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INTRODUCTION

Cephalosporins are in the group of B-lactams and
have been utilized since 1948 widely (1,2). All the
cephalosporins were derived from 7-amino
cephalosporinic acid. Incorporation of side chains
altered both the anti-bacterial activity and the
pharmacokinetic properties. They are categorized
into five classes based on their antimicrobial
activities. The new classes demonstrate greater

activity against Gram-negative bacteria with
respect to the earlier classes. Cephalosporins
impede the synthesis of bacterial cell-wall.
However, the presence of R-lactamases can

destruct the R-lactam ring and hence deactivate
cephalosporins (3). Cefoperazone is placed in a
third class of cephalosporin antibiotics, including
cefixime (CFX) and cefpodoxime (CPD) and more
resistant to hydrolysis by the B-lactamases, with
higher efficiency against gram negative and lower
efficacy against gram positive. They also play
important roles in treatment of infections, such as
Pseudomonas bacterial, respiratory and urinary

contagions. Cephalosporins form metal-based
complexes via coordination of metal ions to
electron donor units of Cephalosporins, which

significantly affects chemical properties of
antibiotics and hence their antimicrobial activities,
toxicities, pharmacokinetics and resistance to
hydrolysis (4). Some important works have been
devoted to the synthesis and characterization of
metal complexes (Fe(lll), Co(ll), Ni(ll), Cu(ll), Cd (II),
Cr(lll), Mn(ll), zZn(ll) and Hg(ll)) of cefoperazone
(3,5). Complexation behavior of cefoperazone was
described in the literature to be both bidentate and
tetradentate proposed in metal coordinated dimer
complexes and in polymeric structure with the
cefoperazone ligand bridging between metal
centers (Figure 1). We report here the synthesis,
characterization and antimicrobial investigations of
cefoperazone metal complexes. To the best of our
knowledge, there is no DFT level studies employed
to elaborate experimental findings. In this work,
computation was utilized to shed light on the
intriguing properties of cefoperazone metal
complexes.
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Figure 1. Reported cefoperazone metal complexes (3-5).

EXPERIMENTAL SECTION
Chemicals and apparatus

Cefoperazone sodium (CFP) and was supplied from
Pfizer Pharm. Inc. (Istanbul, Turkey). EtOH, n-
hexane, ACN, DEE, MeOH, acetone, CuCl;-2H,0,
COC|2'6H20, N|C|26H20, ZnC|z'2Hzo, CdC'z,
FeCls-6H,0, PtCl, and RuCl3;-3H,0, NaOH, anhydrous
Na,S0,, H,SO, and HCl were purchased from Fluka
(Darmstadt, Germany) and Merck (Darmstadt,
Germany). All the chemicals and solvents were
reagent grade and were used as purchased. All
samples were prepared in spectrophotometric
grade solvents.

Aluminum Thin layer chromatography (TLC) plates,
silica gel coated with fluorescent indicator F254,
were obtained from Merck (Darmstadt, Germany).
Elemental analyses were performed using a LECO
CHNS 932 elemental analyzer  (TUBITAK
instrumental analysis laboratory, Ankara, Turkey).
Infrared spectra of the compounds were obtained
using KBr pellets (4000-400 cm™) with a Shimadzu
FTIR 8300 spectrometer. The UV-Vis spectra were
obtained in the 200-1000 nm range by a
PerkinElmer Lambda 45 spectrophotometer
(Kahramanmaras Sutcu Imam University,
Chemistry Department, Kahramanmaras, Turkey).
Mass analyses of the metal-based compounds were
performed under atmospheric pressure using
chemical ionization method on an LC/MS-APCI
Agilent 1100 MSD spectrometer (TUBITAK
instrumental analysis laboratory, Ankara, Turkey

and Central Research Laboratory of the Inonu
University, Malatya, Turkey). *H NMR and **C NMR
spectra were recorded on a Bruker Avence DPX-
400 instrument. TMS was used as an internal
standard and DMSO-d¢ as a solvent (TUBITAK
instrumental analysis laboratory, Ankara, Turkey).
The quantity of metal in the metal complexes was
measured using Ati Unicam 929 Model AA
Spectrometer, operating the parameters; Nebulizer
flow: 0.8 L/min, auxiliary flow: 0.2 L/min, plasma
flow: 1.7 L/min, Sample flow rate: 1.5 mL/min,
equilibration time: 15 s, RF power: 1452 W
(Kahramanmaras Sutcu Imam University, USKIM,
Kahramanmaras, Turkey). Thermal analysis and
stability of the metal complexes were realized
under a nitrogen atmosphere at a heating rate 10
°C/min on a Pyris Diamond DTA/TG DSC Thermal
System (Canakkale 18 Mart University, University,
Faculty of Arts and Sciences, Department of
Chemistry, Canakkale, Turkey). Magnetic
susceptibility measurements were performed by
applying the Gouy method involving Hg[Co(SCN)4]
as a standard. Conductivity measurements were
conducted on Toa Conductivity Meter 405 (DSI,
Kahramanmaras, Turkey). Melting points of the
compounds were measured on Electrothermal
9200 and uncorrected. Molecular structures were
drawn using ChemDraw software.

Synthesis

General procedure

For Cu(ll), Co(ll), Ni(ll), Zn(ll), Cd(ll), Fe(lll) and
Ru(lll) complexes: To a solution of 5.00 mL of
deionized water and 20.0 mL of methanol in 100
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mL two-necked round-bottomed flask was added
CEFOBID (668 mg, 1 mmol). The solute was
dissolved by heating the mixture up to reflux
temperature on a magnetic stirrer. To the prepared
solution was introduced 1 mmol of metal salt
(CuCl'2H,0, CoCl;6H,0, NiCl,'6H,0, ZnCl;-2H-0,
CdCl,, FeCl3:6H,0 and RuCl3-3H;0) in 10 mL of
methanol. Resulting mixture was refluxed for 24 h
and the completion of reaction was checked by
TLC. After that the mixture was filtered off and the
solid residue was successively washed with
deionized water, MeOH, and diethyl ether. The
solid products were dried under vacuum. Newly
synthesized cefoperazone metal-based complexes
were characterized by spectroscopic methods.

[Cd(H.O)(CFP)CI]: Beige solid; m.p.: 193 °C. FTIR
(KBr): vmax 3450 (OH), 3252 (br. m.), 2980 (NH,),
1667 (Amide C=0), 1607 (Acid M-O0C), 801 (M-N),
761 cm? (M-0). Anal. Calcd. (810.54): C, 37.05; H,
3.48; N, 15.55; Cd, 13.87. Found: C, 37.09; H, 3.53;
N, 15.50; Cd, 13.90.

[Co(H>0)(CFP)CI]: Dark brown solid; m.p.: 213 °C.
FTIR (KBr): vmax 3486 (OH), 3386, 2984 (NH,), 1661
(Amide C=0), 1610 (Acid M-O0C), 755 cm?* (M-0).
Anal. Calcd. (757.06): C, 39.66; H, 3.73; N, 16.65;
Co, 7.78. Found: C, 39.70; H, 3.75; N, 16.63; Co,
7.85.

[Cu(H.0)(CFP)CI]: Brown solid; m.p.: 220 °C. FTIR
(KBr): vmax 3440 (OH), 3249, 3134 (NH,;), 1774
(Amide C=0), 1618 (Acid M-O0C), 751 cm?* (M-0).
Anal. Calcd. (761.67): C, 39.42; H, 3.71; N, 16.55;
Cu, 8.34. Found: C, 39.40; H, 3.78; N, 16.65; Cu,
8.33.

[Fe(H.O0).(CFP)CI;]: Black solid; m.p.: 201 °C.
FTIR (KBr): vmax 3208 (br. s, OH), 2980 (NH;), 1661
(Amide C=0), 1612 (Acid M-O0C), 805 (M-N), 761
cm? (M-0). Anal. Calcd. (807.44): C, 37.19; H, 3.74;
N, 15.61; Fe, 6.92. Found: C, 37.20; H, 3.75; N,
15.60; Fe, 6.90.

[Ni(H:O)(CFP)CI]: Light brown solid; m.p.: 220 °C.
FTIR (KBr): Vmax 3281 (br. s, OH), 2984 (NH.), 1667
(Amide C=0), 1609 (Acid M-O0OC), 761 cm™ (M-O).
Anal. Calcd. (756.82): C, 39.67; H, 3.73; N, 16.66;
Ni, 7.76. Found: C, 39.70; H, 3.70; N, 16.70; Ni,
7.71.

[Ru(H.0)(CFP)CI;]: Black solid; m.p.: 305 °C.
FTIR (KBr): vmax 3205 (br. s, OH), 2980 (NH2), 1657
(Amide C=0), 1617 (Acid M-O0C), 822 (M-N), 763
cm? (M-0). Anal. Calcd. (852.67): C, 35.22; H, 3.55;
N, 14.78; Ru, 11.85. Found: C, 35.25; H, 3.55; N,
14.80; Ru, 11.80.

[Zn(H.O0)(CFP)CI]: Beige solid; m.p.: 181 °C. FTIR
(KBr): vmax 3440 (br. m, OH), 3281, 2944 (NH2),
1667 (Amide C=0), 1597 (Acid M-O0OC), 779 (M-N),
760 cm? (M-O). Anal. Calcd. (763.54): C, 39.33; H,
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3.70; N, 16.51; Zn, 8.57. Found: C, 39.30; H, 3.71;
N, 16.54; Zn, 8.53.

Pt(ll) complex of cefoperazone

CEFOBID (668 mg, 1 mmol) was dissolved in 1.00
mL of deionized water and 20.0 mL of ethanol in
100 mL two-necked round-bottomed flask by
heating the reaction mixture up to reflux
temperature on a magnetic stirrer. To the prepared
solution was introduced PtCl; (266 mg, 1 mmol) in
2.00 mL of DMSO. Resulting mixture was refluxed
for 8 h and the completion of reaction was checked
by TLC. After that the mixture was filtered off and
the solid residue was successively washed with
deionized water, MeOH, and diethyl ether. The
product was dried under vacuum.

[Pt(H,O)(CFP)CI]: Brown solid; m.p.: 119 °C. FTIR
(KBr): vmax 3446 (br. s, OH), 3243, 3010 (NH,), 1676
(Amide C=0), 1626 (Acid M-O0C), 778 (M-N), 718
cm? (M-0). Anal. Calcd. (893.21): C, 33.62; H, 3.16;
N, 14.11; Pt, 21.84. Found: C, 33.60; H, 3.15; N,
14.10; Pt, 21.89.

Pd(ll) complex of cefoperazone

To a solution of Pd(CH3COOH), (325 mg, 1 mmol) in
20.0 mL of acetic acid was added of CEFOBID (668
mg, 1 mmol). Resulting mixture was stirred at 40
°C for 8 h. After that the mixture was filtered off
and the solid residue was successively washed with
deionized water, MeOH, and diethyl ether. The
product was dried under vacuum.

[Pd(H.O)(CFP)(OAc)]: Brown solid; m.p.: > 300
°C. FTIR (KBr): Vmax 3201 (br. s., OH), 3059 (NH.),
1763 (Amide C=0), 1587 (Acid M-O0C), 825 (M-N),
755 cm™? (M-0). Anal. Calcd. (828.14): C, 39.16; H,
3.77; N, 15.22; Pd, 12.85. Found: C, 39.15; H, 3.80;
N, 15.18; Pd, 12.81.

Computational details

Geometry optimizations, frequency analyses,
molecular electrostatic potential map (MEP), and
frontier molecular orbital (FMO) calculations were
performed at DFT B3LYP (Becke, 3-parameter, Lee-
Yang-Parr) level of theory using 6-31+G(d,p) basis
set as implemented in Gaussian 09 Rev.D.01
package (6) owing to the good performance of the
functional in the prediction of geometries (7,8). A
scaling factor of 0.9632 suggested by Irikura et al.
was applied to calculate the spectra of both
cefoperazone and its sodium salt (9). The
visualization and analysis of electronic
wavefunctions were realized with GaussView5 (10),
Avogadro 1.1.1 (11), Multiwfn (12) and GaussSum
3.0 (13) softwares. The minima of the investigated
compounds were verified by analyzing the
harmonic vibrational frequencies using analytical
second derivatives, which have NIMAG=0.
Incorporation of the solvent effects was realized by
using self-consistent reaction field with the integral
equation formalism of the Polarizable Continuum
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Model (IEFPCM) (14,15,16) as implemented in
Gaussian 09 package. DMSO (¢ = 46.826) was
selected as a solvent to mimic the UV-Vis
measurement  conditions. TD-DFT  B3LYP/6-
31+G(d,p) calculations including solvent effects
(DMSO) were applied to obtain vertical excitations.

