in ACN/HEPES buffer (10 mM, pH: 7.05, v/v 1:1); (b)
Fluorescence spectra of RhDP (20 µM) with various metal ions (20 µM for Cd2+, Cu2+, Ni2+, Mn2+, Hg2+,

Zn2+, Ag+, Pb2+, Fe3+, Co2+, Cu+,Fe2+ and Cr3+; 100 µM for Ca2+, Mg2+, Na+ and K+).

Rhodamine-based  sensors  also  give  response  to
hydrogen  ions  (37,  41).  To  clarify  whether  the
sensor is in the closed-form in  ACN/HEPES buffer
(10 mM, pH: 7.05,  v/v 1:1),  the stability of the
sensor at different pH values was investigated and
monitored  by  absorption  spectra.  The  pH of  the
solutions was adjusted by adding HCl (0.1 M) into
the solutions. The absorption of RhDP at different
pH values was plotted in Figure 4a. The sensor is
stable even under pH 5.5.

The detection of the target cation in the presence
of other metal ions in real sample is an important
assay. Competitive experiments were performed to
confirm  the  high  selectivity  of  the  detection
system. First,  the meal ions such as Cr3+,  Cu2+,
Na+, Hg2+, Mg2+, Ca2+, Fe3+, Zn2+, Ag+, Pb2+, K+,
Co2+, Fe2+, Mn2+ and Ni2+ were pre-incubated with
RhDP.  As  expected,  no  remarkable  change  was
observed (blue bars  in Figure 4b).  However,  the
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addition of 1 equivalent of Cd2+ to each of them
caused  fluorescence  enhancement  (red  bars  in
Figure 4b). These results showed that none of the

metal ions tested affected the sensing properties of
RhDP to Cd2+. 

Figure 4: (a) Variation of absorption values (557 nm) of RhDP (20 µM) and RhDP+Cd2+ (20 µM) at
various pH values. (b) Fluorescence intensities of RhDP with various metal ions (blue bars) and the

subsequent addition of Cd2+ (red bars): 1,Cd2+; 2, Cu2+; 3, Zn2+; 4, Co2+; 5,Cr3+; 6, Ni2+; 7, Hg2+; 8, Mn2+;
9, Pb2+; 10, Ag+; 11, Cu+; 12, Fe3+; 13, K+; 14, Na+; 15, Mg2+; 16, Ca2+; 17, Fe2+.

In  order  to  confirm  the  binding  stoichiometry
between RhDP and Cd2+, Job's plot and absorption/
fluorescent  titration spectra  were carried out.  As
shown in Figure 5a (Job’s plot), RhDP/Cd2+ molar
fractions represented a maximum absorption peak
(at  557  nm)  when  it  was  close  to  0.5,  which
indicated that the binding between RhDP and Cd2+

was in 1:1 stoichiometry. Typical  UV-Vis titration
and  fluorescent  intensity  spectra  for  RhDP  with
Cd2+ were  shown in  Figure  3a  (see  inset  in  the

Figure) and Figure 5b. As seen in the Figures, the
RhDP/Cd2+ molar  ratio  (for  both  absorption  and
fluorescent  results)  reached  a  plateau  when  the
concentration of Cd2+ and an equivalent amount of
RhDP was close to 1:1, suggesting the formation of
a  1:1  RhDP-Cd2+ complex.  The  binding  constant
between  Cd2+ and  RhDP  was  determined  by  a
previously  reported  method  (42) with  absorption
values at 557 nm and was determined to be 2.70
× 107 M-1.  

    
Figure 5: (a) Job's plot (b) Titration of 20 mm RhDP with increasing concentrations of CdCl2 (0, 2, 4, 6,

8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40 µM respectively) in ACN/HEPES buffer (10 mM, pH: 7.05. 

Furthermore,  the  reversibility  of  the  binding
between  RhDP  and  Cd2+ was  examined.  The
complex  solution  of  the  sensor  and  Cd2+ was
treated with a solution of EDTA (5.0 equivalent).

As  seen in  Figure  6,  the  fluorescence  signals  of
RhDP-Cd2+  disappeared,  which  indicated  that  the
binding RhDP and Cd2+ is reversible.
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Figure 6: Fluorescence emissions showing reversibility of RhDP (20 μM RhDP with gradual addition of CdClM) to Cd2+ ions by EDTA.

From the above results RhDP coordinates with Cd2+

in  a  1:1  binding  mode.  The  proposed  1:1
reversible binding mode of RhDP-Cd2+ is presented
in Scheme 2.

Scheme 2: Proposed reversible binding mechanism between RhDP and Cd2+. The structure on the left is
ring-closed form and is very weakly fluorescent. The structure on the right is ring-opened form and is

strongly fluorescent .  

Moreover, the linear concentration range and the
fluorescent detection limit of RhDP were obtained.
The range of fluorescent intensity (at 591 nm) was
linearly dependent on the concentration of Cd2+ in

the  range  from 0  to  20  µM (R2 =  0.998).  The
fluorescent  detection  limit  was  calculated  to  be
0.218 µM based on 3σ/k (Figure 7). 
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Figure 7: Linear relationship between fluorescent intensity and Cd2+ concentration (0–20 μM RhDP with gradual addition of CdClM) Limit of
detection (LOD) of RhDP towards Cd+ by fluorescent method.

In  summary,  a  new  turn-on  rhodamine  based
fluorescent  sensor  RhDP  was  designed  and
synthesized for selective detection of Cd2+ ions in
aqueous  solutions.  The  sensor  showed  an
excellently selective fluorescence enhancement for
Cd2+ over  other  metal  ions  tested  with  a  colour
change  and  reversible  response.  The  complex
stoichiometry between RhDP and Cd2+ was found
to be 1:1 and the binding constant was calculated
as 2.70 × 107 M-1 (log  K = 7.43) in ACN/HEPES
buffer (10 mM, pH: 7.05, v/v 1:1). The fluorescent
detection limit of RhDP for Cd2+ was found to be
0.218 µM, which gave a marked sensitivity towards
Cd2+.

REFERENCES

1. Wang C,  Fang Y,  Peng S, Ma D, Zhao J.
Synthesis of novel chelating agents and their effect
on cadmium decorporation. Chemical Research in
Toxicology. 1999;12(4):331-4.

2. Williams  C,  David  D.  The  effect  of
superphosphate on the cadmium content  of  soils
and plants. Soil Research. 1973;11(1):43-56.

3. Salviano Mendes AM, Duda GP, Araujo do
Nascimento  CW,  Silva  MO.  Bioavailability  of
cadmium  and  lead  in  a  soil  amended  with
phosphorus  fertilizers.  Scientia  Agricola.
2006;63(4):328-32.

4. Prozialeck WC, Edwards JR, Woods JM. The
vascular  endothelium  as  a  target  of  cadmium
toxicity. Life Sciences. 2006;79(16):1493-506.

5. Varriale A, Staiano M, Rossi M, D'Auria S.
High-affinity  binding  of  cadmium ions  by  mouse
metallothionein  prompting  the  design  of  a
reversed-displacement  protein-based  fluorescence
biosensor  for  cadmium  detection.  Analytical
Chemistry. 2007;79(15):5760-2.

6. Can  IAfRo.  IARC  monographs  on  the
evaluation  of  the  carcinogenic  risks  to  humans:
beryllium,  cadmium,  mercury,  and  exposures  in
the  glass  manufacturing  industry:  World  Health
Organization; 1993.

7. McFarland  C,  Bendell-Young  L,  Guglielmo
C,  Williams  T.  Kidney,  liver  and  bone  cadmium
content  in  the  Western  Sandpiper  in  relation  to
migration.  Journal  of  Environmental  Monitoring.
2002;4(5):791-5.

8. Goyer  RA,  Liu  J,  Waalkes  MP.  Cadmium
and  cancer  of  prostate  and  testis.  Biometals.
2004;17(5):555-8.

9. Satarug  S,  Baker  JR,  Urbenjapol  S,
Haswell-Elkins M, Reilly PE, Williams DJ, et al. A
global  perspective  on  cadmium  pollution  and
toxicity in non-occupationally exposed population.
Toxicology Letters. 2003;137(1-2):65-83.

10. Ye  Q-y,  Li  Y,  Jiang  Y,  Yan  X-p.
Determination  of  trace  cadmium in  rice  by  flow
injection on-line filterless precipitation− dissolution
preconcentration  coupled  with  flame  atomic
absorption  spectrometry.  Journal  of  Agricultural
Food Chemistry. 2003;51(8):2111-4.

11. Pyle SM, Nocerino JM, Deming SN, Palasota
JA,  Palasota  JM,  Miller  EL,  et  al.  Comparison  of
AAS, ICP-AES, PSA, and XRF in determining lead
and  cadmium  in  soil.  Environmental  Science
Technology. 1995;30(1):204-13.

12. Dolan  SP,  Nortrup  DA,  Bolger  PM,  Capar
SG.  Analysis  of  dietary  supplements  for  arsenic,
cadmium,  mercury,  and  lead  using  inductively
coupled  plasma  mass  spectrometry.  Journal  of
Agricultural Food Chemistry. 2003;51(5):1307-12.

13. Bakker E, Pretsch E. Potentiometric sensors
for  trace-level  analysis.  Trends  in  Analytical
Chemistry. 2005;24(3):199-207.

283



Aydin Z. JOTCSA. 2020; 7(1): 277-286.  RESEARCH ARTICLE

14. Prabhakaran  D,  Yuehong  M,  Nanjo  H,
Matsunaga H. Naked-eye cadmium sensor: using
chromoionophore  arrays  of  Langmuir−Blodgett
molecular  assemblies.  Analytical  Chemistry.
2007;79(11):4056-65.

15. Zhu Y-F, Wang Y-S, Zhou B, Yu J-H, Peng
L-L, Huang Y-Q, et al. A multifunctional fluorescent
aptamer  probe  for  highly  sensitive  and  selective
detection of  cadmium(II).  Analytical  Bioanalytical
Chemistry. 2017;409(21):4951-8.

16. Choi M, Kim M, Lee KD, Han K-N, Yoon I-A,
Chung H-J, et al. A new reverse PET chemosensor
and  its  chelatoselective  aromatic  cadmiation.
Organic Letters. 2001;3(22):3455-7.

17. Zhang Y, Zhang Z, Yin D, Li J, Xie R, Yang
W.  Turn-on  fluorescent  InP  nanoprobe  for
detection of cadmium ions with high selectivity and
sensitivity.  ACS  Applied  Materials  Interfaces.
2013;5(19):9709-13.

18. Shim  S,  Tae  J.  Rhodamine  Cyclen-based
fluorescent chemosensor for the detection of Cd2+.
Bulletin  of  the  Korean  Chemical  Society.
2011;32:2928-32.

19. Kim  HN,  Ren  WX,  Kim  JS,  Yoon  J.
Fluorescent and colorimetric sensors for detection
of  lead,  cadmium,  and  mercury  ions.  Chemical
Society Reviews. 2012;41(8):3210-44.

20. Nolan EM, Ryu JW, Jaworski J, Feazell RP,
Sheng  M,  Lippard  SJ.  Zinspy  sensors  with
enhanced dynamic range for imaging neuronal cell
zinc  uptake  and  mobilization.  Journal  of  the
American Chemical Society. 2006;128(48):15517-
28.

21. Komatsu K, Kikuchi K, Kojima H, Urano Y,
Nagano  T.  Selective  zinc  sensor  molecules  with
various affinities for Zn2+, revealing dynamics and
regional distribution of synaptically released Zn2+ in
hippocampal  slices.  Journal  of  the  American
Chemical Society. 2005;127(29):10197-204.

22. Gunnlaugsson T, Lee TC, Parkesh R. Highly
selective fluorescent chemosensors for cadmium in
water. Tetrahedron. 2004;60(49):11239-49.

23. Xue L, Li G, Liu Q, Wang H, Liu C, Ding X,
et  al.  Ratiometric  fluorescent  sensor  based  on
inhibition of resonance for detection of cadmium in
aqueous  solution  and  living  cells.  Inorganic
Chemistry. 2011;50(8):3680-90.

24. Xue L, Liu C, Jiang H. Highly sensitive and
selective  fluorescent  sensor  for  distinguishing

cadmium from zinc ions in aqueous media. Organic
Letters. 2009;11(7):1655-8.

25. Chen X, Pradhan T, Wang F, Kim JS, Yoon
J.  Fluorescent  chemosensors  based on  spiroring-
opening  of  xanthenes  and  related  derivatives.
Chemical Reviews. 2011;112(3):1910-56.

26. Dujols  V,  Ford  F,  Czarnik  AW.  A  long-
wavelength  fluorescent  chemodosimeter  selective
for  Cu(II)  ion in  water.  Journal  of  the  American
Chemical Society. 1997;119(31):7386-7.

27. Shiraishi Y, Sumiya S, Kohno Y, Hirai T. A
rhodamine− cyclen conjugate as a highly sensitive
and selective fluorescent chemosensor for Hg(II).
The  Journal  of  Organic  Chemistry.
2008;73(21):8571-4.

28. Bhalla V, Sharma N, Kumar N, Kumar M.
Rhodamine  based  fluorescence  turn-on
chemosensor for nanomolar detection of Fe3+ ions.
Sensors Actuators B: Chemical. 2013;178:228-32.

29. Weerasinghe  AJ,  Schmiesing  C,  Sinn  E.
Highly sensitive and selective reversible sensor for
the  detection  of  Cr3+.  Tetrahedron  Letters.
2009;50(46):6407-10.

30. Jiao Y, Zhou L, He H, Yin J, Gao Q, Wei J,
et  al.  A  novel  rhodamine  B-based  “off-
on’’fluorescent  sensor  for  selective recognition of
copper(II) ions. Talanta. 2018;184:143-8.

31. Adak AK, Purkait R, Manna SK, Ghosh BC,
Pathak  S,  Sinha  C.  Fluorescence  sensing  and
intracellular  imaging  of  Pd2+ ions  by  a  novel
coumarinyl-rhodamine Schiff base. New Journal of
Chemistry. 2019;43(9):3899-906.

32. Goswami S, Aich K, Das S, Das AK, Manna
A, Halder S. A highly selective and sensitive probe
for colorimetric and fluorogenic detection of Cd2+ in
aqueous media. Analyst. 2013;138(6):1903-7.

33. Aich K, Goswami S, Das S, Mukhopadhyay
CD, Quah CK, Fun H-K. Cd2+ triggered the FRET
“ON”: a new molecular switch for the ratiometric
detection of Cd2+ with live-cell imaging and bound
X-ray  structure.  Inorganic  Chemistry.
2015;54(15):7309-15.

34. Maniyazagan  M,  Mariadasse  R,
Jeyakanthan J, Lokanath N, Naveen S, Premkumar
K,  et  al.  Rhodamine  based  “turn–on”  molecular
switch FRET–sensor for cadmium and sulfide ions
and live cell imaging study. Sensors Actuators B:
Chemical. 2017;238:565-77.

35. Sakthivel  P,  Sekar  K,  Sivaraman  G,
Singaravadivel  S.  Rhodamine  diaminomaleonitrile

284



Aydin Z. JOTCSA. 2020; 7(1): 277-286.  RESEARCH ARTICLE

conjugate  as  a  novel  colorimetric  fluorescent
sensor  for  recognition  of  Cd2+ ion.  Journal  of
Fluorescence. 2017;27(3):1109-15.

36. Soibinet M, Souchon V, Leray I, Valeur BJ.
Rhod-5N  as  a  fluorescent  molecular  sensor  of
cadmium(II)  ion.  Journal  of  Fluorescence.
2008;18(6):1077.

37. Aydin Z, Wei Y, Guo M. An “off–on” optical
sensor  for  mercury  ion  detection  in  aqueous
solution  and  living  cells.  Inorganic  Chemistry
Communications. 2014;50:84-7.

38. Taylor  D,  Demas  J.  Light  intensity
measurements  I:  Large  area  bolometers  with
microwatt sensitivities and absolute calibration of
the  Rhodamine  B  quantum  counter.  Analytical
Chemistry. 1979;51(6):712-7.

39. Kim HN, Lee MH, Kim HJ, Kim JS, Yoon J. A
new  trend  in  rhodamine-based  chemosensors:
application of spirolactam ring-opening to sensing
ions. Chemical Society Reviews. 2008;37(8):1465-
72.

40. Wei Y, Aydin Z, Zhang Y, Liu Z, Guo M. A
turn on fluorescent sensor for imaging labile fe‐on fluorescent sensor for imaging labile fe 3+ in
live  neuronal  cells  at  subcellular  resolution.
ChemBioChem. 2012;13(11):1569-73.

41. Aydin Z, Wei Y, Guo M. A highly selective
rhodamine based turn-on optical  sensor for Fe3+.
Inorganic  Chemistry  Communications.
2012;20:93-6.

42. Guo M, Perez C, Wei Y, Rapoza E, Su G,
Bou-Abdallah  F,  et  al.  Iron-binding  properties  of
plant phenolics and cranberry's bio-effects. Dalton
Transactions. 2007(43):4951-61.

285



Aydin Z. JOTCSA. 2020; 7(1): 277-286.  RESEARCH ARTICLE

286



Gül E, Avcı Tuna AÖ, Esen Ö. JOTCSA. 2020; 7(1): 287-294. RESEARCH ARTICLE

      

The Investigation of the Effect of Mineral Oils which Have Different
Specifications on The Performance of Palm- and Tallow-Based Soap

Recipes

Esra Gül*  , Aslı Özge Avcı Tuna  , Özlem Esen  

Evyap Sabun, Yağ ve Gliserin San. Tic. A.Ş., 34957, Istanbul, Turkey.

Abstract: In this work, three different types of mineral oils, with the same amount (1% as a ratio),
have been added to two different soap recipes from animal origin oils and vegetable-derived fatty acids
that have the same rate of foaming agent and similar critical specification values. The pH/conductivity,
foaming performance, hardness, and pellet tests were applied to the soaps obtained; and the results
were analyzed by comparing the effects of different specifications of mineral oil. The result of this
study, the effect of the addition of mineral oils on the soap samples were clarified and characterized by
advanced research. 
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INTRODUCTION

Soap  is  a  product  obtained  from  the  chemical
reactions of directly vegetable and animal oils or
the chemical reactions of fatty acids obtained from
these  oils  with  alkaline  hydroxides  (1,  2).  The
saponification processes used in soap formulas in

the industry for many years are based on a simple
neutralization  system.  In  this  type  of  process,
saponification occurs by mixing the vegetable and
animal oils with the appropriate amount of alkaline
substances and exposing them to appropriate heat.
The  natural  saponification  reactions  are  given
below (2-4).

(RCOO)3C3H5 + 3 NaOH 3 RCOONa + C3H5(OH)3

vegetable and
animal oils

sodium
hydroxide

soap glycerin

Since soaps are  both  the  alkaline  metal  salts  of
fatty  acids and the surfactant  material,  they are
used  as  cleaning  agents.  Natural  fats  and  oils
hydrolyzed  as  fatty  acids  are  aliphatic
monocarboxylic acids (5). Oleic, stearic,  palmitic,
myristic, and lauric acids are mostly used as fatty
acids (6). The basic process of soap making has

not changed since 2000 years. In this method, the
solid oils or liquid oils are saponified with an alkali,
and then the soap is removed by adding salt to the
mixture.  Major  changes  in  production;  pre-
treatment of solid oils or liquid oils and making the
prepared soap usable. Industrial processes such as
hydrolysis,  solvent  extraction  of  oils,
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hydrogenation, liquid-liquid extraction have led to
the  preparation  of  better-quality  raw  materials.
Besides,  batch  manufacturing  has  been  replaced
by  continuous  processes  (7-14).  Fatty  acid

saponification  mechanisms  were  given  in  two
reactions below (2,3).
Hydrolysis part;

(RCOO)3C3H5 + 3 H2O 3 RCOOH + C3H5(OH)3

vegetable and
animal oils

water
fatty 
acid

glycerin

Saponification part;

RCOOH + NaOH RCOONa + H2O

fatty 
acid

sodium
hydroxide soap water

     Table 1. Viscosity and density values of various mineral oils.

Trade Name INCI Name Viscosity
(cPs)

Density
(g/cm3)

Mineral Oil 1 Mineral Oil Light white mineral oil
(petroleum)

11.20 0.82

Mineral Oil 2 Mineral Oil Medium white mineral oil
(petroleum)

45.60 0.85

Mineral Oil 3 Mineral Oil Heavy white mineral oil
(petroleum)

132.00 0.87

Table 2. Critical spec values of soap formulas.
SOAP BASE Vegetable Oil Acids

9010 78 TFM
Animal Oil

9010 78 TFM
Total Fatty Acid Matter, % Min 78.00 min. 78.50 min

Free Fatty Acid (as Oleic), % 1.50 max. 1.50 max.

Free Alkali (as NaOH), % Absent absent

Chlorides (as NaCl),% 0.45 – 1.05 1.00 max.

Glycerin,% 1.00 max. 1.00 max.

Unsaponifiable Matter,% 1.00 max. 1.00 max.

Volatile Matter (105 °C ), % 12.00 – 14.50 15.00 max.

Mineral  oils  are  clear,  colorless,  and  oily  liquids
that are by-products of the distillation of petroleum
(15).  Mineral  oils  are  natural  materials  obtained
from  various  sources.  Oil  is  a  mixture  of  liquid
hydrocarbons  and  other  chemical  compounds.
These  are  waxes,  paraffin,  sulfur  derivatives,
organic  aromatic  compounds,  solid  components,
etc.  (16).  Mineral  oil  is  the major  source  of  our
liquid fuels and petrochemicals. It consists of long
straight-chain  alkanes  and  is  contaminated  by
compounds  containing  sulfur,  nitrogen,  and
metals,  mostly  as  heavy  heterocyclic  aromatics
and  as  metalloporphyrin-type  materials.  Viscous
properties  of  mineral  oils  are  important  for
technological  processes.  Maintenance  of
characteristics of pavements or other compounded

products  depends on their  viscoelastic  properties
and mechanical strength; the latter is most likely
related to the viscoelasticity of material.

In cosmetics, mineral oil  helps reduce water loss
from  a  person’s  skin,  helping  keep  the  skin
moisturized.  It  is  also inert,  which makes it less
likely to cause a skin reaction. According to one
recent  study,  mineral  oil  is  preferable  for  many
different  skin  types,  including  a  baby’s  sensitive
skin. The purified type of mineral oils, considering
cosmetic grade, have been using in products like
baby oil  and cold  creams (17).  Mineral  oil  is  an
inert,  chemically  stable  ingredient,  with  a  long
history of safe use in common topical applications.
The  Food  Additives  (FDA)  regulations, the
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Cosmetic  Ingredient  Review  (CIR)  and  the
Cosmetics Directive  of  the European Union allow
the use of mineral  oil  in cosmetics and personal
care products with no listed restrictions (17). This
study presents mineral oils effect in soap products
since there is no research to investigate the effect
of mineral oils in this area. 

White  mineral  oil  (petroleum)  a  highly  refined
petroleum  mineral  oil  consisting  of  a  complex
combination  of  hydrocarbons  obtained  from  the
intensive  treatment  of  a  petroleum fraction  with
sulfuric acid and oleum, or by hydrogenation, or by
a  combination  of  hydrogenation  and  acid
treatment.  Additional  washing and treating  steps
may  be  included  in  the  processing  operation.  It
consists of saturated hydrocarbons having carbon
numbers  predominantly  in  the  range  of  C15
through C50 (18). In this study, three mineral oils,
white mineral oils (petroleum), that have different
viscosity value, was used to investigate the effect
of viscosity of mineral oils on a soap. Mineral oil 1,
Mineral  oil  2  and  Mineral  oil  3  have  different
viscosity 11.20, 45.60 and 132 cPs, respectively.

Three  different  mineral  oils  (Table  2),  with  the
same amount,  have been added to two different
soap  formulas  from  animal  origin  oils  and
vegetable-derived fatty acids (Table 1) that have
the same rate of foaming agent and similar critical
specification  values.  The  pH/conductivity,  foam
performance,  hardness  and  pellet  (mush)  tests
were  applied  to  the  eight  hand  soaps  obtained;
and the results  were analyzed by comparing the
effects of different specifications of the mineral oil.
The result of this study, the effect of the addition
of  mineral  oils  on  the  eight  soap  samples  were
clarified and characterized  by advanced  research
analysis.

MATERIALS AND METHODS

Materials and Characterization
All mineral oils were obtained from Sonneborn and
used as received. Soaps were obtained from Evyap
Sabun Malaysia Sdn. Bhd as two forms; produced
with animal origin oils and vegetable-derived fatty
acids.  Four  soap  samples  were  obtained  from
animal origin oil,  in which three of them contain
%1 of three different mineral oils, as one is blank.
The  same  procedure  was  applied  to  the  soap
samples  obtained  from  vegetable-derived  fatty
acids.