Antimicrobial studies

The in-vitro investigation of antimicrobial activity of
the metal-based complexes of was performed
using Candida albicans (fungus), Staphylococcus
aureus 65383, Escherichia coli ATCC 298925,
Klebsiella pneumoniae FMC 5, Bacillus megaterium
DSM 32, Kluvyeromyces fragilis A 230,
Mycobacterium smegmatis CCM 2067, Bacillus
cereus EU 2630, Pseudomonas aeruginosa 9027,
Enterococcus cloacea ATCC 13047, Micrococcus
luteus LA 2971, and Saccharomyces cerevisiae
WET 136 (fungus), using agar well diffusion
method. Bacterial strains and fungi were incubated
at 37x 0.1 °C in nutrient agar medium and at 25+
0.1 °C in dextrose, respectively, for 24 h. 100 yL of
these solutions were taken into Petri dishes (9 cm).
Later, Muller Hinton and dextrose agars, sterilized
in one balloon and cooled down to 45-50 °C, were
portioned to 15 mL of sterilized Petri dishes
homogenously. In addition to these Petri dishes,
500 pg of synthesized compounds was added to 6
mL of sterilized test plates. These prepared test
plates were introduced to agars. Diameters of

inhibition zones, indicating the activity of
compounds, were recorded (17).

RESULTS AND DISCUSSION

Synthesis and Characterization
Cefoperazone-metal-based complexes were
achieved by refluxing the reaction mixture

containing 1 mmol of CFP, dissolved in 25 mL of
H,O/MeOH (1:4, v/v), and 1 mmol of corresponding
metal chloride salts (CuCl,2H,0, CoCl,'6H,0,
NiCl,-6H.0, ZnCl,-2H,0, CdCl,, FeCl;*6H.O and
RuCls:3H,0) in 10 mL of MeOH for 24 h in moderate
to good yields (50 - 70%). In case of Pt(ll) complex,
PtCl, was dissolved in 2 mL of dimethyl sulfoxide
(DMSO) and the resulting solution was refluxed for
8 h rendering the target Pt(ll)-based complex in
59% vyield. Moreover, synthesis of Pd(ll) complex
was realized by considering Pd(OAc). salt dissolved
in 20 mL of AcOH. The mixture was heated up to
40 °C for 8 h to provide the required Pd(ll) complex
in 57% yield.

IR spectroscopic characterization of all the
synthesized metal based complexes involves
analysis of the vibrational modes attributed to the
coordination of functional units to metal centers
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owing to the similarity of the IR spectrum of
cefoperazone to those of its complexes. Vibrational
frequency of the ring carbonyl unit shifts to higher
wave numbers as a result of increase in strain of
the ring. Therefore, the lactam and the 2,3-
piperazinedione carbonyl vibrations show up
around 1710 and 1650 cm™, respectively, in the
spectra of cefoperazone and its metal-based
complexes (18). The amide carbonyl band of
cefoperazone is at 1756 cm? while metal
complexation shifted the corresponding vibrational
bands to lower wavenumbers at around 1670 cm™
indicative of coordination of metal to oxygen (19).
On the other side, second amide carbonyl band
appears in higher frequencies indicating lack of
contribution of the nitrogen atom to the
coordination (20). As a result, IR spectroscopic
analyses depict the coordination of metals to
cefoperazone ligand via oxygens of the amide
carbonyl groups. The lactam and piperazinedione
carbonyl groups demonstrated the absence of any
significant shift of vibrational bands in metal
coordination illustrating the lack of coordination
with lactam and piperazinedione carbonyl units.
The stretching vibrations of metal nitrogen bond in
the range of 778-825 c<m? supports the
coordination of tetrazole unit to the metal ion via
the nitrogen atom except than the Co(ll), Cu(ll) and
Ni(ll) complexes. Moreover, the N-H stretching
vibrations of amide groups in cefoperazone appear
at 3286 cm, which slightly shifted in the metal
based complexes pointing out the non-coordinated

free wunits (5,21). According to analyses of
vibrational  frequencies, metal coordination
involves one tetrazole nitrogen, two amide
oxygens and one carboxylate oxygen of
cefoperazone, that is, cefoperazone is a

tetradentate chelating agent in metal complexes
excluding Co(ll), Cu(ll) and Ni(ll) complexes (Figure
3 and Figure 5). Unlike the other metals, Cu and Ni
do not coordinate to nitrogen of tetrazole ring in a
tetrahedral structure (3), in which cefoperazone
behaves as tridentate chelating agent.

Thermal analyses of metal-based complexes
demonstrated endothermic decompositions at
around 100 °C indicating the loss of water from
complexes in the case of Ru(lll) (4%) and Pt(ll)
(4%) complexes, and the loss of water and CI-
anions together with one of the tetrazole units
(13%) from Ni(ll) complex owing to the free
conformation of tetrazole units. The loss of the
second tetrazole was observed at around 175 °C.
They moreover depicted the stability of the
complexes up to 160 and 200 °C for Ru(lll) and
Pt(Il) complexes, respectively (Figure 2).
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Figure 2. DTA-TG thermograms of Ru(III) Pt(II) and N|(II) cefoperazone complexes.

Conductivity measurements realized in 1x103 M of
DMSO at room temperature resulted in that the
solutions of all the complexes are non-electrolytes,
involving the coordination of chloride ion to the
metal center, except than Co(ll), Cu(ll) and Ni(ll)
complexes which have conductivities (A) of 211,
161 and 167 Q' cm? mol™. The obtained magnetic
moments (M) indicate high spin ions in octahedral
fields Fe(lll) complex has a magnetic moment of
5.30 B.M. which is well in alignment with high spin
d> system possessing five unpaired electrons. per
value of Co(ll) complex was measured to be 4.26
B.M. suggesting Co(ll) in five or six coordinate

CH

geometry with a high spin configuration. U« value
of Cu(ll) complex was recorded as 1.83 B.M.,,
matching well with the calculated magnetic
moment of 1.73 B.M. for a d° configuration (5).
Ru(lll) shows a low-spin octahedral geometry and
its magnetic moment was measured to be 1.85
B.M.

The Job-Plot constructed performing three
independent titrations of Fe(lll) cation with
cefoperazone anion indicated that the molar ratio
of Fe(lll) and CFP is 1, indicative of 1:1 complex
formation (Figure 4).

,i %—n N'\
” N - N [HH U‘

rJ"\ A -
HC L M
7

OH

Figure 3. Octahedral metal(ll) complexes of cefoperazone apart from Co(ll), Cu(ll) and Ni(ll) having lack
of coordination to tetrazole nitrogen in tetrahedral structure accompanied by chloride anion.
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Figure 4. Job plot constructed using results from three independent titrations of Fe(lll) cation with
cefoperazone anion.

e

: \I/ S\ N

-y l'll- .
1Y I-. - H
P

o’ o,

VN '
NN A H
] b= —— [|

CH-

M

CI—M—CI 4 H:0
i

Y .

RN
PN o,
AT
o 0O
=
)

o

7

OH

Figure 5. Fe(lll) and Ru(lll) complexes of cefoperazone.

Optical investigations

Optical properties of the cefoperazone and its
metal-based complexes were investigated in 1x10*
M solution of DMSO, rendering absorption maxima
between 250-270 nm attributed to a m-mn*
transition emerging from the NC-S moiety (22).
While the absorption bands of tetrazole units were
detected at 290-320 nm and assigned to the nm-mn*
electronic transitions, the recorded UV-Vis bands at
around 370 nm originated from sulfur atoms and
characterized as the n-m* type electronic
transitions (23). The almost unsaturated structure
of cefoperazone results in the intense UV
absorption accompanied by a tail in the visible
region, which impedes detection of the relatively
week d-d electronic transitions of the cobalt(ll) and
iron(ll) ions. The Co(ll) complex demonstrated a
broad absorption band at 625 nm assigned to a d-d
electronic transition. Pt(ll), Pd(ll) and Cd(ll)
cefoperazone complexes had the smallest Amax
values of 315, 345 and 374 nm, respectively,

whereas the absorption maxima of Zn(ll), Ru(lll),
Co(ll) and Fe(lll) CFP complexes were detected
between 528 and 671 nm. The highest Amax values
were recorded for complexes of Cu(ll) as 730 nm
and Ni(ll) as 853 nm.

Computation

The optimized geometries and vibrational spectra
of cefoperazone and cefoperazone sodium at
B3LYP level are given in Figure 6. The predicted
vibrational spectrum of the sodium salt is well in
alignment with the experimentally recorded
spectrum (24). The estimated vibrations are listed
as; 3685 (phenolic -OH stretching), 3491 (-NH
stretching adjacent to lactam), 3371 cm® (-NH
stretching proximate to piperazinedione), 1723
(C=0 stretching in lactam), 1706 and 1697 (C=0
stretching in piperazinedione), 1583 (C=0
stretching of COO-) and 1494 and 1487 cm?
(bending of -NH groups).
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Molecular Electrostatic Potential (MEP) maps
illustrate the charge distributions of molecules and

give information about the electron rich and
electron deficient parts of the investigated
molecules. MEP maps of cefoperazone and

cefoperazone sodium obtained at the same level of

-0.07405

+0.07405

(@

theory are depicted in Figure 7. For both
cefoperazone and cefoperazone sodium, it was
observed that negative charges were mainly
located on the carbonyl oxygens in both calculated
molecules, whereas the positive charge was
exclusively found on the sodium atom.

2
. fsﬁfl{:’;o ,
, o

@

-0.16300

+0.16300

®)

Figure 7. MEP maps of cefoperazone (a) and cefoperazone sodium (b).

Frontier molecular orbitals (FMO) of cefoperazone
and cefoperazone sodium, and the predicted
HOMO-LUMO gaps are demonstrated in Figure 8.
The estimated HOMO-LUMO gap of cefoperazone
sodium is slightly larger than that of cefoperazone
by 0.12 eV emerging from the destabilization of the
FMO by sodium cation. Destabilization significantly
reflected to the LUMO of salt results in higher
laying HOMO and LUMO with energies of -6.48 and
-2.06 eV compared to those of cefoperazone with -

6.56 and -2.27 eV, respectively. Hence, HOMO-
LUMO gap increases in sodium salt. While HOMO is
mainly located on phenol unit in cefoperazone,
LUMO is observed on lactam and COO" substituted
six-membered ring. However, HOMO is lying on the
sodium coordinated fragment spreading over the
tetrazole unit of cefoperazone salt and LUMO is
mainly on piperazinedione group with a small
contribution of the adjacent amide unit.
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Figure 8. FMOs of cefoperazone (left) and cefoperazone sodium (right) (isosurface values= 0.02).

The vertical excitation energies and UV-Vis spectra,
predicted from the time-dependent DFT
calculations by incorporation of solvent effect
(DMSO), are given in Table 1 and Figure 9,
respectively. The calculated spectral properties of
cefoperazone and cefoperazone sodium are in

good agreement with the recorded absorption
values. Coordination of Na* Iled to the
bathochromic shift from 285 to 294 nm. The Amax
values of cefoperazone and cefoperazone sodium
arise from the HOMO-3-LUMO (83%) and
HOMO-LUMO+1 (99%) transitions, respectively.

Table 1. Excited state electronic transitions obtained from (IEFPCM:DMSO)—-TD-B3LYP/6-31+G(d,p) level
computations (H: HOMO, L: LUMO, F: Oscillatory strength).