Foaming Test Method:
0.4 g of soap sample was planed and put into a
beaker. 1000 mL of distilled water was added on it

and homogenized at 3600 rpm for 5 min. After 5
min,  water  was  discharged  into  3  measuring
cylinders  with  50  mL  capacity.  Each  of  the
measuring cylinders was turned in a rotation tool
for 30 seconds for finding a foam value. Then the
first value of foam is marked. After 15 min and 30
min, the second value and third value of foam are
marked, respectively.

To determine the foaming performance of soaps,
the  foaming  test  method  was  applied  to  soap
samples.

Pellet (Mush) Test Method:
The soap  weight  without a  fork and with  a  fork
(dry weight) was measured. Mush part of the soap
was  determined  that  is  marked  with  a  knife  as
from fork part. The soap was put into the beaker
and  distilled  water  was  filled  up  the  mark  and
waited for  2  hours  at  25 °C.  After  2  hours,  the
water was drained and waited for 5 min. After 5
min, the weight with mush is measured. Then the
mush  part  is  cleaned  and  again  the  soap  is
weighed. The following calculations were applied:

weight with mush (g) - weight without mush (g) =
weight of mush (g)

Weight of mush without water (g) = dry weight (g)
- weight without mush (g)

water  uptake (g)  = weight  with  mush (g) -  dry
weight (g)

Hardness Test:
Hardness  analysis  was  performed  by  using  the
LTCM-100 Chatillian Metek instrument to measure
the hardness value of soap samples.

pH and conductivity measurement:
Different  concentrations  of  soap  solutions  were
prepared  as  1%,  5%  and  10%  in  water  to
determine  the  pH  and  conductivity  of  soap
samples.  The  pH  values  were  measured  from
solutions by using a 780 pH meter Metrohm with a
glass  electrode.  The  conductivity  measurements
were  performed  on  a  905  Titrande  Metrohm
conductivity meter with a glass electrode at 25 oC.

RESULTS AND DISCUSSION

Figure 1 shows the conductivity changing graphs.
It has been obtained that different concentrations
of three different mineral oils, which were added to
two different soap forms obtained from fatty acids
of  vegetable oils and directly from animal oil give
different results.  
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Figure 1. Variation graph on the conductivity of 3 different mineral oils based on palm and tallow at
different concentrations. 

In this part of the study, the effects of mineral oil
on the conductivity of soap were investigated. The
electrical  conductivity  is  a  magnitude  that
describes  the  ability  of  a  material  or  solution to
conduct  an  electric  current.  The  electrical
conductivity of a solution depends on the number
and mobility of ions and charged particles present
in the solution (19). The soaps obtained from fatty
acids  of  vegetable  oils  had  to  decrease  of
conductivity with the addition of mineral oils.  On
the other hand, the increase in the conductivity of

the  soap  was  measured  with  the  addition  of
mineral oils in soaps obtained from animal oils. It
is thought that this may change depending on the
movement  of  fatty  acids  and  Na+ ions  in  the
content of soaps.

Although differences in conductivity measurements
were  determined,  there  was no difference in  pH
values. This shows that mineral oils do not affect
the pH values of the soap. The graph of pH and
conductivity values are given in Figure 2.
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Figure 2. Graphs of change in conductivity and pH on 3 different mineral oils based on palm and tallow
at 25 °C. 

In  the  second  part  of  the  study,  the  foam
performance  of  vegetable  oils'  fatty  acids  soaps
and animal oils’  soaps, were evaluated by “foam
volume  measurement”  after  adding  different

mineral  oils  with  different  specifications.  The
graphs  of  the  measurement  results  are  given  in
Figure  3.  The  X-axis  shows the  foam volume in
percent and the Y-axis shows the time axis.
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Figure 3. Foam volume values of 3 different mineral oils based on palm and tallow.

The results show that 1% of mineral oils 1, 2 and 3
adding  to  the  vegetable-based  soap  recipe,  the
measure of foam volume decreased by 20%, 25%,
and 40%, respectively. 

In animal-derived recipes, when the effect of 1%
of mineral oils adding on the foam was examined,
it was observed that it was reduced by a maximum
of 24%. As a result of the studies, it was seen that
mineral  oils  have  negatively  affected  the  foam
performance of soap in both soaps. However, this
effect is higher based on Palm.

When mineral oils are compared by themselves, it
is  observed  that  primarily  mineral  oil  3  has  the
most  negative  effect  than  the  others  on  both
animal and vegetable-based foam.

With the addition of mineral oil, a reduction in the
amount  of  foam  in  both  soap  formulations  was
observed. It was determined that this decrease is
related  to  the  viscosity  of  mineral  oils.  The
viscosity values of mineral oils are given in Table
2. When the data in Table 2 were taken together
with the soap foam performance test of the soap,

it was revealed that the mineral oil had a structural
effect on the foam. As a result of the study, it was
observed that mineral oils caused a decrease in the
amount  of  foam  linearly  from  the  low  viscosity
value to the high viscosity by the addition of soap.

In  the  third  part  of  the  study,  hardness  values
were measured and evaluated after the addition of
mineral  oils  in  3  different  specs  to  2  formula
prescriptions which are in the form of animal oils
and vegetable-derived fatty acids at 25 oC.

In animal-based formulas, it was observed that all
three types of mineral oils decreased the hardness
of  soap,  while  all  mineral  oils  increased  the
hardness  by  creating  an  opposite  effect  on  the
palm. The viscosity and density values of mineral
oils are given in Table 2.

The evaluation of hardness changes of plant-based
and animal-based formulas, together with % pellet
changes,  indicating  softening  of  the  soap  and
residue, were added to the studies and plotted in
Figure 4.
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Figure 4.  Hardness graphs of soaps produced with 3 different mineral oils on the base of Palm and
Tallow at 25°C
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Figure 5. Pellet (%) change graph of soaps produced with 3 different mineral oil based on Palm and
Tallow at 25°C. 

According to the measured results, the addition of
mineral oils in plant-based reduced the amount of
pellet; the addition of mineral oils in animal origin
prescriptions  increased  the  amount  of  pellet
formation.
These results also support the hardness values of
soaps of the same formulas. The harder the soap,
the less the formation of the soap pellets.

CONCLUSION

Consequently, this study results showed the 
following: 
 No significant difference was found by the
addition of mineral oils at the pH of all soaps. This
shows that the soap base and mineral oil  do not
affect the pH value of the soap.
 At  the  vegetable-derived  fatty  acid  soap
formulations, it was observed that the conductivity
decreases by the addition of any kind of mineral
oils to the soap, while the conductivity of the soap
increased  with  the  addition  of  mineral  oils  to
animal-derived soaps.

 Although  there  was  no  difference  in  pH
values,  differences  in  conductivity  measurements
were determined. This is thought to be due to the
movement of the fatty acids and Na+ ions in the
content of soaps.
 When  the  effects  of  the  performance  of
foaming evaluated with different specs of mineral
oils  addition to both vegetable-derived fatty  acid
soaps and animal oils soaps both had a reduction
of foaming. In the same study, it was determined
that the foam performance of especially vegetable
origin recipes were affected more from mineral oils
in  a  negative  way  compared  to  animal-based
recipes.
 It was measured that, with the addition of
mineral oils that cause a decrease in the amount of
foam,  from viscosity  low mineral  oil  to  viscosity
high mineral oil in correlation. 
 It  was  measured  that  mineral  oils  with
different specs make vegetable-derived fatty acid
soaps harder but animal oil-based soaps softer. 
 As a result of hardness increase the pellet
% of palm soap had a decrease and as a result of
softness animal oil-based soaps had an increase at
pellet percentage. 
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In conclusion, these findings have shown that %1
of mineral oil 3 adding has decreased foam volume
40%. In the future, Mineral oil 3 can be considered
as a defoaming agent for the soap-based detergent
industry.
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Biosorption Studies of Mushrooms for Two Typical Dyes
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Abstract: This study investigated the adsorption behaviour of two cationic dyes, methylene blue (MB)
and  malachite  green  (MG)  onto  Pleurotus  ostreatus,  Armillaria  tabescens, and  Morchella  conica
mushrooms. The effects of contact time, initial dye concentration, and solution pH (3-11) were also
determined. The adsorption on all mushrooms attained equilibrium within 120 min for both MB and MG.
To  evaluate  the  experimental  kinetics  data,  the  pseudo-first-order,  pseudo-second-order,  and
intraparticle  diffusion  kinetics  equations  were  utilised.  The  pseudo-first-order  kinetic  model
demonstrated a good fit with all adsorption kinetics. The Langmuir and Freundlich isotherm models
were used to analyse the mechanism of the adsorption isotherm. The adsorption equilibrium isotherm
was in a good agreement with the Freundlich model. Thermodynamic parameters such as ΔH enthalpy
variation, ΔS entropy variation, and ΔG free Gibbs energy variation were calculated at 303-323 K. The
results suggested that the  Pleurotus ostreatus mushroom was the most suitable adsorbent for both
cationic dyes’ removal.
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INTRODUCTION

Dyes  that  are  used  in  the  food,  textiles,  paper,
plastics,  cosmetics,  pharmaceuticals,  and  other
industries generally have carcinogenic, mutagenic,
and teratogenic properties. This is  why they  can
cause serious environmental problems (1,2).

Among  the  techniques  used  to  remove  dye
molecules from wastewater,  adsorption has been
recognised  as  the  most  effective  one  as  it  is
proven to be practical and low-cost and have high
efficiency (3). However, it has been reported that
most  sufficient  adsorbents  such  as  activated
carbon  are  costly  in  overcoming  the  pollution
problems  of  dyes.  Thus,  the  high  cost  of
commercial  adsorbents  has  encouraged
researchers  to  investigate  non-toxic,  low-price,
biodegradable,  and  environment-friendly
alternative  biosorbent  materials  (4).  In  general,
these materials include natural biosorbents derived
from  waste  materials  from  industries  and
agriculture. White rot fungi are the most commonly

used organisms in biological treatment studies in
the field of waste and environmental biotechnology
(5). Among them, the Basidiomycetes group takes
a great part in the organic compound oxidation of
very  different  molecular  structures  with  various
enzymes  synthesised  mainly  by  the  laccase
enzyme,  which  increases  because  of  intensive
industrial  activity  and  environmental  annihilation
and pollution  (6).  These  mushrooms draw great
attention with their properties and have been used
in  many  biotechnological  studies.  The  most
commonly  used  white  fungi  species  include
Phanerochaete chrysosporium, Coriolus versicolor,
and Trametes versicolor as well as  Funalia trogii,
Pleurotus  ostreatus,  P. sajor-caju and  P. eryngii,
(7,8). It  has been reported in the studies in the
literature that these mushrooms have been widely
used all  over the world to eliminate the color of
textile wastewaters (9-11).

Pleurotus ostreatus (M1) and  Armillaria tabescens
(M2), which are the mushroom species used in the
present  study,  are  white-rot  fungi  and  in  the

295

mailto:ayferyildirim@artuklu.edu.tr
https://doi.org/10.18596/jotcsa.581007
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
mailto:ayferyildirim@artuklu.edu.tr
https://orcid.org/0000-0002-2079-4587
mailto:hilalacay@gmail.com
https://orcid.org/0000-0002-7732-106X


Yıldırım A, Acay H. JOTCSA. 2020; 7(1): 295-306. RESEARCH ARTICLE

basidiomycetes group while Morchella conica (M3),
the other species used in this study, is not white-
rot  fungi  and  in  the  ascomycetes  group.  To  the
best of our knowledge, no study has been reported
on  the  adsorption  behaviours  of  Methylene  blue
(MB)  and  Malachite  green  (MG),  both  cationic
dyes,  by  these  three  edible  fungi  (M1,  M2,  and
M3). The  influence  of  kinetics,  contact  time,  pH
and  initial dye  concentration on  the  adsorption
capacity  was  evaluated  and  discussed.  By using
the  Freundlich  and  Langmuir  isotherms,  the
equilibrium data were analysed and characteristic
parameters were determined.

MATERIALS AND METHODS

Preparation of the biosorbent
The M1, M2 and M3 mushrooms used in this study
were  obtained  from  the  province  of  Mardin  in
Turkey between April-May 2016. The mushrooms
were identified according to Phillips (1994) using
ecological, macroscopic and microscopic data. The
mushrooms were  dried  at  room temperature  for
four  days.  The  dried  mushroom  samples  were
pulverised  in  a  mixer  to  be  used  in  the
experimental studies.

Preparation of the adsorbate
MB  was  purchased  from  Merck  while  MG  was
purchased from Sigma.  The other  reagents  used
were  of  analytical  grade  and  all  solutions  were
prepared with distilled water.

Characterisation methods
The  characterisation  of  the  mushrooms  was
achieved  by  differential  scanning  calorimetry
(DSC) measurements that were performed on a TA
Instruments DSC250 with a heating rate of 10 °C
min-1 under  nitrogen  atmosphere  and  Fourier-
transform  infrared  (FTIR)  spectra  which  were
recorded  on  ALPHA  Bruker  spectrometer  with  a
Platinum-ATR accessory (ZnSe crystal).

Kinetic and equilibrium biosorption studies
1000 mg L-1 of the dyes were prepared in distilled
water to obtain stock solutions and, by using the
stock solutions, the required concentrations were
achieved  with  dilution.  The  current  pH  was
adjusted by 0.1 N HCl and 0.1 N NaOH solutions.

To investigate the kinetics of the biosorption ability
of the three fungal biosorbents on the MB and MG
dyes, batch experiments were carried out typically,
using 50  mg biomasses,  50  ml  of  dye  solutions
(25-75  mg  L-1)  in  100  mL  glass  flask  with  an
agitation  speed  of  120  rpm  (GFL  1083  model
thermostatted shaker) at natural pH at 303 K for
certain  times (30,  60,  90,  120,  150,  180,  240
min). The dyes’ concentration in aqueous solution
was measured at a max wavelength of 632 (MB)
and 617 (MG) nm using PG T80+ Model UV-Visible
spectrophotometer.

The concentration retained in the fungal biomasses
phase was calculated by the following equation:

q=(C0-Ce) V/m

Where q is the amount of the dye adsorbed per
unit weight of the biosorbent (mg g-1),  C0 is the
initial concentration of the dye (mg L-1), Ce is the
concentration of the dye in solution at equilibrium
time (mg L-1), V is the solution volume (L) and m
is the weight of the mushrooms (g).

RESULTS AND DISCUSSION

Characterisation of mushrooms

Figure 1. FTIR spectra of M1, M2, M3 and MB, MG
loaded a:M1 b:M2 c:M3.

The chemical  structures  of  the  mushrooms were
confirmed by determining the functional groups in
their structures using FTIR spectroscopic analysis
(Fig.1a-c.).  The  FTIR  spectra  of  the  mushrooms
were  found  to  demonstrate  characteristic  amine
absorption  peak  around  1600  cm−1.  The  C–H
stretch peak around 2900 cm−1 and broad peaks at
3500–3100 cm−1  are attributed to N–H and OH–O
stretching. Besides, the amide I peak (1700–1600
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cm−1) is known to provide information about the
C=O  stretching  of  amide  groups  (Fig.  1a-c.)
(12,13).  According  to  Figure  1a-c,  the  peak  at
1633.93  cm-1  (M1),  1635.93  cm-1 (M2)  and
1635.65  cm-1  (M3)  is  typical  of  a  C-N  and  N-H
deformations  that  shifted  to  1597.25  cm-1,
1636.48  cm-1 and  1633.36  cm-1  after  MB
adsorption and shifted to 1635.45 cm-1,  1646.60
cm-1 and 1647.09 cm-1 after MG adsorption.

The presence of peaks at 1393.69 cm-1, 1326.11
cm-1  (M1), 1374.93 cm-1, 1339.26 cm-1  (M2) and
1374.58 cm-1, 1317.73 cm-1  (M3) is attributed to
COO- vibration  in  carboxylates  that  shifted  to
1386.11  cm-1,  1328.78  cm-1;  1386.99  cm-1,
1338.17  cm-1;  1386.49  cm-1,  1333.90  cm-1 and
increased after the adsorption of MB and shifted to
1395.97  cm-1,  1339.18  cm-1;  1396.16  cm-1,
1339.38;  1396.43  cm-1,  1339.60  cm-1 after  MG
adsorption which indicated the presence of MB and
MG molecules adsorbed (C=C of the alkyl R-). The
peaks  observed  at  1028.70  cm-1 (M1),  1021.50
cm-1 (M2)  and  1026.94  cm-1 (M3)  cm-1 are
attributed  to  the  C-O  stretching  of  alcohol  and
carboxylic  acids  that  shifted  to  1017.76 cm-1,
1006.14 cm-1 and  1026.94  cm-1 after  the
adsorption  of  MB  and  shifted  to  1008.46 cm-1,
1020.71  cm-1 and  1012.88  cm-1 after  the
adsorption of MG dye molecules (14-18).

The peak at 899.82 cm-1  (M2) shifted to 884.09
cm-1 after MB adsorption and shifted to 878.72 cm-

1 after MG adsorption while new peaks at 883.66
cm-1 (M1) and 884.52 cm-1 (M3) were formed after
the adsorption of MB at 885.14 cm-1 (M1), 867.01
cm-1  (M3)  after the adsorption of MG belongs to
the   C-H  out  of  plane  bending  vibration  of  an
aromatic ring (Fig. 1a-c.) (19-21).

The  change  and  shift  in  the  intensity  of  the
characteristic  peaks  in  the  hybrid  spectra  after
adsorption could also be evidence of interactions
between the functional groups of the mushrooms
and dye molecules (22).

Figure  2  shows  the  DSC  measurements  which
determined  the  thermal  behaviour  of  the
mushrooms. The samples were heated from -50 °C
to 250 °C at a heating rate of 10 °C/min under an
inert  atmosphere  of  nitrogen.  There  was  an
endothermic  peak  of  each mushrooms appearing
at 92.39 °C (M1), 82.56 and 143.80 °C (M2) and
92.32  °C  (M3)  while  enthalpy  was  236.36  J/g
(M1), 169.39 and 4.1701 J/g (M2) and 268.51 J/g
(M3),  respectively.  The  endothermic  process
mainly contained hydrogen bond dissociation and
water  loss.  Thus,  the  endothermic  peak  of  M2
presented  the  highest  value  due  to  slow  water
loss,  increasing  thermal  stability.  This may  be
caused  by  the  fact  that  M2  is  from  a  different

group  of  species  and  has  a  different  chemical
composition and  physical  properties  (such  as
density) (23,24).

Figure 2. The DSC plots for the mushrooms
investigated.

The effect of contact time
The  adsorption  capacity  of  two  cationic  dyes
increased  with  contact  time  and  reached
equilibrium about 240 min with a fixed V=50 mL,
C0=25, 50, 75 mg L-1, m=0.01 g and r=120 rpm
(Fig.3a,b).
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Figure 3. Effect of contact time on the adsorption of a: MB, b: MG onto M1, M2, M3.

According to Figure 3a-b, the qe was (for Co=25,
50, 75 mg L-1) 38.48, 68.77 and 82.81 mg g-1 for
M1; 28.96, 43.20, 43.90 mg g-1 for M2 and 26.63,
36.45, 38.47 mg g-1 for M3 with the adsorption of
MB while it was 23.10, 47.02, 64.13 mg g-1 for M1,
19.80,  36.17,  56.80  mg  g-1 for  M2  and  9.98,
20.92, 39.28 mg g-1 for M3 with the adsorption of
MG respectively. This result suggests that M1 is a
more  appropriate adsorbent  than  M2  and  M3
(M1>M2>M3) for the effective removal of both MB
and  MG  dyes.  Besides,  Table  4  shows  the
comparison of the adsorption capacities of MB and
MG  cationic  dyes  onto  M1,  M2,  M3  with  the
biosorbents in the literature.

Effect of pH
pH can significantly affect the adsorption process.
To  study  the  influence  of  pH  on  the  adsorption
capacity  of  the  mushrooms,  experiments  were
performed under the pH range from 3 to 11. It was
found that the adsorption amount of MB increased
with  increasing  pH  from  3  to  11  while  MG
adsorption increased rapidly at a low pH value (3-
6) and increased further in the range of pH from 6
to 12 (Fig. 4a,b). At a low pH (in acidic media),
repulsion  activities  occurred  greatly  between
cationic dyes (MB, MG) ions and positively charged
groups on the surface of the mushrooms. On the
contrary,  with  increasing  pH,  electrostatic
attractions  between  cationic  dye  ions  and
negatively  charged  sites  on  mushrooms’  surface
were enhanced both cationic dyes adsorption (25-
28). These results indicate that the adsorption of
MG  is  more  influenced  by  pH  change  than  the
adsorption of MB on the surface of mushrooms.

Figure 4. Effect of pH on the adsorption a:MB,
b:MG on the M1, M2, M3.

Evaluation of biosorption kinetics
Two  kinetic  models,  namely  pseudo-first-order
equation and pseudo-second-order equation were
used  to  investigate  the  adsorption  kinetic
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behaviors of MB and MG onto three mushrooms.
To  estimate  the  suitability  of  the  models,  it  is
necessary  to  introduce the  correlation coefficient
(R~1).  The  higher  R2 value  indicates  a  more
applicable model to the kinetics of dye adsorption.

The pseudo-first-order kinetic model is expressed
by the equation 1 (29):

log(qe −qt)=log(qe)−k1t (1)

where qe and qt refer to the amount of MB and MG
adsorbed (mg g-1) at equilibrium and at any time
t(min), respectively, and k1 is the equilibrium rate
constant of pseudo-first-order (min-1).

k1 is the equilibrium rate constant of pseudo-first-
order model which was calculated by the slope and
intercept of the plot of log(qe  −qt) versus t (Fig.
5a,b).

The  pseudo-second-order  model  which  is
expressed by equation 2 (30):

t/qt= 1/k2q2e+ t/qe (2)

Where,  k2 is  the  equilibrium  rate  constant  of
pseudo-second-order (g mg−1 min−1) which can be
determined by the slope and intercept of the plot
of t/qt versus t (Fig. 6a,b).

Figure 5. Plots for the pseudo-first-order kinetic model a:MB adsorption, b:MG adsorption.
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Figure 6. Plots for the pseudo-second-order kinetic model a:MB adsorption b:MG adsorption.
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Table 1. Parameters for pseudo-first and second-order kinetic models

Dye qe.exp
(mg g-1)

Pseudo-first Pseudo-second
Adsorbent Co

(mg L-1)
qe.c

(mg g-1)
k1

(min-1)
R2 qe.c

(mg g-1)
k2

(g mg-1 min-1)
R2

MB

M1

25 38.48 38.26 0.0286 0.999 44.84 1.7379 0.990

50 68.77 71.98 0.0334 0.998 54.35 2.1119 0.995

75 82.81 83.37 0.0184 0.999 126.58 1.6750 0.988

M2

25 28.96 28.85 0.0221 0.999 36.63 0.8669 0.995

50 47.05 48.38 0.0292 0.998 54.35 2.1119 0.995

75 43.90 44.52 0.0286 0.999 66.67 1.2279 0.991

M3

25 26.63 28.14 0.0170 0.992 80.00 0.3259 0.962

50 43.66 47.11 0.0269 0.992 71.43 0.9747 0.969

75 38.47 39.25 0.0511 0.999 42.55 3.7092 0.998

MG

M1

25 23.10 24.13 0.0205 0.996 36.10 0.4684 0.990

50 47.02 49.07 0.0154 0.981 79.37 0.7039 0.959

75 64.13 69.25 0.0246 0.991 86.21 16.4069 0.984

M2

25 19.80 20.22 0.0228 0.999 30.03 0.4523 0.991

50 36.17 41.94 0.0249 0.984 55.56 0.7068 0.963

75 56.80 54.31 0.0106 0.985 94.34 0.7780 0.903

M3

25 9.98 10.79 0.0205 0.987 25.91 0.1367 0.970

50 20.92 23.26 0.0214 0.982 43.29 0.3201 0.972

75 39.28 41.64 0.0177 0.980 65.36 0.6468 0.978

Table 1 summarises the suitable results obtained
from  the  two  models.  It  can  be  seen  from the
results  that  the  correlation  coefficients  of  the
pseudo-first-order  model  are  higher  than  the
pseudo-second-order.  Thus,  the  pseudo-first-
order-model was adopted to describe the process.
Besides, the experimental adsorption capacities of
two dyes onto mushrooms were closer to pseudo-
first-order  values.  This  result  indicates  that  the
number of free sites was significantly higher than
the number of adsorbed dye molecules and reveals
that the adsorption between dyes and biosorbents
was physisorption which leads to a slow adsorption
process.  Furthermore,  the  pseudo-first-order
model shows the effect of adsorption at the solid-
liquid interface, indicating that the mushrooms had
a certain affinity to the dye molecules (31).