Aabs Energy . . .
Compound (nm) (eV) F Major contribution (%)

Cefoperazone 285 4.35 0.213 H-3-L (83)

309 4.01 0.036  H-2-L (85); H-2-L (85)

331 3.74 0.049  H-1-L (90)
Cefoperazone 294 4.22 0.129  H-L+1 (99); H-4-L+1 (19); H-2-L+1 (12)
Sodium 298 4.16 0.014 H-2-L+1 (47); H-L (37); H-L+1 (10)

299 4.15 0.024  H-L (56); H-2-L+1 (27); HoL+1 (11)
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Figure 9. Calculated UV-Vis Speétra and electronic transitions of cefoperazone (a) and cefoperazone
sodium (b).

Antimicrobial studies

The susceptibility of some bacteria and fungi
against cefoperazone and its metal-based
complexes was corroborated by measuring the

complexes gave rise to the bactericide diameters
of larger than 20 mm indicative of a good activity
(25,26). The results are listed in Table 2, depicting
different behavior of the metal-based complexes

diameter of inhibition. Cefoperazone and its with respect to cefoperazone.

Table 2. Antibacterial activity of cefoperazone and its metal-based complexes against some bacteria and

fungi.
Compound 1 2 3 4 5 6 7 8 9 10 11 12
CFP 9 5 8 10 7 9 4 - - - - 7
[Cd(H.0)(CFP)CI] 38 35 34 12 7 35 8 8 7 7 14 9
[Co(H.0)(CFP)CI] 30 34 30 8 8 29 15 9 - 10 - 28
[Cu(H.0)(CFP)CI] 23 20 22 8 12 25 14 11 - 11 7 19
[Fe(H,0)2(CFP)Cl;] 20 15 20 - 7 33 16 11 16 9 - 36
[Ni(H-0)(CFP)Cl] 15 16 20 8 10 30 10 12 7 10 - 24
[Pt(H.O)(CFP)CI] 14 10 17 13 19 16 12 20 7 12 - 17
[Pt(H.O)(CFP)CI] 21 18 21 26 20 30 25 20 24 8 12 20
[Ru(H20),(CFP)Cl:] 25 14 20 23 14 23 16 15 20 15 14 24
[Zn(H20)(CFP)Cl] 23 35 34 7 8 24 22 13 19 12 - 37

Bacteria and fungi: 1) Candida albicans (fungus), 2) Staphylococcus aureus 65383, 3) Escherichia coli
ATCC 298925, 4) Klebsiella pneumoniae FMC 5, 5) Bacillus megaterium DSM 32, 6) Kluvyeromyces fragilis
A 230, 7) Mycobacterium smegmatis CCM 2067, 8) Bacillus cereus EU 2630, 9) Pseudomonas aeruginosa
9027, 10) Enterococcus cloacea ATCC 13047, 11) Micrococcus luteus LA 2971, 12) Saccharomyces
cerevisiae WET 136 (fungus).

While all metal complexes excluding Pd(ll)
demonstrated good activity against Escherichia coli

ATCC 298925 and Kluvyeromyces fragilis A 230,
none of the compounds rendered good bactericidal
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activity against Bacillus megaterium DSM 32,
Enterococcus cloacea ATCC 13047, and
Micrococcus luteus LA 2971. Co(ll), Cu(ll), Fe(lll),
Ni(ll), Zn(ll) demonstrated to be less active than
free cefoperazone against Klebsiella pneumoniae
FMC 5. The highest antibacterial activity was
recorded by Cd(ll) against Candida albicans, and
Fe(lll) and Zn(ll) against Saccharomyces cerevisiae
WET 136.

CONCLUSION

Metal-based cefoperazones characterized to have
1:1 metal to antibiotic stoichiometry were
synthesized and their spectroscopic analyses were
performed. Their antimicrobial investigations
illustrated good activities of all the metal
complexes excluding Pd(Il) against Escherichia coli
ATCC 298925 and Kluvyeromyces fragilis A 230.
The highest antibacterial activities were observed
by Cd(ll) against Candida albicans, and Fe(lll) and
Zn(ll) against Saccharomyces cerevisiae WET 136.
DFT computations were conducted to shed light on
the electronic structure of cefoperazone and its
sodium salt. Detailed analyses of the predicted
results helped us get a glimpse of metal based
cefoperazone complexes. Based on the results, it is
stated that character of metal ion and of
microorganism play important roles in efficiency of
antibacterial activities.
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IR spectra of cefoperazone and its metal complexes
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Abstract: Infectious diseases caused by bacteria has become a global health issue, especially antibacterial
drug resistance. The most serious concern with antibacterial resistance is that some bacteria became
resistant to almost all antibacterial drugs, which makes them less effective. Archidendron jiringa is one of the
most potent medicinal plants to be developed as a new source of antibacterial components. In current study,
based on the antibacterial assay-guided approach, the separation of bioactive fractions of A. jiringa stem
roots was carried out through several stages including isolation, fractionation, and characterization. The
stages of isolation of secondary metabolites were conducted by gradually extraction followed by
fractionation using chromatographic methods. The antibacterial potential of extracts was evaluated by the
disc diffusion and microdilution methods employing the resazurin assay against one Gram-negative resistant
bacteria, Escherichia coli, and one Gram-positive bacteria, Bacillus subtilis. Among three extracts obtained,
ethyl acetate and methanol extracts demonstrated to be the most significant antibacterial effects, while no
antibacterial activity was shown on the n-hexane extract. The fractionation of ethyl acetate extract led to the
isolation of the most bioactive fractions (E,8:5 and E,8:6) with the MIC’s values ranging of 12.5-25 ug/mL for
both resistant bacteria. Due to the low amount, only the fraction E,8:6 was subjected to analysis by *H-NMR
spectroscopy. The results exhibited that the bioactive fraction was obtained as a mixture of at least three
major constituents. However, the purification of the bioactive fraction is required, to further clarify the
antibacterial compound that can be utilized as a new promising antibacterial agent. The bioassay-guided
separation approach and the dye resazurin as an indicator of the growth of bacteria are applied for the first
time for the phytopharmacological investigation from this plant. The present study represented the most
effective method for subsequent finding and isolation of potential novel antibacterial constituents from A.
Jiringa stem roots, in particular against the multi-drug resistant strains.
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INTRODUCTION

Infectious disease is a serious global health problem,
and every year, it causes deaths of 13 million people
worldwide, especially in developing countries like
Indonesia (1, 2). WHO (World Health Organization)
data show that viral, bacterial, fungal and parasitic
infections are the biggest cause of death for the
world's population. The use of antibiotics in the
prevention of infectious diseases is the only solution
(3). However, continuous use of antibiotics raises
new problems for health, especially the resistance of
microorganisms that causes infection (1, 2). Bacteria
are the most abundant organisms and widespread in
living things. In terms of distribution and number,
most bacteria may cause disease in humans and
other living things (3). B. subtilis and E. coli are the
most common pathogenic bacteria in humans; E.
coli is a Gram negative bacterium found in the large
intestine of humans, and is a major cause of
diarrheal diseases, especially in infants and children
(1-3). The mortality rate from diarrhea in Indonesia
is still around 7.4%, while the mortality rate due to
persistent diarrhea is higher at 45%. In 1,000
inhabitants, 200-374 subjects experience diarrhea,
with 60%-70% of whom are children under the age
of 5 (4).

Bacterial resistance to antibiotics is a problem that
has not been resolved until now (3, 5, 6). The E. coli
resistants to chloramphenicol group of antibiotics
and amoxicillin have long been reported (2, 3, 7, 8).
The greater the percentage of bacterial resistance
to an antibiotic state that bacteria are no longer
susceptible to these antibiotics. Various studies to
overcome the bacterial resistance were carried out,
but no effective reports exist. Thus, investigating
new antibacterial substances that are still active and
selective is necessary. The search for antibiotic
sources from natural ingredients is still the main
trend for researchers. The ability of bioactive
compounds of natural materials as a healing
medium is estimated because of the content of
secondary metabolites, including terpenoids,
steroids, coumarin, flavonoids, and alkaloids (10-
18).

One of the plants that has not been studied
intensively in Indonesia is the family of Fabaceae
(18, 19). The Fabaceae family demonstrates quite
interesting bioactivity such as antibacterial (18, 19),
antituberculosis (20), antioxidants (21), anticancer
(22), and antimalarial (18, 23). The jengkol plant (A.
jiringa (Jack) 1. C. Nielsen), which belongs to the
Fabaceae family, is commonly used by the
Indonesian people as traditional medicine (18).
Jengkol leaves are efficacious as medicine for
eczema, scabies, sores, and ulcers, and the skin of
the fruit is used as ulcerative medicine. Several
studies were carried out on jengkol plants, including
the leaves, fruit peel, and seeds (18, 19, 21, 24).
The phytochemical screening has been done on
jengkol fruit peel, seeds, bark, and leaves extracts
(24). Based on this screening, from the parts of
jengkol contain alkaloids, steroids, triterpenoids,
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glycosides, saponins, flavonoids, and tannins.
However, research on the stem roots of the jengkol
plant was never performed.

In our ongoing investigation for new lead
constituents from medicinal plants, we elaborated
the bioactive secondary metabolites of A. jiringa
stem roots and assayed their antibacterial activity.
The aims of the study were to obtain antibacterial
active fractions from the stem roots of A. jiringa,
based on the bioassay-guided separation approach
through their antibacterial property.

EXPERIMENTAL SECTION

Plant Materials

Samples of the stem roots of A. jiringa were
assembled on January 25, 2018 from Unila’s Housing
area at Gedongmeneng District, Bandar Lampung,
Lampung Province, Indonesia. The plant specimens
(NV6/NRGD/2018) were identified at the Herbarium
Bogoriense, LIPI Bogor, Indonesia.

General Experimental Procedures

TLC was performed on silica gel 60 GF,s, plates
(Merck; 0.25 mm) and sprayed with staining reagen
Ce(S04),;. Column chromatography (CC) was made
on silica gel (Kieselgel 60, 70-230 mesh ASTM;
Merck) and Sephadex LH-20. 'H NMR spectrum was
measured in acetone-d¢ (TMS as an internal
standard), on an NMR Agilent 500 MHz
spectrophotometer (Agilent Technologies, JNM-
ECZ500R/S1) or Bruker 500 MHz spectrometer.
Finally, Microplate Reader Hospitex-Italy was used to
measure the absorbance resulted on the resazurin
assay, while UV spectra were performed using an
Eppendorf BioSpectrometer kinetic instrument.

Bacterial Strains and Biochemicals

Ampicillin and chloramphenicol were purchased
from Sigma Aldrich, and resazurin sodium salt was
purchased from Sigma Aldrich. Gram-positive
bacteria, B. subtilis ITBCCB148, was obtained from
the Microbiology and Fermentation Technology
Laboratory, Bandung Institute of Technology, Gram-
negative bacteria, E. coli UNIATCC25922, nutrient
agar broth, disposable sterile petri dishes
(Idealcare), disposable syringe, micropipette tips,
sterile tissue culture 96-well plates.

Preparation of Extracts

Fresh chopped stem roots of A. jiringa (2.5 kg) were
cleaned by rinsing under running tap water to
remove soil and dirt. The samples were dried in an
open space for three weeks, and the air-dried roots
are finally ground into a powder form. The powdered
air-dried stem roots (1.5 kg) were extracted with a
polar gradient polarity of solvent using the
maceration technique. The solvent used at this
stage starts from the solvent which exhibits the
lowest polarity, n-hexane, followed by ethyl acetate
(EtOAc), and finally with a high polarity organic
solvent, methanol. Each extraction was conducted
three times in each type of solvent. Before changing
the type of solvent, the extract residue is first air
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dried for at least three days or until the residue is
dry/free of solvent. The filtrates obtained from
maceration obtained from polar gradient solvents
are then separated from the residue by ordinary
filtration. The filtrates are then concentrated under
reduced pressure using a vacuum rotary evaporator
to yield n-hexane (3.6 kg), EtOAc (55.8 kg), and

Extraction and Isolation Part
Stem Roots powder
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methanol (67.2 kg) extracts, respectively. Using
agar disc diffusion and microdilution methods, each
extract obtained was subjected to an assay of its
antibacterial activity. The most active extract was
further isolated and fractionated through the
bioassay-guided separation approach. The general
research flowchart can be seen in Figure 1.

of A. jiringa

Viaceration with various solvent gradiently

Evaporation under vacuum
Plant
extract
Isolation and framtnnat'roﬂ

[ [ ] [
Fraction B
Antibacterial Assay Antibacterial Assay Antibacterial Assay Antibacterial .Ass;l Antibacterial Assay

Bioassay Guided Fractionation Part

Moderate
active

fraction

The most
active fraction

Antibacterial

activity of pure

compound
Structure

elucidation

P Purification

Figure 1. Research flow chart of bioassay guided separation.