Evaluation of biosorption isotherms
Two  isotherm  models  namely,  Freundlich  and
Langmuir,  were  used  to  identify  the  adsorption
equilibrium. The equation for  the  Freundlich and
Langmuir models predicated as in the Eqs.3 and 4:

lnqe= lnKF + (1/nF )lnCe (3)

Ce/qe = 1/bqm + Ce/qm (4)

where Ce is the equilibrium concentration (mg L-1),
qe is  the  adsorption  amount  (mg  g−1)  at
equilibrium,  qm is  the  theoretical  maximum
adsorption  capacity  (mg  g-1)  and  b is  Langmuir
constant  representing  the  enthalpy  of  sorption
while  KF and  nF are  the  Freundlich  constants
related  to  the  biosorption capacity  (mg g-1)  and
biosorption  intensity  or  heterogeneity  of  the
adsorbent, respectively. According to the Langmuir
isotherm model, all the adsorption sites were the
same  and  dynamically  equivalent  due  to  the
monolayer  adsorption.  In  the  case  of  the
Freundlich isotherm model, the adsorption caused
by  a  heterogeneous  mechanism.  The  calculated
parameters  of  both  models  are  summarized  in
Table  2  and  it  can  be  seen  that  the  Freundlich
isotherm model is well fitted with the biosorption of
all mushrooms onto two dye processes because of
their high R2 values. Furthermore, the 1/n values
which were in a range of 0-1 indicated favourability
of the adsorption of the mushrooms onto the MB
and  MG  dyes.  The equilibrium  isotherms  are
presented in Figure 7.
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Table 2. Parameters for the Langmuir and Freundlich isotherm models

Freundlich Langmuir

Dye Mushroom  T (K) KF n R2  qm b R2

MB

M1
303 9.34 1.76 0.9888 114.94 0.04 0.9818

313 7.23 1.86 0.9868 87.72 0.04 0.9454

323 5.87 1.86 0.9932 69.93 0.04 0.9931

M2
303 5.71 1.62 0.9919 102.04 0.03 0.9715

313 9.35 1.27 0.9972 142.86 0.01 0.9788

323 2.59 1.43 0.9952 86.96 0.02 0.9715

M3
303 2.75 1.29 0.9929 144.93 0.01 0.9089

313 1.68 1.21 0.9928 80.65 0.01 0.9721

323 1.34 1.20 0.9906  53.48 0.02 0.9727

MG

M1
303 2.51 1.25 0.9983 163.93 0.01 0.9614

313 3.51 1.51 0.9977 69.93 0.06 0.9722

323 2.48 1.44 0.9942 28.41 0.06 0.9744

M2
303 2.03 1.21 0.9810 166.67 0.01 0.9799

313 2.36 1.37 0.9870 100.00 0.01 0.9836

323 1.86 1.43 0.9929 65.79 0.02 0.9927

M3
303 1.87 1.23 0.9977 144.93 0.01 0.9727

313 1.79 1.36 0.9906 77.52 0.01 0.9823

323 1.50 1.40 0.9974  61.73 0.01 0.9781

Figure 7. The plot of the Freundlich isotherm model a: MB, b: MG.

Besides,  as  shown  in  Table  2,  theoretical
adsorption capacity, qm, decreased with increasing
temperature remarking that the adsorptions of M1,
M2, M3 on the MB and MG are favorable at lower
temperatures.  Also,  the  maximum  adsorption
capacities  (Table  2)  of  M1,  M2,  M3  were
determined as 82.81, 47.40 and 43.90 mg g-1 for

MB and 64.13,  56.80  and 39.28 mg g-1 for  MG
adsorption at 303 K, respectively. Similarly, in the
study of Yan and Wang (2013), the qm was found
as 63.5  mg g-1 for  the  adsorption  of  methylene
blue by the spent mushroom substrate (32).

302



Yıldırım A, Acay H. JOTCSA. 2020; 7(1): 295-306. RESEARCH ARTICLE

Thermodynamics of biosorption
To  investigate  the  nature  of  the  biosorption
process  of  both cationic  dyes  onto  M1,  M2,  M3,
thermodynamic studies were applied. In this study,
the thermodynamic equilibrium constant K0 for the
biosorption  process  was  carried  out  by  plotting
ln(Qe/Ce)  versus  Qe in  the  temperature  range of
303–323  K.  Besides,  thermodynamic  parameters
such  as  ΔH0 enthalpy  change  and  ΔS0 entropy
change were calculated from Eq.5 that was based
on the slope and intercept of the Van’t Hoff plots
(lnK0 vs 1/T,  not  shown) and the values of  ΔG0

Gibbs  free  energy  change  was  calculated  using
Eq.6 (33):

lnK = ΔS0/R -ΔH0/R (1/T) (5)

ΔG0 = -RTlnK0 (6)

where  K0 is  the  equilibrium  constant,  T is  the
solution temperature (K) and R is the gas constant
(8.314 J mol-1 K-1 ).

The related parameters are presented in Table 3.
As can be seen from the table, the negative values
of  ΔG0 show that  the  adsorption of  two cationic
dyes  onto  the  mushrooms  is  spontaneous  and
feasible. The negative value of change in enthalpy
(ΔH0)  indicates  that  the  adsorption  was  an
exothermic  process. Since  all  values  of  ΔH0 are
smaller than 40 kJ/mol, the adsorption of MB and
MG  onto  M1,  M2  and  M3  was  a  physisorption
process. Furthermore, the positive value of change
in  entropy  (ΔS0)  indicates  the  increasing
randomness while negative value (MG adsorption
of  M2,  M3)  proves  that  the  randomness  of  the
solid/solution  interface  decreased  during  the
adsorption process
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Table 3. Thermodynamic parameters for MB, MG dyes on M1, M2, M3.

Dye Mushroom T (K)      ΔG(kJ/mol)    ΔH(kJ/mol)   ΔS(kJ/molK)

MB

M1
303 -24.82

-23.16 3.49313 -22.97

323 -24.97

M2
303 -24.75

-8.88 54.32313 -27.13

323 -25.76

M3
303 -26.57

-16.04 36.2313 -28.31

323 -27.24

MG

M1
303 -24.57

-0.5 79.47313 -25.38

323 -26.16

M2
303 -26.85

-39.21 -60.01313 -25.67

323 -25.68

M3
303 -26.48

-38.12 -47.15313 -25.40

323 -25.53

Table 4. Comparison of adsorption capacity of MB, MG dyes on M1, M2, M3 with other biosorbents.

Adsorbent dye
Adsorption capacity

(mg g-1)
Reference

Activated carbon MG 57.03 (34)

Luffa aegyptica peel MG 70.22 (35)

Pleurotus ostreatus MG 32.35 (36)

Trichoderma viride MB 201.50 (37)

Carica papaya wood
MG
MB

52.63
32.25

(38)

Phellinus igniarius fungi MB 232.21 (39)

Aspergillus fumigatus MB 125.07 (40)

Corynebacterium glutamicum MB 207.30 (41)
M1
M2
M3 MB

82.81
 43.90
38.47

This study

M1
M2
M3 MG

64.13
56.80
39.28

This study

CONCLUSIONS

In  the  present  study,  the  M1,  M2  and  M3
mushrooms  were  used  as  adsorbents  for  the
investigation  of  MB  and  MG  adsorption.  The
maximum adsorption capacity of M1, M2, M3 was
found as 82.81, 43.90 and 38.47 mg g-1 for the MB
dye and 64.13, 56.80 and 39.28 mg g-1 for the MG
dye, respectively. The adsorption capacity of both
dyes  was  found  to  increase  with  increasing  pH
from 3 to 11. The kinetic data were well fitted to
pseudo-first-order. The isotherm data were in good
agreement with the Freundlich isotherm model. All
the  results  showed  that  the  adsorption  was

exothermic.  The  studies  in  the  literature  also
support the results of the present study by stating
that  the adsorption of  MB and MG cationic  dyes
onto mushrooms is quite convenient.
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Abstract:  In  this  study,  a  novel,  low-cost,  natural,  and highly  effective  adsorbent,  chitosan (Ch)  -
diatomite (D) composite was synthesized.  Ch-D composite  was tested as an effective and alternative
adsorbent for the removal of Pb2+ ions. The Ch-D composite was characterized by FT-IR, SEM-EDX and
PZC analyses. The adsorption process of Pb2+ ions onto Ch-D as initial lead concentration, solution pH,
temperature,  contact time  and recovery was investigated.  From the adsorption process results, it has
been observed that the highest removal efficiency is approximately 95% at a contact time of 4-hour,
initial Pb2+ concentration of 500 mg L-1 and agitation speed of 150 rpm at natural pH 4.0. The maximum
Pb2+  adsorption capacity  from the Langmuir  model  was found as 0.154 mol  kg-1 at  25  oC.  Besides,
adsorption kinetics was also explained with pseudo-first-order models. Adsorption thermodynamics have
shown that Pb2+ adsorption onto Ch-D is possible, spontaneous and exothermic. Ch-D composite can
become an alternative adsorbent for the treatment of lead ions in the wastewater.

Keywords: Diatomite, chitosan, composite, adsorption, lead.

Submitted:  October 18, 2019. Accepted: January 19, 2020. 

Cite this: Şenol Z, Şimşek S. Removal of Pb2+ Ions from Aqueous Medium by Using Chitosan-Diatomite
Composite: Equilibrium, Kinetic, and Thermodynamic Studies. JOTCSA. 2020; 7(1): 307-18. 

DOI: https://doi.org/10.18596/jotcsa.  634590  . 

*Corresponding author. E-mail: msenol@cumhuriyet.edu.tr. 

INTRODUCTION

Industrial  wastewater  causes  heavy  metal
pollutions  in  the  environment.  Nowadays,  the
removal  of  heavy  metals  and  pollutions  from
wastewater  is  very  important  (1).  Heavy  metals
and  pollutants  cause  health  problems  in  living
organisms. Among these heavy metals, lead is an
inhibitor of metabolic poison and enzyme, and it
can  damage  the  central  nervous  system  and
accumulate  in  the  bones,  brain,  kidney,  and
muscles  in  humans  (2).  It  is  very  important  to
remove  these  heavy  metal  pollutants  from
industrial wastewater. 

Various methods have been used for removal and
recovery  of  metal  industry  wastewater  such  as
reverse  osmosis,  ion  exchange,  chemical
precipitation,  adsorption  and  membrane  filtration
(3). Among these methods, adsorption is the most
preferred method for the removal of heavy metal
pollutions  from industrial  wastewater.  Adsorption
has the advantages of  low cost,  high selectivity,
environment-friendly,  reusable  adsorbent  design,
and easy usability.

Diatomite is a fine sedimentary rock of biogenetic
origin  with  SiO2.nH2O  formula  that  is  mainly
composed  of  the  siliceous  skeletal  remains  of
diatoms (4). Diatomite has unique physicochemical
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properties, such as highly developed mesoporosity
and/or  macroporosity,  hydrophobia,  charge,
solubility,  ion  exchange,  acidity  and  high
adsorptive  capabilities  (5).  So,  it  is  used  as  an
effective adsorbent in the removal of heavy metal
pollutants  and  toxic  organic  pollutants  from
industrial wastewater (6). 

Chitosan  is  one  of  the  most  important  natural
polymers in nature. It is often used in the structure
of many composite materials.  Chitosan is used as
an  effective  adsorbent  in  the  removal  of  heavy
metal  ions  due  to  their  hydrophilicity,
biodegradability,  non-toxicity,  and  has  hydroxyl
and a large number of amino groups (7). 

The  literature  review  shows  that  many  studies
have been conducted about the removal of lead. A
series  of  recent  studies; Fan  et  al.,  (8)
chitosan/graphene oxide composite,   Senol et al.,
(9)  chitosan/vermiculite  composite,   Sun  et  al.,
(10)  chitosan/cellulose  composite,   Gupta  et  al.,
(11) chitosan/ hydroxyapatite composite,  Titom et
al.,  (12)  chitosan/clay  composite have  examined
for  removal of lead ions by adsorption. However,
there is no reported study on the use of chitosan-
diatomite composite in the removal of lead ions.