Bioassay-guided Separation of Ethyl Acetate
Extract

Based on the antibacterial activity results of
extracts, the EtOAc extract (55.8 g) was selected to
be isolated and fractionated further using the VLC
method on silica gel (35-70 Mesh). The column was
eluted with a stepwise gradient polarity of the
solvent systems, including n-hexane-EtOAc (100%-
0% of n-hexane), EtOAc-acetone (100%-0% of
EtOAc), and acetone-MeOH (100%-0% of acetone),
affording 23 fractions (200 mL each). According to
their chemicals profile analyzed by TLC and their
proton NMR spectrum, these fractions were grouped
and combined into seven primary fractions, E:1
(fr.1-10), E;2 (fr.11), E:3 (fr.12), E,4 (fr.13), E;5
(fr.14-15), E;6 (fr.16-19), E,7 (fr.20-23) (Figure 2).
All  fractions E;1-E,7 were tested for their
antibacterial property separately using disc diffusion
and microdilution methods. Among all fractions
tested, three fractions exhibited antibacterial

activity against both bacterial strains with quite
similar MIC's values, therefore fraction E;2 (439.5
mg) was subjected to further fraction due to the
simplest chemical profile on its TLC. Fraction E,2
was redissolved in acetone and then purified with
CC on silica gel G-60 (35-70 Mesh) using
n-hexane/isopropyl alcohol with the ratio volumes of
70/30, 60/40, 50/50, and 40/60, generating six
major subfractions, E;2a (132.0 mg), Ez2b (8.4 mq),
E,2c (9.0 mg), E;2d (47.0 mg), E;2e (2.0 mg), and
E;2f (50.3 mg). Using microdilution methods, all
subfractions were screened against both bacterial
strains tested. The MIC’s values and optical density
(OD) means of bioactive subfractions were
described on Table 2. Among them, two subfractions
(E;2e and E;2f) performed the most antibacterial
activity against B. subtilis and E. coli, with the MIC’s
values ranging of 12.5-25 ug/mL. Only subfraction
E.2f was selected to be analyzed further by *H-NMR
spectroscopy as exhibiting sufficient quantity.
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Air-dried stem roots (1.5 kg)

Maceration with n-hexane 1x24h (3x); filtration
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Figure 2. Scheme of bioassay guided separation of EtOAc extract subfractions.

Phytochemical Screening

The phytochemical screening was performed for
triterpenes/steroids, alkaloids, flavonoids, and
saponins, by using the standard procedures (25).
The formation of precipitate or the color intensity
was applied for analytical response of screening
results.

Evaluation of Antibacterial Activity

For the testing antibacterial activity, the microbial
strains employed in the biological assay are gram
positive bacteria, Bacillus subtilis. Gram negative
bacteria, Escherichia coli, have been obtained from
a stock culture from Hospital Abdul Muluk, Bandar
Lampung, Indonesia. To maintain stock culture,
original cultures are further stored at a low
temperature in the refrigerator. Fresh cultures are
used for testing antibacterial activity using disc
diffusion assay and dilution methods.

Disc diffusion assay

The antibacterial activity of the stem roots extract
(n-hexane, ethyl acetate, and methanol) were tested
by the disc diffusion method (26) against pathogenic
bacteria gram negative (E. coli) and gram positive
(B. subtilis). In this method, freshly prepared agar
media is dispensed into the sterilized petri-dish. The
agar is allowed to solidify, and 100 uL of the
bacterial suspension was poured over the agar
media and spread by a spreader or a rod. Ampicillin
and chloramphenicol (30 pg/dish) is used as a
positive control, while methanol is used as a
negative control. In each culture medium petri-dish,
four disks were used, one disk of antibiotics, two
discs separately for (n-hexane, ethyl acetate, and
methanol) extracts, and one disk used as a control
(methanol). The plates are sealed and incubated
overnight at 37 °C in the incubator. Next,
antibacterial activity is assigned by measuring the
inhibition zone formed around the discs, and the
diameter of zone of inhibition (mean of three
replicates SD) as indicated by clear area was
measured to determine the antibacterial activity.

The experiment is replicated three times to confirm
the reproducibility.

Determination of MIC via Resazurin Assay
Resazurin assay was carried out in 96-well plates
titration with some minor modification (27). In the
complete nutrient broth, two-fold dilutions of plant
extracts and antibiotics were prepared in the test
wells. The final concentration (20 uL of each
bacterial suspension) was added to 180 pul of
antibiotics and plant extracts (30-0.02 mg/mL in
seguence) contained in the culture medium, as well
as the antibiotics concentrations of 0.06 mg/mL and
0.12 mg/mL for amphicilin and chloramphenicol,
respectively. For the comparative study, control
plates were prepared only with the culture medium
and bacterial suspension. The plates were sealed
and incubated for 12 hours at 37 °C for an additional
5 hours. At 1-hour intervals, plates were observed
for a blue to pink and pink to colorless color change
in living bacterial strains containing wells.
Preliminary micro titer plate assay reveals that the
fast decolonization of resazurin extract does not
exhibit antibacterial potential. The bioactivity of
extracts was screened, which shows that the
extracts inhibit the dye reduction.

RESULTS AND DISCUSSION

The plant material was macerated using gradient
polarity of solvent and afforded n-hexane (3.6 kg),
EtOAc (55.8 kg), and methanol (67.2 kg) extracts.
EtOAc extract performed the most bioactive extract
against two bacterial strains, E. coli and B. subtilis,
using agar disc diffusion and microdilution methods.
Using the diffusion method, extracts of n-hexane,
EtOAc, and methanol obtained from the extraction
stage were each screened for antibacterial activity
tests against E. coli and B. subtilis bacteria.
Bioactivity test results in bacteria E. coli and B.
subtilis were observed based on the diameter of
inhibition zones, as tabulated in Table 1.
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Table 1. The results of inhibitory zone of the extracts (in mm) against E. coli and B. subtilis.

E. coli B. subtilis
Concentration n-hexane EtOAc MeOH n-hexane EtOAc MeOH
0.3 mg/disc - 10 8 - 8 7
0.5 mg/disc - 11 9 - 9 8

The results of the antibacterial screening test on the
three extracts by diffusion method showed that
EtOAc extract exhibited better bioactivity, compared
to n-hexane and methanol extracts. Furthermore,
the repetition of the antibacterial activity test
carried out using a dilution method in order to
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determine the minimum inhibitory concentration
(MIC) of each fraction. The results of the MIC test of
the three extracts using the dilution method against
E. coli and B. subtilis bacteria can be seen in Figure
3, while the optical density (OD) values can be seen
in Table 2.
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Figure 3. MIC testing of n-hexane, EtOAc, and methanol extracts using 96-well plates (a) on E. coli (b)
bacteria on B. subtilis bacteria.

Table 2. The results of MIC test of n-hexane, EtOAc, and methanol extract using dilution method against E.
coliand B. Subtilis.

Average Average
No Type of of OD on °fODon MIC (pg/mL) MIC (pg/mL)
extract E. coli* B. on E. coli on B. subtilis
) subtilis*
1 n-hexane 0.76838 0.54231 - -
2 EtOACc 1.88706 1.48556 12.5 50
3 Methanol 1.68644 1.66288 6.25 6.25
4 Positive control 1.773 1.48025 0.78 0.78
5  Negative 0.74013  0.57575 - -
control ) )

The test results based on Table 2 show that semi-
polar EtOAc extract and polar methanol
demonstrate a minimum inhibitory concentration
better than n-hexane extract. In this dilution
antibacterial test, using visual observation is not
sufficient to observe the presence or absence of
bacterial growth; however, this tends to be
subjective from each person's eyesight so the risk of

error is relatively greater. This occurs because the
color test makes it difficult to observe, so
absorbance values before and after incubation are
used to help determine the presence or absence of
bacteria. The wavelength used to measure the
number of microbes is 600 nm, because cells in the
mitochondria and cytoplasm absorb at that
wavelength (28). After incubation for 18 hours and
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measuring the OD, the addition of the reaction color
was resazurin and was reincubated for 4 hours until
the color changed. This color change occurred
because resazurin exhibits a blue color that is not
fluorescent, and it can be reduced to a fluorescent
pink color. The change in color from blue to pink is
an indicator of cell reduction. The color change of
resazurin is carried out by enzymes in cells in the
mitochondria and cytoplasm (27).

Based on the results of the antibacterial tests that
were carried out, EtOAc extract was chosen for the
fractionation and purification process because it
exhibits the best antibacterial activity in inhibiting
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bacterial growth to a minimum inhibitory
concentration of 12.5 and 50 pg/mL, compared to
extract n-hexane, which demonstrates no inhibition
at all. The results of fractionation with the VLC
process showed that a separation was present
between semi-polar components and non-polar
components, resulting in seven combined fractions,
namely E;1 (fr.1-10; 23 mg), E>2 (fr.11; 439.5 mg),
E>3 (fr.12; 1,336 mgq), E»4 (fr.13), E;5 (fr.14-15), E;6
(fr.16-19), E,7 (fr.20-23; 1,675 mg). All these
fractions were screened for antibacterial activity
using the agar diffusion method, and the results
obtained were tabulated in Table 3.

Table 3. The diameter of inhibition zone (mm) of VLC-1 and VLC-2 fractions against E.coli and

B. subtilis
E. coli B. subtilis
Concentration E;1l E>2 E>3 E.7 E.;1 E,2 E.3 E.7
0.3 mg / disk 7 10 8 7 7 10 8 7
0.5 mg / disk 7 11 8 8 7 12 9 8

Using a dilution method to determine the MIC value,
each antibacterial active fraction obtained above
was then re-tested for bioactivity. The results of the
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MIC test can be seen in Figure 4, and the average
OD of each fraction can be seen in Table 4.
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Figure 4. The MIC test on VLC fractions against: (a) E. coli; (b) B. subtilis.

Table 4. The result of MIC test of VLC fraction against E. coli and B. subtilis using dilution method.

No Fraction (a:)\ll)erage gr? average  mic (ng/mL)  MIC (pg/mL) on B.
code on E. coli subtilis on E. coli subtilis

1 E,1 1.16363 1.02819 50 )

2 E,2 1.49338 1.54488 25 25

3 E.3 1.25269 1.74956 25 25

4 E.7 1.39525 2.34931 25 6,25

5 Positive 2.16563 2.28425
control 0.78 0,78

6 Negative 0.86413 0.60838 - -
control
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From the test results shown in Table 4, it was found
that the fractions of E;2, E.3, and E,7 gave a smaller
value of the minimum inhibitory concentration
compared to other fractions both against E. coli and
B. subtilis bacteria. The E,2 fraction (439.5 mg) was
then selected for further purification by mass
consideration. Phytochemical screening, especially
flavonoid and phenolic tests, was carried out on the
E,8 fraction, which showed positive tests for the
presence of flavonoids and phenolics. Purification of
the E;2 fraction (439.5 mg) produced six main
subfractions, namely E;2a (132.0 mg), E;2b (8.4
mg), E>2c (9.0 mg), E,2d (47.0 mg), E;2e (2.0 mg),
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and E;2f (50.3 mg). Then, the subfractions were
carried out using MIC test 96-well plates, to
determine the minimum inhibitory concentration of
the subfraction. The results of MIC on E. coli bacteria
are that the E,2c, E,2d, E,2e, and E,2f fractions
exhibit a better minimum inhibitory concentration
compared to other fractions. However, the MIC
results in B. subtilis bacteria all fractions showed
lower inhibitory ability than in E. coli bacteria. The
results of the E,2 subfraction MIC can be seen in
Figure 5 and for the average OD of each fraction can
be seen in Table 5.

Table 5. The result of MIC test on E,8; subfraction using 96-well plates against E. col/i and B. subtilis

No SUbTaction ofG5Gn “Gbons, MICamLIin  MICg/ml)
E. coli subtilis ) )
1 E.2a 1.49731 1.27825 50 100
2 Es2b 1.44425 1.22788 50 50
3 E,2C 1.29094  0.99919 25 50
4 E,2d 125900  0.84613 25 50
5 E.2e 1.39463 1.18294 12,5 25
6 E,2f 1.34638 1.14100 25 25
7 Positive 1.54525  1.45938 0,78 0,78
8 Negative 085238 0.56950 0 0
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Figure 5. MIC test on E,2 subfractions using 96-well plates against: (a) E. coli; (b) B. subtilis.

Based on the results obtained, a decrease in the
minimum inhibitory concentration can be seen
compared to the antibacterial activity test on the
VLC results as observed on the purification results of
the E,2 fraction. This fact occurs due to the possible
composition of active compounds contained in the
sample. According to Priya et al. (29), when an
increase or decrease in a component of an active
compound occurs, a possibility of influencing the
activeness of the compound itself exists. From the
test results shown in Table 5, researchers found that

the E;2e and E,2f subfractions gave a smaller
minimum inhibitory concentration value compared
to other subfractions, both against E. coli and B.
subtilis bacteria. Among them, two subfractions
(E;2e and E,2f) performed the most antibacterial
activity against B. subtilis and E. coli, with the MIC's
values ranging from 12.5-25 pg/mL.

However, E,2f was chosen to be further
characterized because in terms of quantity more
than E;2e. As can be seen in Figure 6, subsequent
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characterization of the E,2f subfraction was carried
out using proton nuclear magnetic spectroscopy (*H-
NMR).

The spectrum shown in Figure 6 indicates that the
E,2f subfraction is not pure. However, interpretation
of the 'H-NMR data can still be done, by referring to
the results of the phytochemical test of the fraction
which shows the content of phenolic compounds or
flavonoids in the subfraction. Therefore, a
comparison reporting the presence of phenolic or
flavonoid compounds in the same plant type is
sought in journals to estimate the types of bioactive
compounds which are obtained. From the NMR
spectrum of proton E;2f subfraction, the results
show indications of aromatic protons in the chemical
shift region &4 6-7. The signal for the methoxy group
(-OCHs) at 64 3.7, the proton signal at 64 8.01 with
the peak of the chemical shift of the hydroxyl group
(-OH) attached to an aromatic ring. As well as the
typical peaks for alkanes at 64 0.89-2.2.

The isolation of phenolic compounds from the fruit
skin of jengkol plants, and the researchers identified
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them as 1-(2,6-dihydroxy-4-methoxyphenyl) decan-
1-one (Figure 7) has previously been reported (30).
Based on the comparison of the proton chemical
shift values between the isolated subfraction and 1-
(2,6-dihydroxy-4-methoxyphenyl) decan-1-one,
researchers estimated that the main active
compound contained in the E,2f subfraction is a
phenolic compound, namely 1-(2, 6-dihydroxy-4-
methoxyphenyl) decan-1-one. However, further
purification in the E,2f subfraction still needs to be
performed, to ensure the active compounds which
are responsible for inhibition of the test bacteria.
The results obtained in the spectrum exhibit
similarities with the spectrum that was reported by
others (30), as can be seen in Table 6. However,
antibacterial studies have not yet been found
against compound 1-(2,6-dihydroxy-4-
methoxyphenyl) decan-1-one, so it is thought to be
synergistic: between compounds 1-(2,6-dihydroxy-4-
methoxyphenyl) decan-1-one with other compounds
that cause antibacterial activity, as seen in the
antibacterial test results in fractions of VLC results.

Table 6. Comparison of chemical shifts in *H-NMR subfraction E,2f with compounds 1-(2,6-dihydroxy-4-

methoxyphenyl)decan-1-one.

No Proton type 64 proton in Subfraction E»8,6 (ppm) 54 Proton in re:ggince compound
1 Aromatic 6-7 7.04

2 Methoxy 3.7 3.79

3 Hydroxy Aromatic 8.01 8.01

4 Alkane 0.89 -2.2 0.89-2.21

Based on the results of interpretation of 'H-NMR,
data seen in Table 7 indicate that the E,2f
subfraction is not pure, but it is seen in the
integration that indicates the possibility of the
presence of three mixed compounds distributed in
the chemical shift region 64 0.89-8.01 ppm. The first
group exhibits chemical shifts that are distributed in

the area of 64 8.01, 6.8, 6.79, 6.76, 6.74, 6.20, 5.87,
4.58, 3.99, 2.53, and 1.67 ppm. The second group is
distributed in the area of chemical shift &4 7.05,
6.82, 5.91, and 4.20 ppm. Whereas, the third group
was distributed in the area of chemical shift 64 6.36,
6.29, and 0.89 ppm. The complete shift of proton
chemistry and its integration can be seen in Table 7.

Table 7. Coupling constant and *H-NMR Integration of E,2f subfraction.

No (6;pm) Multiplicity Integration J (Hz)"
1 8.01 d 0.90! 16.5
2 7.05 d 0.26° 2.5
3 6.8 d 091! 2.5
4 6.82 d 0.69 2 1.5
5 6.79 m 1.23° 4
6 6.76 d 2.231 1.5
7 6.74 d 2.231 1.5
8 6.36 d 0.333 2.5
9 6.29 d 0.31°3 2.5
10 6.20 m 2.50! 2.5
9 5.91 m 0.42° 2.5
10 5.87 m 2.00! 2
13 4.58 m 2.40? 7.5
14 4.20 t 0.45° 4
15 3.70 m 3.21! 3
16 2.53 m 2.10! 3.5
17 1.67 m 1.24° 5.5
18 0.89 m 0.58° 8.5

Superscripted 1, 2, and 3 are codes for different types of groups of compounds.
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Figure 6. 'H-NMR spectra of (a) E,2f subfraction; (b) Reference compound (30).
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Figure 7. Structure of compound 1- (2,6-dihydroxy-4-methoxyphenyl) decan-1-one.

CONCLUSIONS

The EtOAc extract of jengkol (A. jiringa (Jack) I. C.
Nielsen) root bark exhibits antibacterial activity
against E. coli and B. subtilis bacteria, which is
better than the n-hexane extract. Compared to
other fractions from the same column, the E13
fraction and E28 fraction exhibit better antibacterial
activity against E. coli and B. subtilis bacteria. The
E13 fraction and E28 fraction exhibit better
antibacterial activity against E. coli and B. subtilis,
compared to the E13 subfraction and E28 fraction as
a result of its purification. Based on the 'H-NMR
result data, the compounds detected in the E.8:6
subfraction are a phenolic compound type. Lastly,
this study is the first reported from this plant and
the potential exists to further investigate the
invention of new promising antibacterial agent from
plants.
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Abstract: The qualitative detection of phytochemical compounds of extracts was carried out using color
reagents, total content of phenols and flavonoids was specified using Folin-Ciocalteu and aluminum
chloride method, respectively, and antioxidant activity was determined through its ability to free radicals
scavenging using DPPH radical. The efficacy of the plant extracts against pathogenic bacteria was studied
by agar well diffusion method with different concentrations, and microdilution method was used to
measure minimum inhibitory concentration (MIC) of all plant extracts. The results showed presence of
tannins, phenols, and flavonoids in all extracts of both plants, while saponins were found in aqueous
extracts only, cardiac glycosides and coumarins were absent in all plant extracts. Ethanolic extract of
Pistacia atlantica recorded the highest content of phenols and flavonoids as 263.76 + 0.53 (mg GAE/g

w) and 46.83 = 0.55 (mg RE/g Dw), respectively. While aqueous extract of Pinus canariensis recorded
the lowest content of of phenols and flavonoids 30.11 + 0.37 (mg GAE/g Dw) and 5.43 = 0.38 (mg RE/g
Dw), respectively. Both plants have been shown to have good antioxidant activity, as ethanolic extract of
P. atlantica recorded the best ability to free radicals scavenging 90.27% +1.51, ethanolic extracts of
both plants were the most effective in inhibiting bacteria especially at high concentrations (500 mg/mL);
the inhibition zone diameter of P. atlantica extract reached 33.56 mm against Shigella boydii, while
aqueous extract of P. canariensis was the most effective against Pseudomonas aeruginosa; the inhibition
zone diameter was 21 mm. MIC ranged between 5.468 and 43.75 mg/mL depending on plant extract and
bacterial species. This confirms the importance of plant extracts as a natural source of antibacterial to
confront problems of increasing bacterial resistance to antibiotics that threaten public health.

Keywords: Total phenolic, flavonoid, DPPH, antibacterial activity, MIC value, Pistacia atlantica, Pinus
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INTRODUCTION

Plants have shown an important role in treating
and preventing many diseases in pharmacology
since past time, and plant extracts were used to
treat various diseases such as diarrhea, sleep
disorders  and cough, infections, cancer,
cardiovascular, and diabetes, due to their wide
spread and diversity, and they contain many
compounds with therapeutic characteristics. In
addition, medicinal plants have been shown to
possess the advantage of having low side effects
compared to antibiotics (1, 2). About 80% of the
world's population depends on traditional medicine
according to WHO estimates. As a result, the

demands of plant extracts for medicinal purposes
in many countries had been increased (3). It was
focused on that secondary metabolites in medicinal
plants are characterized with different medicinal
properties. On the other hand, detection of genes
of Staphylococci maintained increasing antibiotic
resistance as well as: amoxicillin/ clavulanic acid
65%, ampicillin 70%. Percentage of presence of
MRSA strains was 15% and MRCNS was 6.66% (4).
Occurrence of bacterial multidrug resistance
feature side effects of medicine use induced WHO
to maintaining importance of plants therapy (5).
The random use of antibiotics used to treat
diseases sometimes led to negative side effects on
the host as immune response, allergic reactions,
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and hypersensitivity, which necessitated to
develop alternative drugs from different sources
such as plants (6). A positive effect of Myrtus
communis extracts occurred against pathogenic
bacteria (7), and the effect of Lamiaceae plants
extracts as Mentha and Ocimum; which induce to
isolate and study phytochemicals for explaining its
effects against microorganisms (8).

Pistacia atlantica (Anacardiaceae) is a tree with a
length of 2-5 m, its branches are grayish-white and
have leaves composed of 9 to 11 leaflets (pinnate
compound leaves). Oleoresin is secreted by the
trunk featuring a yellowish-green color and a mild
smell (9), and it contains many chemical
compounds in various parts of the plant: a-pinene,
limonene, B-pinene, terpinolene, camphene, bornyl
acetate, sabinene, p-mentha-1 (7),8 diene, A3-
carene, spathulenol, masticadienonic acid, morolic
acid, gallic acid, oleanolic acid, tetragalloylquinic
acid, quinic acid, quercetin-3-glucoside, 3-O-acetyl-
3-epiisomasticadienolic acid, 3-
methoxycarpachromene, B-myrcene, (9, 10, 11). P.
atlantica has antibacterial activity, as a research
has indicated that it has widespread inhibitory
effects against number of Gram (-) bacteria (E. coli,

Proteus  mirabilis, Pseudomonas aeruginosa,
Enterobacter cloacea, Salmonella typhi,
Acinetobacter  baumannii) and Gram (+)

(Staphylococcus aureus, Listeria monocytogenes)
(12, 13), and antifungal properties against some
microorganisms (Aspergillus fumigates, Aspergillus
flavus, Aspergillus niger, Candida sp) (14), and
anti-adenovirus agent (15), and anti-inflammatory
activity (16).