Chitosan can be dissolved under acidic conditions,
although it does not have a solubility  in alkaline
and neutral media. So, this condition limits the use
of chitosan as an adsorbent. But it can be possible
to  use  chitosan as  an adsorbent  with  generated
composites.  A new approach is  therefore needed
for  a  useful,  cost-effective,  water-insoluble,  non-
toxic,  and  natural  polymer/mineral  adsorbent.
Within this scope, Ch-D composite was synthesized
using chitosan (Ch) biopolymer and diatomite (D)
mineral. Thus, the practicality of use for chitosan
was  provided.  The  adsorbent  properties  of  Ch-D
composite  for  the  removal  of  lead  ion  from
aqueous  medium  were  investigated.  The
characterizations  of  the  newly  synthesized
adsorbent were performed by FTIR, SEM-EDX, and
point  of  zero  charge  (PZC)  analyses.  Adsorption
properties  were  investigated  for  lead  ions  from
aqueous solution. The effect of solution pH, initial
Pb2+ concentration, temperature, contact time and
recovery  on  adsorption  were  considered  and
optimum conditions were determined.

MATERIALS AND METHODS

Chemicals and Devices

In this study,  medium molecular weight chitosan
(Ch) (Sigma-Aldrich, Germany) was preferred. The
natural diatomite was supplied from Akmin Mining
(Ankara). Pb(NO3)2,  4-(2-pyridylazo)  resorcinol
(PAR)  and  other  chemicals  were  achieved  from
Merck  (Germany).  Double-distilled  water  used  in

all  dilutions and  experiments.  The  lead
concentration  was  determined  using  a  UV-vis
spectrophotometer  (SHIMADZU,  160  A  model,
Japan). 

Characterization techniques

Ch, D, and Ch-D were characterized by FT-IR and
SEM-EDX analysis.  FT-IR spectra of  Ch-D and its
components  were recorded in a  Perkin Elmer 400
spectrometer. SEM images and EDX compositional
data of  Ch-D composite and its components  were
obtained  with  a  Leo  440  Computer  Controlled
Digital System. 

Synthesis of Ch-D Composite 

To synthesize about 4 g of Ch-D composite, 2 g of
chitosan and 2 g of diatomite were mixed in a 5%
(v/v)  acetic  acid  solution  for  2  hours  until  a
homogeneous  mixture  was  obtained.  Then  a
solution of epichlorohydrin (ECH) was added and
stirred. The mixture was then added dropwise to
the  sodium tripolyphosphate  (NaTPP)  solution  to
form composite beads.  The resulting beads were
washed  with  double-distilled  water until  the
conductivity  of  the  wash  water  reached
approximately  the  conductivity  of double-distilled
water.  The  samples  dried  in  the  oven  at  40  °C
were ground and stored in  closed containers  for
later use.

UV-Vis spectrophotometric method 
The concentration of Pb2+  ions was determined by
measuring the UV-Vis spectrophotometric method
of the complex formed by PAR (13). PAR was used
as  a  complex-forming  reagent  for  the
determination  of  Pb2+ in  the  supernatants.  A
solution of 3.5x10-3 mol L-1 of PAR in 0.7 mol L-1 of
Tris/HCl at pH 8–9 was prepared. A 50 µL fraction
of  supernatant  was  added  onto  3  mL  of  the
reagent and the absorbance of the formed metal
complex was measured at λ = 518.5 nm for Pb2+.

Batch adsorption procedure

The adsorption of Pb2+ ions onto Ch-D composite
adsorbent  was  investigated  in  batch  adsorption
experiments. The stock solution of Pb2+ (1000 mg
L-1) was prepared using double-distilled water. The
adsorbent-solution systems were equilibrated with
500 mg L-1 (2.4x10-3 mol L-1) Pb2+ concentration at
natural  pH  4.0,  for  24  h  at  25  0C  in  10  mL
polypropylene  tubes  containing  10  mL  of  Pb2+

solution. Pb2+ ion concentration was determined by
the  absorbance  measurement. The  batch
adsorption  conditions  are  given  in  Table  1.
Adsorption% and Q (mol kg-1) were calculated with
Eq. 1 and Eq. 2.
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 Adsorption%=[C i−C f

C i
]x100 Eq. 1

  Q=[C i−C f

m ]xV Eq. 2

Where, Ci is the initial concentration (mg L-1), m
refers to the adsorbent mass (g), Cf is equilibrium
concentration  (mg  L-1),  and  V  is  the  solution
volume (L). 

Table 1. Batch adsorption experiment conditions for Pb2+ adsorption onto Ch-D

Experiment
Solution pH Initial Pb2+

conc. (mg L-1)
Contact time

(min)
Temperature

(0C)

Effect of pH 1.0-5.0 500 1440 25

Effect of concentration 4.0 50-800 1440 25

Effect of time 4.0 500 2-1440 25

Effect of temperature 4.0 500 1440 5, 25, 40

Desorption 4.0 500 1440 25

Desorption experiments

Desorption studies were performed for adsorbent
recovery  and  re-use  in  adsorption  processes.  In
this study, dilute 0.1 mol L-1 HCl, 0.1 mol L-1 NaOH,
0.1  mol  L-1 HNO3 and  0.1  mol  L-1 ethyl  alcohol
solutions were used for desorption of the Pb2+  ions
from the surface  of  the Ch-D. To determine the
recovery  property  of  the  adsorbent,  the
experiments  were  repeated three times with  the
same  adsorbent  for  the  adsorbent/desorption
cycle. At the end of each experiment, the solutions
were centrifuged at 5000 rpm for 10 minutes to
ensure liquid-solid separation and the amount of
Pb2+  ions  in  the  equilibrium  solution  was
determined by UV-Vis spectrophotometric method.
% Desorption was calculated with Eq. 3.

Desorption%=
Q des

Qads

x100 Eq. 3

In the  equation,  Qdes is  the  desorbed amount of
adsorbate  (mol  kg-1),  and  Qads is  the  adsorbed
amount of adsorbate (mol kg-1).

Equilibrium isotherm studies 
The  adsorption  isotherms  are  very  useful  to
describe  the  interaction  between  the  adsorbate
and  the  adsorbent.  The  adsorption  of  Pb2+ ions
onto  Ch-D  was  modeled  using  the  Langmuir,
Freundlich,  and  Dubinin-Radushkevich  (D-R)
isotherm  models  (14,  15).  The  Langmuir,
Freundlich,  and  Dubinin-Radushkevich  (D-R)
isotherm  equations  are  expressed  below  (Eq.  4,
Eq. 5 and Eq. 6, respectively).

Q=
X LK LCe
1+K LC e

Eq. 4

Q=K FC e
n Eq. 5

Qe=QDR e
−K DR ε

2

Eq. 6

where Q  (mol  kg-1)  is  the  amount  of  adsorbed
metal ions, XL is the maximum adsorption capacity,
KL is the parameter for Langmuir isotherm and Ce

is the equilibrium concentration (mol L-1) and  KF:
Freundlich  constant,  β:  adsorbent  surface
heterogeneity.  XDR is  a  measure  of  adsorption
capacity, KDR is the activity coefficient (mol2  K J2)
and ε is the Polanyi potential,  R is the ideal gas
constant (8.314 J mol-1  K-1) and T is the absolute
temperature  (K). The Polanyi  potential  (ε)  is
expressed by Eq. 7:

 ε=RTln(1+
1
Ce

) Eq.7

The adsorption  energy  (E) is  expressed  by  the
following Eq. 8:

EDR=(2K DR)
−0.5 Eq. 8

If the adsorption energy is 8<E<16 kJ mol-1, the
adsorption is physically controlled and E<8 kJ mol-1

indicates  that  the  adsorption proceeds  physically
(16, 17).

Kinetics studies
The  three  most  commonly  used  kinetics  models
were  used  to  evaluate  the  contact  time
dependence  of  the  adsorption  process (18,  19).
The  adsorption  kinetics  of  Pb2+ ions  onto  Ch-D
were  described  by  pseudo-first-order  (PFO),
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pseudo-second-order  (PSO)  and  intraparticle
diffusion (IPD) kinetic models equations (Eq. 9, Eq.
10 and Eq. 11, respectively).

Qt=Qe [1−e
−k1 t] Eq. 9

Qt=
t

[ 1

k2Qe
2 ]+[ tQe ] Eq. 10

Qt=k i t
0.5 Eq. 11

where Qt (mol kg-1) is the lead absorbed amount at
time t (min), Qe (mol kg-1) is the absorbed amount
at equilibrium, k1, k2 and ki is the rate constant of
the PFO (min−1), the PSO model (mol-1 kg min-1)
and  the  intra-IPD  (mol-1 kg  min-0.5)  model,
respectively.

Thermodynamic studies
Thermodynamic  parameters  are  used  to  explain
the effect  of  the temperature  on the adsorption.
Enthalpy and entropy (ΔH0 and ΔS0) are obtained
from  lnKD  against  the  1/T  graph.  The  slope  (-
ΔH0/R) and y-intercept (ΔS0/R)  of the data plotted
as  lnKD  against  the  1/T  graph.  The  free  Gibbs
energy (ΔG0) is calculated from Equation 15.  ΔH0,
ΔS0, and ΔG0 were calculated using the following
equations:

K D=
Q
Ce

Eq.12

∆G=−RTln K D Eq.13

ln K D=
∆ S0

R
−∆H

0

RT
Eq.14

∆G0=∆ H0−T ∆S0 Eq.15

RESULTS AND DISCUSSION

FT-IR analysis 

The  FT-IR  spectra  of  the  D,  Ch  and  Ch-D
composite are given in Figure 1. When  the FT-IR
spectrum  of  the  diatomite was  examined,  it  is
observed that the absorption  peak at 1103, 1015
cm-1 showed the –Si–O–Si– vibration,  the peak at
913 cm-1 showed the Si–O stretching, the peak at
796 and 694 cm-1 showed the SiO–H vibration, and
the peaks at 537 and 469 cm−1 showed the Si–O–Si
bonding vibration (20-22).  Additionally,  the  wide
peak between the wavelengths of 1640-3600 cm-1

is  assigned to the H-O-H and OH groups. In the
FT-IR spectra  of  chitosan,  bands between 3290-
3350  cm-1  are  associated  with  the  OH  and  NH
groups  and  2864  cm-1 is  observed  the
characteristic Ch peak. Peaks corresponding to the
1650 and 1575 cm-1 wavenumbers correspond to
amide  C-O  and  amide  N-H  groups,  1070  cm-1

attributed to the C-O bond which are characteristic
peaks for  Ch (23).  When the FT-IR spectrum of
Ch-D composite is examined, it is seen that it is
different from both spectra. The spectrum of Ch-D
composite is observed in the characteristic peaks
of both Ch and D.
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Figure 1. FT-IR spectra of Ch, D, and Ch-D.
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When the  FT-IR  spectrum before  and  after  Pb2+

adsorption was  examined,  peak  intensities
increased (Figure 2). Although the location of the
peaks after Pb2+ adsorption did not change, peak

intensity increased after Pb2+ adsorption. Changes
in  FT-IR  spectra  obtained  before/after  Pb2+

adsorption on Ch-D were considered as evidence
for Pb2+ adsorption.
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Figure 2. FT-IR spectra before and after adsorption.

SEM-EDX analysis 

Microphotographs of Ch, D, and Ch-D are shown in
Figure 3. The microphotograph of diatomite shows
diatoms that generally have cylindrical, sheet-like
shapes,  and  a  porous  structure  (24).
Microphotograph of Ch-D shows a structure having
the structure of both Ch and D. EDX results of Ch,
D, and Ch-D in Figure 3. EDX techniques show that
the Ch mainly consists of C (52.8%), O (36.6%),
N(10.6%)  the  D  consists  of  O  (53.7%)  and  Si

(46.3%). The C, O, Si and N contents of Ch-D are
the evidence of the presence of Ch and D.

Scanning  electron  microphotographs  of  Ch-D,
before and after adsorption were shown in Figure
4. After adsorption, Pb2+ ions were coated on the
surface of the chitosan–diatomite. Changes in SEM
images  obtained  before/after  Pb2+ adsorption  on
Ch-D  were  considered  as  evidence  for  Pb2+

adsorption. On the other hand, the Pb content in
EDX spectra of Ch-D is evidence of adsorption of
Pb2+ onto Ch-D.
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Figure 3. Scanning electron microphotographs of Ch, D, and Ch-D and EDX results of Ch, D, and Ch-D.

Figure 4. Scanning electron microphotographs of Ch-D (a) and Pb2+ adsorbed Ch-D (b) and EDX results
of Ch-D (c) and Pb2+ loaded Ch-D (d).