Pinus canariensis (Pinaceae) is an evergreen tree
reaches more than 30 m high, resin canals in
wood, bark, leaves and often cones, Dwarf shoots
(fascicles) hold three long (20- 30 cm) needles
(17). Analysis of the essential oil showed 116
compounds; more than 100 substances belonging
to terpenoids: (sesquiterpenes, monoterpenes, and
diterpenes) by 52.1%, 42.7%, and 4.8%
respectively, the most important substances of
monoterpenes are (a-pinene 23.1%, B- pinene
1.6%, myrcene 5.8%, limonene 10.1%) (18).
Another study showed the presence of
monoterpenes 30.7%, the most important of which
were (a- pinene 14.6%, B- pinene 1.2%, myrcene
6.4%, and limonene 7.9%), and sesquiterpenes
66.6%, (as germacrene D formed the main
compound 44%, then B-caryophyllene 8.7%), and
diterpenes 2.4% (19). Pinus in traditional medicine
are used for respiratory system as antiseptic and
expectorant, also for gastrointestinal disorders,
urinary system diseases and for the treatment of
skin diseases. Pine needles extracts showed effect
against a range of bacteria as (Staphylococcus
aureus, Escherichia coli, Pseudomonas aeruginosa,
and Bacillus cereus) (20) pine needles showed
exhibit strong antioxidant, antimutagenic and also
antitumor effects in vivo and point to their
potential usefulness in cancer prevention (21).
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The increase in the infectious diseases and the
development of bacterial resistance to antibiotics,
and their side effects necessitate search for new
compounds that are effective against pathogenic
bacteria. This research aims qualitative (alkaloids,
cardiac glycosides, resins, tannins, flavonoids,
saponins, phenols, and coumarins) and
quantitative screening (total phenolic and flavonoid
contents), and study of antioxidant activity of
Pistacia atlantica and Pinus canariensis leaf
extracts, and testing their bioactivity against
pathogenic bacteria.

MATERIALS AND METHODS

Collection of Samples

Samples of Pistacia atlantica and Pinus canariensis
leaves were collected in Sweida area (Syria) in
September of 2019, and washed with distilled
water to remove impurities, and dried in shadow
for 14 days, and ground into a dry soft powder, and
powders were stored in refrigerator at 4 °C until
use (13).

Preparation of Extracts

Aqueous and ethanolic extracts were prepared
using Soxhlet method; 50 grams of powdered
leaves were separately extracted in 500 mL of
water and ethanol at a ratio 1:10 (w/v) for 7 h, and
filtered using Whatman filter paper Nel. Filtrates
were evaporated using a rotary evaporator under
vacuum at 40 °C and kept in refrigerator at 4 °C
until they were used (22). All extracts were
sterilized before use by filtration through
membrane filters 0.45 pm. Determination of
percentage yield (%) was calculated using the
formula (23):

yield % = (weight of final dried extract / weight of
initial dried plant sample) x 100

Phytochemical Qualitative Screening Test

Test for Alkaloids

a-Dragendorff’'s reagent test: A few drops of
Dragendorff’s reagent were added to (1 mL) of
each extracts and mixed, then diluted hydrochloric
acid (2 mL) (HCl) were added. formation of
precipitate of reddish-yellow color indicates
appearance of alkaloids.

b- Mayer’s test: To each 1 mL of studied extracts a
few drops of Meyer's reagent were added.
Formation of a creamy white precipitate indicates
appearance of alkaloids (24).

Test of Cardiac glycosides

Keller Killiani Test: 1 mL of anhydrous acetic acid
added to each extract of plant and shaken, then a
few drops of ferric chloride were added, and 2-3
drops of sulfuric acid (concentrated) were added
carefully to the test tube, appearance of a reddish-
brown-colored ring at the junction of two layers,
which confirms the positive test (24, 25).
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Test for Resins

Turbidity test: 10 mL of distilled water was added
to each plant extract, to which a few drops of 4%
HCl were added. Appearance of turbidity in solution
indicates presence of resins (25).

Test of Tannins
Lead acetate Test: A few drops of lead acetate
were added to 1 mL of plant extract. Formation of
a large white-brown precipitate indicates presence
of tannins (24).

Tests for Flavonoids

a- Shinoda Test: 0.5 g of magnesium powder was
added to each plant extract, then a few drops of
concentrated hydrochloric acid were added.
Appearance of a red color indicates presence of
flavonoids.

b- Alkaline Test: Sodium hydroxide solution was
added to 1-2 mL of each plant extract. A yellow to
red color formed in test tube confirms presence of
flavonoids (24, 25, 26).

Test for Saponins

One mL of plant extract was added to 20 mL of
distilled water, and shaken vigorously for 5-10
minutes. Formation of a froth column that does not
disappear by adding HCI indicates presence of
saponins (25, 26, 27).
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Test for Phenols

To each plant extract was added 1 mL of FeCl;
(5%). Formation of bluish-black color indicates
presence of phenols (25).

Test for Coumarins

One mL of each extract were taken in separate
tubes, and covered with a filter paper moistened
with 1IN NaOH solution, and heated for a few
minutes. When these tubes yield a yellow
fluorescence under UV light, this indicates the
presence of coumarins (24).

Phytochemical Quantitative Screening Test

Total phenolic content (TPC)

TPC in all plant extracts were measured by the
Folin-Ciocalteu method, 1000 pL of each sample of
concentration of 0.011 g/mL was added to 4.8 mL
distiled water, 4 mL sodium carbonate 2%
(Na;COs) and 200 pL of Folin- Ciocalteu reagent
and mixed fully, the absorbance was recorded at
760 nm by a spectrophotometer after 60 min of
incubation, distilled water was used as a blank. A
calibration curve of gallic acid solutions were
prepared in ethanol at different concentrations 0 to
300 ppm (Figure 1), and the results were estimated
as gallic acid equivalent for each gram of dry plant
extract (mg GAE/g Dw). Total phenolic contents of
samples were determined in triplicate (28, 29).

Gallic acid

14

f (x)=0.0037x + 0.1904
12 R2=0.9985

0.8

0.6

Absorbance

0.4

0.2

0 50 100 150

200 250 300 350

Concentration (ppm)
Figure 1. Calibration curve of gallic acid.

Total Flavonoid content (TFC)

TFC was measured using aluminum chloride
method AICl;,6H,0 in the plant extracts, each plant
extract (0.5 mL) was added to distilled water (2
mL) and 150 uL of sodium nitrite NaNO; (5% w/v).
After 5 minutes, 10% of aluminum chloride solution
(150 pL) was added to mixture, then incubated in
the dark for 6 min. Finally, 4% of NaOH (2 mL) was
added and mixed well, after 15 minutes of

incubation in the dark the solutions turned to pink.
Distilled water was wused as a blank, the
absorbance was recorded at 510 nm by a
spectrophotometer, a calibration curve of rutin
solutions were prepared at different concentrations
0 to 150 ppm (Figure 2), and the results were
estimated as rutin equivalent per gram of dry plant
extract (mg RE/g Dw). Total flavonoid of samples
were measured in triplicate (30).
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Figure 2. Calibration curve of rutin.

Antioxidant Activity

DPPH Radical Scavenging Activity Assay

Each plant extract (300 uL) of concentration of
0.001 g/mL was added in test tubes separately,
and 3 mL of DPPH in ethanol (45 ug/mL) was added
to each tube and mixed vigorously, after 30 min of
incubation without light the absorbance was
recorded at 515 nm by a spectrophotometer. The

results were presented compared to ascorbic acid
which was prepared as standard with different
concentrations from 0 to 0.5 mM/L (Figure 3). The
results were calculated as a percentage (%) using
the following formula (31):

Scavenging DPPH (%) = Acontml' Asample /Acontrol X 100

Ascorbic acid

100

90 fix) = 187x + 0.3192
g R?=0.9935

70
60
50
40
30
20
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RAS (%)

0 0.1 0.2

0.3 0.4 0.5 0.6

Concentration (miv)
Figure 3. Calibration curve of ascorbic acid.

Antibacterial Susceptibility Test

Bacterial Isolates

The antibacterial test was carried out using:
Staphylococcus aureus, Klebsiella pneumoniae, E.
coli, Proteus mirabilis, Pseudomonas aeruginosa,
Shigella boydii, and Enterobacter cloacae, were
obtained from the microbiology Laboratory -
Department of Plant Biology, Faculty of Science at
the university of Damascus (Syria).

Antibacterial Activity

The bacterial susceptibility tests for plant extracts
were performed by agar well diffusion method on
Mueller-Hinton agar. The bacterial isolates were
activated for 24 h at 37 °C on nutrient agar, then a
bacterial suspension was prepared in a saline
solution [sterile NaCl 0.85% (w/v)]. Turbidity of
prepared bacterial suspension was 0.5 McFarland
(108 CFU/mL). The suspension was used to
inoculate 9-cm-diameter Petri dishes with a sterile

cotton swab, after that 5-6 wells (4 mm diameter)
were punched in the agar plate, and 50 uL of plant
extracts were added in each well. All plates were
placed in the refrigerator (4 °C) for 2 h in order to
allow diffusion of plant extracts into the medium.
Then the plates were incubated for 24 h at 37 °C.
After incubation, inhibition zone diameters were
measured to determine the effectiveness of
extracts against tested bacteria. Tests were
performed in triplicates per experiment and the
average of the results was taken, the plant extracts
were dissolved in dimethyl sulfoxide solution
(DMSO) to obtain the concentrations 500, 350, 250,
150, 50 mg/mL. DMSO solution was used as
negative control, and the antibiotics Moxifloxacin 5
mcg and Gentamicin 10 mcg as positive control
(30, 32).

Determination of MIC
MIC was measured by nutrient broth microdilution
in microtitration plates containing 96 well (33, 34)
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with some modifications. The turbidity of prepared
bacterial suspension was 0.5 McFarland (108
CFU/mL). First, the dry extracts were dissolved in
DMSO to obtain a concentration of (350 mg/mL) to
be tested, then serial two-fold dilution was
performed in a concentration range of 0.683 to 350
mg/mL. For each test batch, two control wells were
prepared; negative control: nutrient broth medium
(50 pL) and bacterial suspension (50 pL) in first
well, positive control: plant extract (50 uL) and
bacterial suspension (50 pL) in second well, all
wells except the second were filled with the
nutrient broth (50 uL). Then, 50 pL of plant extract
at the highest concentration (350 mg/mL) were
added to the third well and mixed, 50 pL of mixture
was taken for fourth well and so until serial
decreasing concentrations were obtained in the
rest of the wells. Then the wells were inoculated
with bacterial suspension 50 pL, and the plates
were incubated for 24 h at 37 °C. Each well
contained 100 puL (final volume). After incubation, a
solution (20 puL) of 2,3,5-triphenyltetrazolium
chloride (TTC) dissolved in water (0.01%, w/v) was
added to each well and plates were incubated for
an additional 2 h. Results were estimated visually
by observing the color change from yellow to red,
which is an indication of bacterial growth and
determined MIC as lowest concentration in which it
appeared medium in yellow (no red color) (33).

Statistical Analysis

SPSS software (version 22) was used by one-way
ANOVA to analyze the data statistically. Pearson's
correlation was used to determine the correlation
between TPC, TFC and antioxidant activity. Data
was considered statistically significant at minimum
level of P < 0.05.
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RESULTS AND DISCUSSION

Phytochemical qualitative screening of active
chemical compounds

Pistacia atlantica extracts were distinguished by
their high (very rich) of phenolic, tannin, and
flavonoid contents and they were higher than and
Pinus canariensis extracts (Table 1).

Saponins were found with a high content in P.
canariensis aqueous extract, as a column of foam
was formed more than 3 cm high and foam did not
disappear after adding HCI.

A high content of resin were found in ethanolic
extract of P. canariensis, while it was absent in the
aqueous extract of Pistacia atlantica, while
alkaloids were absent in aqueous and ethanolic
extracts of P. atlantica, and found only in a small
amount in aqueous extract of Pinus canariensis.
Coumarins and cardiac glycosides were not found
in all extracts of both plants. For detection of active

chemical compounds in P. atlantica leaves
extracts; two studies in Libya and Armenia
indicated that extracts contained phenols,

flavonoids, and tannins. However, the study in
Armenia showed the presence of coumarins, and
this difference with our research may be due to the
difference in the genetic combination of the plant,
climatic conditions, and geographical location, in
addition to the extraction methods and the quality
of the solvents used (35, 36). No references were
found concerned with phytochemical screening of
Pinus canariensis extracts. Our results were
however similar to many studies that indicated
presence of phenols, saponins, and tannins in other
species of the pine genus (37).

Table 1. Phytochemical screening of Pistacia atlantica and Pinus canariensis leaves extracts.

. P. atlantica P. canariensis
Chemical Aqueous | Ethanolic | Aqueous | Ethanolic
components
extract extract extract extract
Alkaloids - - + -
Cardiac glycosides - - - -
Resins - + + ++
Tannins +++ +++ +++ ++
Phenols +++ +++ ++ ++
Flavonoids ++ ++ + +
Saponins + - +++ -
Coumarins - - - -

—: absence , +: presence in small quantities, ++: presence in high quantities, +++: presence in very
high quantities.

Determination of yields, TPC, and TFC of P.
atlantica and P. canariensis leaves extracts

Yields of plant extracts differed according to
extraction solvent used and plant species. The
yields of ethanolic and aqueous extracts of Pistacia
atlantica were 30.12% *= 0.14 and 24.20% = 0.08,
respectively, significantly higher than the yields of
ethanolic and aqueous extracts of Pinus

canariensis which amounted to 20.53% = 0.09 and
15.77% + 0.04, respectively (Table 2).

Results showed that TPC and TFC varies between
both plants; P. atlantica extracts contained higher
concentrations of phenols and flavonoids compared
to P. canariensis extracts, phenolic contents of
ethanolic extracts of P. atlantica and P. canariensis
were 263.76 £ 0.53, and 40.52 = 0.58 mg GAE/g

407



Alhajali O, Ali-Nizam A. JOTCSA. 2021; 8(2): 403-418.

Dw, respectively, while aqueous extracts reached
241.64 £ 0.16 and 30.11 + 0.37 mg GAE/g Dw for
the studied species, respectively. While the
flavonoid contents of ethanolic extract of P.
atlantica and P. canariensis reached 46.83 + 0.55
and 9.80 £ 0.12 mg RE/g Dw, respectively, and the
aqueous extract of P. atlantica and P. canariensis
reached 31.81 =+ 0.26 and 5.43 = 0.38,
respectively (Table 2).

Results of our study are consistent with many
studies that prove that P. atlantica leaves extracts
contain a good content of phenols and flavonoids
at varying proportions, as one of the studies
conducted in Tunisia showed TPC and TFC in
ethanolic extract is higher than in aqueous, as TPC
of ethanolic and aqueous extracts reached 68.23 =
0.8 and 20.07 = 0.2 mg GAE/g Dw, respectively,
while TFC reached 44 + 0.8, and 15 * 0.2 mg RE/g

Dw for ethanolic and aqueous extracts,
respectively (38).
TPC in aqueous, ethyl acetate, and n-butanol

extracts of P. atlantica leaves in Algeria were
421.01 + 8.92, 514.81 + 2.10, and 376.34 = 3.43
mg GAE/g Dw, respectively, while TFC were 44.51
+ 0.29, 126.43 = 1.31, and 103.77 = 1.07 mg CE/g
DW for previous extracts, respectively (39). One
study was concerned in studying the effect of
growing area, harvest time, and gender on
phenolic and flavonoids compounds of P. atlantica
leaves extracts. Results showed that phenols
ranged between 79.00 = 13 and 259 + 8 mg GAE/g
Dw, while flavonoids ranged between 0.65 = 0.10
and 2.81 £ 0.88 mg QE/g DW depending on the
study period, phenolic contents of leaves is shown
to decrease from spring to autumn; the content
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was affected by harvest time and growing region
more than plant gender (male or female) (40).

No references were found concerning with TPC and
TFC of P. canariensis extracts. Therefore, these
results were compared with the results of research
conducted on other species of pine genus, one of
these studies determined TPC and TFC in aqueous,
ethanol, and n-butanol extracts of Pinus roxburghii
and Pinus wallichiana; phenolic contents of
different solvents ranged 3.94 + 0.03, 10.08 =
0.06, and 8.55 *= 0.28 mg GAE/g Dw respectively
for Pinus roxburghii, while ranged 4.09 + 0.43 and
406 * 1.12 mg GAE/g Dw for ethanolic and
butanol extracts respectively for Pinus wallichiana,
while the phenolic contents were absent in
aqueous extract for Pinus wallichiana (41). Results
of the study conducted in Tunisia to determine
content of phenols and flavonoids in ethanol
extracts of leaves of 19 subspecies of Pinus nigra
showed that total phenols ranged from 15.67 *
1.95 and 47.53 = 1.32 mg GAE/g Dw, and amount
of flavonoids varies from 1.69 = 0.32 and 3.97 0.17
mg RE/g Dw (42), while the study conducted in
Romania showed a good content of phenols 78.22
+ 0.44 mg GAE/g Dw and flavonoids 19.84 = 0.57
mg CE/g DW for Pinus cembra needle extract
(agueous methanol extract 80%) (20).

It should be noted that content of phenols and
flavonoids in plant species in general is affected by
different environmental factors characteristic of
each geographical region, in addition to the
difference in time of samples collection which in
turn depended on growth rate, genetic diversity,
different methods of storing and drying samples,
and difference in extraction methods and solvent
used in preparation of plant samples (39).

Table 2. Yields, TPC, and TFC in Pistacia atlantica and Pinus canariensis leaves extracts.

Contents
: Plant Yields Total phenolic (TP) Total Flavonoid (TF)
Plant species P
P extract (%) (mg GAE/g Dw) (mg RE/g Dw)
, Aqueous 24.20 £ 0.08 241.64 = 0.16 31.81 = 0.26
P. atlantica
Ethanolic 30.12 £ 0.14 263.76 = 0.53 46.83 + 0.55
p L Aqueous 15.77 £ 0.04 30.11 £ 0.37 5.43 + 0.38
. canariensis
Ethanolic 20.53 + 0.09 40.52 + 0.58 9.80 + 0.12
Antioxidant activity confirms the role of these compounds as

Antioxidant activity was determined by calculating
percentage of ability to DPPH radical scavenging as
shown in Table 3. Results showed a good efficacy
of plant extracts in scavenged DPPH radical, as
antioxidant efficacy was arranged as follows:
ethanolic extract of P. atlantica 90.27%, aqueous
extract of P. atlantica 81.77%, ethanolic extract of
P. canariensis 52.40%, aqueous extract of P.
canariensis 38.44 %, this arrangement corresponds
to the order of total content of phenols and
flavonoids in the studied plant extracts and

antioxidants. It was found that the concentration of
ascorbic acid corresponding to the concentration of
plant extracts and is able to record the same
percentage of DPPH scavenging less than the
concentration of the plant extracts by 11.42 -
19.04 double, as shown in Table 3. Therefore, both
plants have good capacity in scavenging DPPH
radical, and thus have antioxidant efficacy.

Phenolic compounds power as antioxidant is due to
their ability to chelate metals, and their capacity as
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donors of hydrogen and electron from hydroxyl
group allowing scavenging free radicals (43, 44),
and corresponds to many studies that have shown
that there was a strong correlation between
content of phenols and antioxidant activity,
confirming their responsibility as antioxidants (30,
45).

RESEARCH ARTICLE

Results of the statistical study using Pearson’s
correlation showed a strong positive correlation
0.976 between efficiency of extracts in DPPH
radical scavenging and their total phenolic
contents, and their total flavonoid contents 0.974,
this confirms responsibility of these compounds for
plant extracts efficiency as antioxidant.

Table 3. Antioxidant activity of P. atlantica and Pinus canariensis leaves extract.

Species

Plant extracts Concentration DPPH (%)

Corresponding Comparison of

of extract concentration extracts
(g/mL) of ascorbic efficiency with
acid (g/mL) ascorbic acid
Pistacia atlantica AqQueous 0.001 81.77 £1.32 7x10° 14.28
Ethanolic 0.001 90.27 £1.51 8.75x10° 11.42
Pinus canariensis Aqueous 0.001 38.44 + 0.33 3.5x10° 28.57
Ethanolic 0.001 52.40 £ 0.47 5.25%x10° 19.04

Antibacterial activity

Antibacterial activity of Pistacia atlantica

Table 4 and Figure 4 shows results of antibacterial
activity of P. atlantica leaves extracts, ethanolic
extract was found to be more effective and broad-
spectrum inhibition of bacterial growth compared
to aqueous extract.

The highest inhibition zone diameter average of
ethanolic extract was 14.83, 19.33, 20.96, 23, 26,
and 33.56 mm for E. coli, Klebsiella pneumoniae,
Enterobacter cloacae, Proteus mirabilis,
Staphylococcus aureus, and Shigella boydii,
respectively, at 500 mg/mL.

The lowest inhibition zone diameter average of
ethanolic extract was 10.7, 10.9, 12.16, 18.5 and
26.0 mm for Pseudomonas aeruginosa, Proteus
mirabilis, Enterobacter cloacae, Staphylococcus
aureus, and Shigella boydii, respectively, at 50 mg/
mL.

Ethanolic extract showed inhibitory activity of
bacteria at all studied concentrations except for E.
coli and Klebsiella pneumoniae at 50 mg/mL.

The highest inhibition zone diameter average of
aqueous extract was 11.0, 12.0, 13.25, 18.25,
24.65 and 29.25 mm for E. coli, Enterobacter
cloacae, Proteus mirabilis, Staphylococcus aureus
and Shigella boydii, respectively at 500 mg/mL.

Aqueous extract didn't show any antibacterial
activity at 50 mg/mL except of E. col
Pseudomonas aeruginosa, and Shigella boydii, as
inhibition zone diameter average was 5.5, 7.5 and
18.2 mm, respectively.

While Klebsiella pneumoniae and Enterobacter
cloacae didn’'t show sensitivity against aqueous
extract except at concentrations 350 and 500 mg/
mL, and equal efficacy of ethanolic and aqueous
extracts against Pseudomonas aeruginosa were
observed at a concentration of 500 mg/mL, the
inhibition zone diameter average were 16.83 and
16.74 mm, respectively. The higher of extracts
concentration increases their efficiency in bacteria.
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Table 4. Antibacterial activity (inhibition zone diameters average, mm) of Pjstacia atlantica leaves extracts.

Bacterial Strains Concentrations mg/ Aqueous Extract Ethanolic Extract Moxifloxacin 5 mcg Gentamicin 10 mcg DMSO
mL
E.coli 50 55%*0.5 0.0 0.0 16.5 £ 0.5 0
150 6.75 £ 0.25 8.9+0.1
250 8+0.0 10.43 = 0.40
350 85+0.5 13.5+ 0.5
500 12+1 14.83 = 0.28
Klebsiella pneumoniae50 0.0 0.0 31.5+x0.5 18.16 = 0.28 0
150 0.0 10.03 = 0.55
250 0.0 13.33 £ 0.76
350 6.5+ 0.5 15.96 = 0.45
500 11+1 19.33 £ 0.57
Enterobacter cloacae 50 0.0 12.16 = 0.76 29 £ 0.0 17.75 £ 0.25 0
150 0.0 15.03 £ 0.25
250 0.0 16.7 £ 0.3
350 10.5+ 0.5 18.5 £ 0.5
500 13.25 £ 0.75 20.96 + 0.45
Shigella boydii 50 18.2 £ 0.8 261 30.25 +£ 0.25 25.75 £ 0.75 0
150 20.5 0.5 285+ 0.5
250 215+ 0.5 304+04
350 245 £ 0.5 31.25 £ 0.25
500 29.25 £ 0.75 33.56 £ 0.51
Pseudomonas 50 7.5+ 0.5 10.7 = 0.46 22.75 £ 0.75 215+ 0.5 0
aeruginosa
150 111+ 0.1 12.5 + 0.5
250 12 £ 0.0 13.8 £ 0.28
350 145 + 0.9 14.9 = 0.17
500 16.74 £ 0.8 16.83 = 0.65
Proteus mirabilis 50 0.0 10.9 £ 0.55 0.0 0.0 0
150 8.85 £ 0.15 14.5 = 0.5
250 12+1 18.05 = 0.25
350 149 +0.1 20.13 £ 0.40
500 18.25 + 0.25 23 +0.2
Staphylococcus aureus 50 0.0 185+ 0.5 321 10.25 = 0.25 0
150 14.25 * 0.75 20.33 £1.15
250 174 +0.2 22 +1
350 215+ 0.5 24 + 0.0
500 24.65 = 0.35 26 £ 0.2
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Figure 4. Effect of different extracts of plants against bacteria.