Effect of pH 

The  adsorption  mechanism  is  related  to  the
physicochemical  interactions  of  the  species  in
solution.  At  high  acidic  pHs,  metal  cations  and
hydrogen ions compete for binding to active sites,
resulting in less adsorption of the metal. At high
basic  pH values,  soluble  hydroxide  complexes of
metal  ions  are  formed,  so  the  adsorption  is
reduced.

To  investigate  the  pH  effect,  adsorption  studies
were carried out at different pHs at constant  Pb2+

ion  concentration  and  results  are  presented in
Figure 5. According to Figure 5, the percentage of
the  adsorption  rate  increased  from  5% to  61%
with  increasing  pH  values  from  1.0  to  4.0,
respectively.  The  maximum  adsorption  rate  was
found as 61% at pH 4.0, which was the natural pH
of the Pb2+ solution and was found to be the pH at
which  the  adsorption  was  highest. Therefore,  all
adsorption  experiments  were  performed at  the
natural pH of the Pb2+ ion. Pb2+ ions can precipitate
at alkaline pHs as hydroxides. So, pHs beyond 5.0
were not studied.
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Figure 5. Effect of pH on adsorption of Pb2+ onto Ch-D (at 25°C; adsorbent dose:100 mg; C0:500 mg L-

1).

To determine the point of zero charge (PZC) values
of  Ch-D  composite,  100  mg  Ch-D  was  held  in
solutions in the pH = 1.0-12.0 range by NaOH and
HCl at 25 0C for 24 h and the equilibrium pH was

measured. The results are given in Figure 6. The
surface charge of  the  Ch-D composite adsorbent
was found to be positively charged, under pH 4.63
and negatively charged above pH 4.63 (25). 
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Figure 6. PZC plots of the Ch-D composite.

Adsorption isotherms

The  harmony  of  the  Langmuir,  Freundlich,  and
Dubinin-Radushkevich  isotherm  models  was
presented  in  Figure  5  and  Table  2,  with  the
parameters used in the isotherms.  The maximum
adsorption capacity was calculated to be 0.154 mol

kg-1 from  the  Langmuir  isotherm  model.  Pb2+

adsorption  onto  Ch-D  fitted  well  the Freundlich
model.  The Freundlich parameter  n indicates the
degree of heterogeneity of the surface and the EDR

value found in the D-R model  indicates that  the
adsorption process is chemical. 
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Figure 7. Langmuir, Freundlich, and D-R isotherm plot for the adsorption of Pb2+ onto Ch-D (at 25 °C;
adsorbent dose:100 mg; C0:50-800 mg L-1).

Table 2. Adsorption isotherm parameters.
Langmuir Freundlich D-R

XL/mol kg-1 0.154 Kf 1.06 XDR 0.326
KL/L mol-1 19570 β 0.286 -KDRx106 2.69
R2 0.882 R2 0.927 R2 0.932

E/kJ mol-1 13.6
Standard Deviation 0.053 mol kg-1, Standard Error 0.018 mol kg-1

Adsorption kinetics

Adsorption  data  for  kinetics  studies  were
performed in the time range of 2-1440 min. The
adsorption  kinetics  of  Pb2+ onto  Ch-D  composite
were presented in Figure 8 and Table 3. From the

regression coefficient  (R2)  and  the  harmony  of
theoretically  calculated  Qt and  experimental  Qe

values, it was concluded that the PFO model was a
suitable model for the adsorption kinetics of Pb2+

ions on the Ch-D composite adsorbent.
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Figure 8. Compatibility of Pb2+ adsorption kinetics to PFO, PSO and IPD models (at 25°C; adsorbent
dose:300 mg; C0:500 mg L-1).

Table 3. Adsorption kinetic parameters.
Pb2+ (k1,k2,ki) x103 R2 Qt Qe Hx103

PFO 57.5 0.972 0.228 0.227 3.97
PSO 58.1 0.971 0.228 0.313 5.69
IPD 25.7 0.905 - - -

Standard Deviation 0.078 mol kg-1, Standard Error 0.019 mol kg-1

Adsorption thermodynamics

To  explain  the  thermodynamic  behavior  of  Pb2+

ions adsorption onto the Ch-D composite, it was
studied at temperatures of 5 0C, 25 0C, and 40 0C
and Figure 9 was obtained. In Figure 9 (ln KD-1/ T)
the values of ΔH0 and ΔS0 were calculated from the
slope of  the  graph and  the cut-off,  respectively.

Adsorption enthalpy was found negative.  ΔH0 was
calculated as  -11.3  kJ  mol-1 showed  that  the
adsorption  process  was  exothermic. ΔS0  was
calculated as  2.29  J  mol-1 K-1.  The  free  energy
value was  found as -12.0 kJ mol-1 at 25  0C.  The
negative  free  energy  value  indicated  that
spontaneous adsorption was possible.
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Figure 9. Effect of temperature on the adsorption. (at 5°C, 25°C, 40°C; adsorbent dose:100 mg; C0:500
mg L-1) 

Desorption

Reusability  investigated the  desorption ability  for
Pb2+ ions  onto  Ch-D  composite.  The  Ch-D
composite  was  regenerated  using  HCl,  NaOH,
HNO3,  and  ethyl  alcohol.  The  obtained  Pb2+

removal  efficiency  for  three  times  is  plotted  in
Figure 10.  The maximum recovery percentage for
Pb2+ ions onto Ch-D was achieved with HCl (89%).
The  minimum recovery  percentage  for  Pb2+ ions
onto Ch-D was achieved with ethyl alcohol (11%).
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Figure 10. Recovery percents of HCl, NaOH, HNO3 and ethyl alcohol for the desorption of Pb2+ onto Ch-D
(at 25°C; adsorbent dose:100 mg; C0:500 mg L-1).
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Comparison of results with literature

A comparison has been made between the chitosan
composites adsorbents  reported  in  the  literature
for the adsorption Pb2+. The maximum adsorption
capacity  obtained from the  Langmuir  model  was

used  for  the  comparison  of  different  chitosan
composite adsorbents. As can be seen in Table 4,
the  maximum  adsorption  capacity  of  chitosan-
diatomite  composite  adsorbent  (0.154  mol  kg-1)
was higher than that of various chitosan composite
adsorbents. 

Table 4. Comparison of Pb2+  adsorption on the chitosan-diatomite composite with other chitosan
composite adsorbents.

Adsorbent XL/molkg-1 Reference
Chitosan-graphene oxide 0.372 (8)
Chitosan-vermiculite 0.598 (9)
Chitosan-cellulose 0.130 (10)
Chitosan-hydroxyapatite 0.058 (11)
Chitosan–clay 0.156 (12)
Chitosan-sand 0.060 (26)
Chitosan-bentonite 0.382 (27)
Chitosan-diatomite 0.154 (This study)

CONCLUSIONS

In this investigation, Ch-D composite can be used
as  an  effective,  alternative  adsorbent  for  the
removal  of  Pb2+ ions.  Optimal  conditions  of  the
study  for  the  adsorption  were  determined  and
were selected as pH:4.0, m:100 mg, t:24 h, and
T:25 0C. The Freundlich model was found to be the
better fit to the experimental data. The maximum
adsorption capacity was found to be 0.154 mol kg-1

from  the  Langmuir  isotherm  model.  Adsorption
thermodynamics  indicated  that  the  adsorption
process  was  exothermic,  possible  and
spontaneous. Ch-D composite adsorbent had a well
adsorption-desorption  ability  for  Pb2+ ions.  Ch-D
composite can use as  an effective and  alternative
adsorbent in the removal of lead pollutants from
industrial wastewater.
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Abstract:  Antibiotic  resistance in bacteria has become a worrying phenomenon in today's world.  K.
pneumoniae is a member of the  Enterobacteriaceae family, which causes nosocomial infections as an
opportunistic pathogen but inherently harboured as a part of the natural human microbiota. Carbapenem
resistance of K. pneumoniae was a rare occurrence up to ten years ago, but in recent years many types
of  carbapenemase  producing  K.  pneumoniae have  become  common.  This  retrospective  study  aims
analysing susceptibility to various antibiotics, commonly used in treatment against K. pneumoniae strains
isolated by using conventional methods from various infection sites. Antibiotic susceptibility tests were
performed by using an automated system, the VITEK 2 Compact ®. In this study, 502 K. pneumoniae
strains  isolated from patients  that  treated at  various  services  of  a  university  hospital  with  515-bed
capacity were examined. When compared to the data available with studies of recent years in Turkey,
especially in intensive care and inpatient services, the resistance of K. pneumoniae strains to antibiotics
against  most  to  carbapenems is  rapidly  increasing  in  the  degree  of  high  concern.  Therefore,  in  all
hospitals, antibiotic management policies should be implemented with a multidisciplinary approach. 
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INTRODUCTION

Increasing resistance of bacteria is reported with
each passing day. This global threat now requires
the  implementation  of  antibiotic  management
policies in all hospitals. In antibiotic management,
there are  packages  of  measures  aimed  at
improving the quality of anti-infective therapy with
regulations on dosage, method of administration,
and duration of treatment. While the best possible
treatment  is  configured  for  each  patient
individually,  resistance development is  minimised
and  costs  are  reduced  considering  public  health
(1). Many international guidelines have defined the

structural  requirements  and  basic  strategies  of
antibiotic management  (2). However, for example
in  the  USA,  there  is  a  legal  requirement  for
antibiotic  management  only  since  2017.  In
Germany,  the  Infection  Protection  Law  was
amended in  2011 and necessary  measures  were
taken  to  rationalise  antibiotic  consumption  by
hospitals  (1).  Also  in  Turkey,  there  is  a  legal
penalty  for  antibiotic  sale  without  a  proper
prescription only since 2017 (3).

The  genus  name  of  Klebsiella comes  from  the
German  scientist  Edwin  Klebs  (1834-1913)  who
discovered them. It is a genus of bacteria that is
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often  isolated  from  health  facilities  such  as
hospitals, nursing homes, and long-term treatment
centers.  The  capsules  of  Klebsiella species  are
responsible for the mucoid appearance of bacterial
colonies  and  the  increased  virulence  of  the
microorganism  in  vivo.  The  most  commonly
isolated  forms  of  these  bacteria  are  Klebsiella
oxytoca and  Klebsiella  pneumoniae,  which  cause
nosocomial  or  community-acquired  lobar
pneumonia.  Symptoms  vary  according  to  which
part  of  the  body  is  affected  by  the  bacteria.
Besides, these symptoms are the same regardless
of which bacteria are the causes. For example, a
Klebsiella-induced pneumonia patient and a patient
suffering from pneumonia for another reason have
the  same  symptoms  as  high  fever,  chills,  chest
pain, and difficulty of breathing (4).

Although  K.  pneumoniae is  a  bacterium  that  is
resistant to many antibiotics, it is reported that K.
pneumoniae  has a natural resistance to ampicillin
(4).  Mostly  cephalosporin  and  aminoglycoside
antibiotics  were  chosen for  the  treatment  of  the
infections caused by it, but K. pneumoniae isolates
have developed resistance to cephalosporin by the
production  of  extended-spectrum  beta-lactamase
(ESBL) enzymes and limited their use. Therefore,
carbapenems  are  now  preferred  (5).  With  the
introduction of  carbapenems,  resistance to  these
antibiotics has been reported too. Determining the
appropriate treatment protocol for  K. pneumoniae
isolates  and  analysing  the  resistance  status  to
prevent the development of resistance has become
essential. High mortality rates have been seen in
infections  caused  by  K.  pneumoniae strains
resistant  to  carbapenems,  especially  septicemia.
Most of these infections occur asymptomatic and
the  risk  of  comorbidity increases  by  previous
surgeries,  invasive  devices  and  apparatuses  and
colonies commonly found in the body (6).

Although  it  is  a  rare  phenotype  in  many
geographical regions, carbapenem resistance of K.
pneumoniae was  first  reported  in  1983.  Then
carbapenemase-producing  K.  pneumoniae
(primarily in Greece) emerged and shown that they
were  producing  Metallo-beta-lactamase (7).  K.
pneumoniae carbapenemase (KpC), a new family
of  enzymes,  were first identified in the USA and
caused  epidemics,  mainly  in  New  York.
Carbapenemase-producing  Enterobacteriaceae
members are  susceptible only to polymyxins and
tigecycline,  so  they  pose  a  serious  threat  in
hospitals  and  should  be  carefully  monitored  for
carbapenem resistance (8).

In  this  study,  502  K.  pneumoniae isolates  were
examined which have been taken from the various
clinical specimens. The isolates were transferred by
medical  personnel  to  the  medical  microbiology

laboratory of a university hospital. Data were listed
in  the  Microsoft  Excel  spreadsheets  considering
their susceptibility to antibiotics.

The  aim  of  this  retrospective  study  is  analysing
susceptibility to various antibiotics, commonly used
in  treatment,  against  K.  pneumoniae strains
isolated from various infection sites.

MATERIALS AND METHODS

Between  15.08.2017  and  10.11.2018,  502
microorganisms isolated from various regions of a
university  hospital  were analysed retrospectively,
considering  patients’  records.  The  study  was
approved  by  the  ethics  committee  of  İstanbul
Medipol University. 

Collection Of Isolates
K. pneumoniae culture samples were provided to a
university hospital’s clinical microbiology laboratory
from  over  33  separate  outpatient  clinics  and
inpatient  wards;  MacConkey  and  blood  agar
cultivation was carried out by microbiologists and
samples were incubated at 37 °C for 17-24 hours.
For  the  objectives  of  this  research,  only  the
cultures  that  tested  positive  for  K.  pneumoniae
were  included  in  the  study.  VITEK  2  Compact®
(Biomerieux,  France),  for  the  identification  of
species of isolated microorganisms, an automated
bacterial  identification  system,  and  common
conventional methods have been used. 

Susceptibility testing
All susceptibility testing was performed in a clinical
microbiology laboratory. Antibiotic susceptibility of
the  isolated  strains  to  16  antibiotics  (Amikacin,
Ampicillin,  Ampicillin-Sulbactam,  Imipenem,
Meropenem,  Levofloxacin,  Ciprofloxacin,
Fosfomycin,  Nitrofurantoin,  Amoxicillin-Clavulanic
Acid,  Piperacillin-Tazobactam,  Trimethoprim-
Sulfamethoxazole,  Cefotaxime,  Cefepime)  were
tested. The method was coordinated with VITEK 2
Compact®  (France,  Biomerieux)  automated
antibiotic  susceptibility  testing  system.
Antimicrobial  susceptibility  of  the  isolates  was
examined by considering the recommendations of
the  European  Antimicrobial  Susceptibility  Testing
Committee (EUCAST) (9).

Data organisation & Statistical analysis
The  data  was  imported  into  Microsoft  Excel
(Microsoft,  Inc.,  U.S.A.) spreadsheet  file  and all-
important  patient  identifiers  were  properly  and
securely  discarded.  The  patients’  data  were
classified according to type of clinic that they have
been  treated,  nationality,  sex,  and  age,
microorganisms  were  classified  according  to  the
regions  on  patients  they  were  colonised  and
antibiotic  conditions  were  examined  but  not  all
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antimicrobials were tested against each isolate. In
the study group, patients between 10 and 60 years
of  age  were  included  in  the  sample  in  order  to
avoid inconsistency in the analysis results of age-
related risk factors  (10,11).  Descriptive statistical
analysis  of  isolates  was  performed  using  the
program  Prism  (software  version  8.3.0  (538);
GraphPad Software, LLC). T-tests (two-tailed), Chi-
square  (and  Fisher’s  exact)  tests  were  used  to
assess  any  significant  differences  among  the
groups.  A  probability  value  of  (P)  <0.05  was
considered statistically significant. 

Comparison of materials and methods used in
various studies 
While  analysing,  regional  differences  in  antibiotic
susceptibilities should be considered as a result of
antibiotics that used commonly in that region. Risk
factors  that  play  a  role  in  the  development  of
infections  such  as  microbiota status,  age,  sex,
postoperative status, implant and chronic diseases
of  the  patients  should  be  considered.  When
necessary, these patients should be excluded from
the  study  sample  in  order  not  to  cause
meaninglessness in the study and thus to reduce
reliability  (10,11). Also, in studies involving large
patient  groups,  separate  studies  should  be
conducted on the effects of risk factors on infection
and bacterial  resistance.  Patients  admitted to  an
institute  as  a  tourist,  especially  in  retrospective
analysis,  should  be  excluded  from  the  research
sampling when necessary, especially patients who
cannot  be  treated  in  their  own  country  because
they  are  likely  to  have  infections  caused  by
bacteria with multiple drug resistance.

Many  systems  have  been  tried  for  continuous
optimisation of  treatment  protocols,  especially  in
the fight against nosocomial infections. However,
in these studies, ones that placed the retrospective
analysis  method  at  the  center,  we  encounter
inconsistent  results  due  to  the  risk  factors
mentioned.  For  example,  systems  such  as  the
global anti-microbial resistance surveillance system
(GLASS) have the disadvantage that they present
too much data to a small staff to analyse, while not
allowing them to  validate  results  because of  the
distance from the environment where the data is

obtained. The abundance of data distorts the study
results  and  makes  the  analysis  difficult.  Single-
center  working  groups  should  be  formed  and
regional results should be combined (1).

Various  programs  (IBM  SPSS,  Stata,  PSPP)  are
used for performing statistical analyses in clinical
studies.  Although  statistical  analyses  can  be
performed manually by using the proper formulae
for  observed data  (12).  The program Prism was
used  in  this  study,  and  proper  formulae  were
chosen according to literature sources that interest
this study (13–15).

Clinical  and  statistical  significance  in  medicine
differs from each other. Statistical  significance is
making predictions about the population, which are
based  on  the  sample  size  of  the  patients,  with
clinical  data  gathered.  So  every  statistically
significant  finding may not  be  clinically  relevant,
likewise for every clinically finding is subjected to
the  same  situation.  Considering  this,  various
methods should be used to eliminate mistakes in
clinical results and data should be organised in the
best way possible for statistical analyses (16). For
example,  results  obtained  with  automation
systems such as VITEK 2 Compact and MALDI-TOF
MS (e.g.,  carbapenem inactivation method (CIM)
for  Carbapenem  resistance)  should  be  provided
manually  at  the  center  where  the  work  is
performed. 

According  to  the  data  obtained  in  the  centers
where  the  studies  are  conducted,  treatment
protocols should be coordinated and implemented
especially for the empirical treatment. The results
of the studies should be compared according to the
effectiveness  of  the  treatments.  Thus,  another
method can be obtained to validate the results of
the studies (1).

RESULTS

The university hospital, which is the center of the
study,  accepts  patients  from  many  countries  as
shown in  Figure  1.  Thus,  antibiotic  resistance in
different  countries,  Turkey  is  composed  of
comparisons with the data.
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Figure 1: Patients sorted by their country.

As shown in Table 1, there is only one strain that
does not express any beta-lactamase and probably
this result was obtained due to an error; because
K.  pneumoniae has  a  natural  resistance  to
ampicillin  (4).  In  K.  pneumoniae,  resistance  to
beta-lactam group  antibiotics  is  of  concern.  In
addition,  Cefepim,  a  member  of  4th  generation
cephalosporins,  has  superiority  over  3rd
generation  Cefotaxime  as  expected.  All  ESBL

positive  strains  are  considered  resistant  to
cefotaxime  and  other  third-generation
cephalosporins  (17).  Clinical  use of  carbapenems
for Turkey is still effective in the treatment of  K.
pneumoniae infection.  However,  in  order  to
prevent  the  development  of  resistance  to  this
group  of  antibiotics  in  the  future,  particular
attention should be paid to its use in the treatment
of empirical therapy.

Table 1: Antibiotic susceptibility and total sample numbers of strains that were isolated#

Antibiotic Resistant
Strains

Susceptible
strains

Total

Amikacin 34 383 417

Ampicillin* 222 1 223

Ampicillin-Sulbactam 121 101 222

Imipenem 64 437 501

Meropenem 88 414 502

Levofloxacin 146 356 502

Ciprofloxacin 168 334 502

Fosfomycin 12 85 97
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Nitrofurantoin 52 123 175

Amoxicillin-Clavulanic Acid 169 159 328

Piperacillin-Tazobactam 120 208 328

Trimethoprim-Sulfamethoxazole 160 168 328

Cefotaxime 224 193 417

Cefepime 133 284 417

#P<0,0001 (Chi-square), * Ampicillin is not included because of K. pneumoniae’s natural resistance.

The  higher  smoking  addiction  in  men  than  in
women and the consequence of chronic pulmonary
diseases such as COPD; It can be said that strains

isolated from pulmonary infections in men cause
more resistance as seen in Figure 2 (18).
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Figure 2: Gender distribution of antibiotic resistance of strains isolated from tracheal aspirate and 
bronchoalveolar lavage cultures, P=0.0261 (T-test).

Women are more prone to urinary tract infections
due  to  their  biological  structure  (19).  Therefore,
women  are  exposed  to  bacterial  profiles  more
resistant  than  males  because  they  use  more

antibiotics  against  infection.  Likewise,  the
distribution  of  efficacy  of  strains  isolated  from
urinary  tract  infections  against  broad-spectrum
fluoroquinolone antibiotics and phosphomycin was
seen with high resistance in females (Figure 3).
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Figure 3: Resistance Distribution According to Gender in Urinary Tract Infections, P= 0.0341 (T-test).

DISCUSSION AND CONCLUSION

Today, due to the unnecessary and widespread use
of  antibiotics,  gram-negative rods with multidrug
resistance  are  reported  all  over  the  world.  In
recent years, the treatment of strains that become
hypervirulent  by  producing  ESBL  (oxacylanase,
high-level AmpC Beta-Lactamase, Carbapenemase)
has become a major problem due to the multiple
resistance  strains  encountered  in  intensive  care
patients (20).

In a multi-center study conducted in our country,
“Meropenem Yearly Susceptibility Test Information
Collection”2007  data,  40.5%  of  K. pneumoniae
strains  were  found  to  be  ESBL  positive  (21).
Different results  have been observed in different
regional  studies  conducted  in  our  country.  ESBL
rates in  K. pneumoniae strains were found to be
42% in another study and 74% in another study
(22).  According  to  another  study  conducted
between 2007 and 2008, 41 K. pneumoniae strains
produced 24% ESBL (23). In this study, it can be
stated that  33% of  ESBL producing strains were
detected.

Although  it  varies  according  to  the  region  it  is
isolated, carbapenem resistance has started to be
seen more frequently  in our  country.  In a study
that  was  conducted  with  2903  strains  isolated,
Samasti et al. reported that carbapenem resistance
of K. pneumoniae was found to be 3.13% (24). In
another  study  conducted  in  2014,  they  reported
imipenem resistance to blood cultures as 47% and
meropenem resistance as 45% (22). In this study,
13%  of  resistance  was  determined  against
carbapenems.

While  analysing,  regional  differences  in  antibiotic
conditions and the difference between the number
of  samples  studied  can  be  considered  as  the
reason  for  the  differences  between  susceptibility
rates.

For further studies, susceptibility results should be
provided by performing disc diffusion tests in the
comparative analysis sections (e.g. analysing sex-
related factors on susceptibility), the zone radius
should be used instead of positive/negative results.
Besides, sample numbers should be equal. This will
improve statistical significance.

Amoxicillin-Clavulanic Acid, in Turkey, is a common
antibiotic used as an empirical treatment choice for
community-acquired  infections.  Data  gathered  in
this study shows that this choice of treatment is
still partially effective against  K. pneumoniae with
a rate of 48.5%.

Almost all  of the studies in different geographies
around the  world  show that  the  development  of
resistance  to  antibiotics  is  developing  at  an
alarming  rate. Therefore,  to  keep  up  with  the
bacteria in the fight against antibiotic resistance,
sufficient  personnel  and  resources  need  to  be
mobilised, but on the contrary, we see that some
firms  have  terminated  the  budgets  allocated  for
antibiotic research and even countries such as the
USA  are  trying  to  implement  national  antibiotic
management policies more recently (25).

ESBL production rates of E.coli, K. pneumoniae and
other  gram-negative  enteric  bacteria,  which  are
expensive  and  difficult  to  treat,  should  be
monitored  by  each  center.  In  the  treatment  of
infections  preferred  broad-spectrum  beta-lactam
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antibiotics should be used with caution. Inpatients
should be isolated and surveillance studies should
be performed in hospital departments at risk.

Identification  of  organisms  causing  nosocomial
infections,  conducting  in  vitro  antibiotic
susceptibility  tests and rational  use of  antibiotics
may  increase  the  chance  of  treatment  success,
prevent  the  spread  of  resistant  nosocomial
infections and reduce treatment costs. Therefore,
antibiotic  management  policies  should  be
implemented  in  all  hospitals  with  a
multidisciplinary approach.
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