Results are in agreement with one of studies that
indicated efficacy of ethanolic extract against E.
coli and Pseudomonas aeruginosa reached 14 =+
0.9 and 16 + 0.3 mm, respectively, while its results
were less effective against Staphylococcus aureus
which reached 14+1 mm (38). Also, efficacy of
Pistacia atlantica extracts against Klebsiella
pneumoniae was reported, which was recorded 13
+ 0.3 mm (46), and the results of this research did

not agree with results (35); which did not show of
P. atlantica leaves extract efficacy against Gram(-)
bacteria Proteus vulgaris, and E. coli, but its
efficacy against Staphylococcus saprophyticus was
8 mm, and boiled distilled water extract of P.
atlantica leaves showed an inhibitory effect for
Streptococcus mutans and Streptococcus mitis 19
and 25 mm, respectively, it was less effective
against Streptococcus salivarius 5 mm (47).
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Antibacterial activity of Pinus canariensis

Results of Table 5 and Figure 4 showed that
aqueous leaves extract was more effective than
ethanolic extract in inhibition of Pseudomonas
aeruginosa growth at all concentrations; the
highest inhibition zone diameter average was 21
mm at a concentration of 500 mg/mL. Ethanolic
extract was the most effective in inhibition of E.
coli, Klebsiella pneumoniae, Enterobacter cloacae,
Proteus mirabilis, Staphylococcus aureus, and
Shigella boydii; the highest inhibition zone
diameter average was 14.16, 14.25, 15.5, 15.75,
22.75 and 29.56 mm, respectively at concentration
500 mg/mL.

Effect of aqueous and ethanolic extract on bacteria
at concentration 50 mg/mL was not observed with
exception of Pseudomonas aeruginosa and Shigella
boydii.

The highest inhibition zone diameter average of
aqueous extract for Staphylococcus aureus and
Shigella boydii 18.5 and 23.4 mm respectively, and
the lowest inhibition zone diameter average for
Proteus mirabilis and E. coli 11.5 and 11.16 mm
respectively, at 500 mg/mL. Aqueous extract
showed no effect in of Proteus mirabilis,
Enterobacter cloacae, Klebsiella pneumoniae, and
E. coli at concentrations of 50, 150 and 250
mg/mL, inhibition zone diameter average didn’t
exceed 13 mm in Klebsiella pneumoniae and
Enterobacter cloacae at concentration of 500
mg/mL, the effect of concentrations of extracts in
bacteria growth was observed, as with increasing
concentration, inhibition zone diameter increased.
Compared with another studies, Pinus leaves
extracts (water, ethanol, chloroform, and
petroleum ether) showed efficacy against E. coli,
Klebsiella pneumoniae, Salmonella typhi and
Enterobacter aerogene, and better efficacy was of
petroleum ether, chloroform, water, and ethanol
extracts, inhibition zone diameter average didn’t
exceed 10 mm in water and ethanol extracts (22).
Results of the research are in agreement with the
study conducted in Iran, where efficacy of ethanolic
leaves extract reached 70% against clinical isolates
Pseudomonas aeruginosa and E. coli and Proteus
vulgaris 17, 15.66 and 15.50 mm, respectively,
while it was less effective against Staphylococcus
aureus, which was 16 mm (48).

Aqueous and ethanolic extract of Pinus leaves
showed a lower effect against Pseudomonas
aeruginosa with inhibition zone diameter average
of 9.5 and 11 mm, respectively, while our results
show a better effect against this Pseudomonas
aeruginosa, effect of ethanolic extract was absent
on Salmonella typhi, and inhibition zone diameter
average of aqueous extract against E. coli was 11
mm, and this is in agreement with the results of
our study (49) .
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The difference in efficiency of these extracts
compared to previous studies is due to various
reasons, the most important of which are:
difference of tested bacterial isolates, as a current
study used multi-resistant bacteria, the difference
in solvent and thus difference in quality of active
compounds extracted, and the difference of
extraction methods and concentration of used
plant extract. Results showed that some plant
extracts have better antibacterial activity than
antibiotics Moxifloxacin 5 mcg and Gentamicin 10
mcg, and DMSO solution didn’t show any effect in
tested bacteria, this confirms that DMSO doesn’t

have any antimicrobial activity, where plant
extracts recorded significant (P<0.05)
antibacterial activity between all bacterial

inhibition zone diameters averages.

The efficiency of plant extracts is due to they
contain many chemical compounds (secondary
metabolites) that have antibacterial activity with
different mechanisms; phenolic compounds
interaction with bacterial cell wall (either they bind
to outer membrane or peptidoglycan), and
interaction with membrane proteins (increasing
membrane permeability). In addition to their ability
to inhibition of biofilm formation, and to inhibition
of bacterial enzymes, thus preventing bacterial
growth. Found that Gram(-) bacteria are more
resistant than Gram(+4) bacteria to phenolic
compounds actions; due to differences in cell wall
structure, as outer membrane of Gram(-) bacteria
is mainly composed of lipopolysaccharides (LPS)
(50, 51, 52). It should be noted that this
antimicrobial activity is not only related to
quantities of phenolic compounds but also related
to structure of these compounds (site(s) and
number of hydroxyl groups on phenol group) (53).
Nonspecific interactions of flavonoids can induce
structural changes in properties of membrane and
its can cause metabolic dysfunction and finally lead
to bacterial death. Moreover, they are inhibit of
synthesis of cell envelope, nucleic acid, and ATP, in
addition to their ability to inhibition of bacterial
toxins (54). Tannins may be related to their ability
to inactivate microbial adhesins, have a role on
inhibition of enzymes essential to metabolism
process; such as proteolytic macerating enzymes,
and their ability to inactivate cell envelope
transport proteins, and their ability to complex with
cell wall, while, saponins cause cell walls
permeability disruption, and thus cause toxicity in
cell (53).

Determination of MIC for P. atlantica and P.
canariensis extracts

MIC of agueous extract of P. atlantica ranged from
10.937 mg/mL for Proteus mirabilis to 43.75 mg/mL
for Pseudomonas aeruginosa, while ethanolic
extract of P. atlantica ranged from 5.468 mg/mL for
E. coli, Enterobacter cloacae, Shigella boydii,
Proteus mirabilis, and Staphylococcus aureus to
10.937 mg/mL for Klebsiella pneumoniae and
Pseudomonas aeruginosa, the aqueous extract of
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P. canariensis ranged from 21.875 mg/mL for E.
coli, Shigella boydii, and Staphylococcus aureus to
43.75 mg/mL for  Klebsiella  pneumoniae,
Enterobacter cloacae, Pseudomonas aeruginosa,
and Proteus mirabilis, while ethanolic extract of P.
canariensis ranged from 5.468 mg/mL for
Staphylococcus aureus to 21.875 mg/mL for
Klebsiella pneumoniae, Enterobacter cloacae, and
Pseudomonas aeruginosa as shown in Table 6.
Compared with the Tunisian study, MIC of ethanolic
extract of P. atlantica leaves reached 25 mg/mL for
E. coli, 6.25 mg/mL for Pseudomonas aeruginosa
and 12.5 for Staphylococcus aureus and
Salmonella typhimurium, the values obtained in
the current study are better for E. coli and
Staphylococcus aureus (38). MIC of ethanolic
extract of pinus leaves reached 7.29 mg/mL for
Pseudomonas aeruginosa, 9.37 mg/mL for
Staphylococcus aureus, 16.66 mg/mL for E.coli and
Proteus vulgaris, results of MIC in the current study
are better for E. coli and Staphylococcus aureus
(48). Difference in these values can be explained
by different sensitivity and resistance of tested
bacterial isolates, and difference in environment
and genetic combination of plant.
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CONCLUSION

The current study showed of P. atlantica extracts
gave a higher yield than of P. canariensis extracts.
Phytochemical compounds (tannins, phenols, and
flavonoids) were found in the extracts of both
plants, while saponins were present in the aqueous
extracts only. P. atlantica extracts contained a
higher content of phenols and flavonoids compared
to P. canariensis extracts, while all extracts had
antioxidant activity which could be a suitable
alternative to synthetic antioxidants, and all
extracts showed antibacterial activity, but not all
concentrations showed bioactivity against some of
tested bacterial species, it was found that
antibacterial activity increases with increasing
concentration of plant extracts, and Shigella boydii
was the most sensitive against of extracts of both
plants, therefore, more studies are needed to
isolate bioactive compounds from both plants
extracts, which will help in development of
medicinal and pharmaceutical products.
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Table 5. Antibacterial activity (inhibition zone diameters average, mm) of Pinus canariensis leaves extracts.
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Bacterial Strains Concentrations mg/ Aqueous Extract Ethanolic Extract Moxifloxacin (5 Gentamicin (10 DMSO
mL mcg) mcg)

E. coli 50 0.0 0.0 0.0 0.5+ 16.5 0
150 0.0 0.0
250 0.0 9.75 £ 0.25
350 0.0 12.7 £ 0.3
500 11.16 = 0.76 14.16 = 0.76

Klebsiella pneumoniae50 0.0 0.0 315+ 0.5 18.16 = 0.28 0
150 0.0 0.0
250 0.0 10.5 £ 0.5
350 11.75 = 0.25 12.13 = 0.23
500 12.75 = 0.25 14.25 = 0.25

Enterobacter cloacae 50 0.0 0.0 29 =+ 0.0 17.75 £ 0.25 0
150 0.0 9.5+0.5
250 0.0 12.03 = 0.55
350 8.66 + 0.76 13.25 = 0.25
500 131 15.5 0.5

Shigella boydii 50 14.1 + 0.36 19.25 + 0.25 30.25 £ 0.25 25.75 £ 0.75 0
150 17.66 = 0.57 21.3+0.3
250 19.5+0.5 23 £ 0.0
350 20.6 £ 0.4 24.66 = 0.57
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0.0
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0.0
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0.0
8.4 £ 0.36

13.53 £ 0.50

15.75 *£ 0.25

18.5 + 0.5

29.56 =+ 0.51

10.25 £ 0.25

12.25 + 0.25

14.5 + 0.5

17 £ 0.0

18.5 + 0.5

0.0
0.0
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0.0
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Table 6. MIC of Pistacia atlantica and Pinus canariensis leaves extracts.

P. atlantica

P. canariensis

Bacterial strains Aqueous Ethanolic Aqueous Ethanolic
extract mg/mL extract mg/mL extract mg/mL extract mg/mL
E. coli 21.875 5.468 21.875 10.937
Klebsiella 21.875 10.937 43.75 21.875
pneumoniae
Enterobacter cloacae 21.875 5.468 43.75 21.875
Shigella boydii 21.875 5.468 21.875 10.937
Pseudomonas 43.75 10.937 43.75 21.875
aeruginosa
Proteus mirabilis 10.937 5.468 43.75 10.937
Staphylococcus 21.875 5.468 21.875 5.468
aureus
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Abstract: 45S5 bioactive glasses (BGs) are special class of glasses that form chemical bonds with
surrounding bone tissue, which is due to the dissolution behavior of these glass materials. Furthermore, BG
shows an antibacterial effect since the dissolution of BG results with high aqueous pH that affect bacterial
viability. In this study, the antibacterial activity of Al.Os doped bioactive glasses (AGs) was evaluated. AGs
were produced via the melt quenching method. Functional groups of glasses were evaluated with Fourier
Transform Infrared (FTIR) analysis, and glassy structure was evaluated by X-ray diffraction (XRD). Specific
surface area, particle size information, and density of milled BG and AGs were obtained using surface area
and porosity instrument, laser scattering particle size distribution analyzer and He pycnometer,
respectively. Antibacterial activity of bioactive glasses was investigated on Staphylococcus aureus and
Escherichia coli via Standard Colony Count Method at 50 mg/mL concentration and different time points, pH
change of the media in the presence of BG and AGs at 50 mg/mL concentration was also measured at
identical time points. XRD analysis revealed amorphous structure of BG and AGs. Similar specific surface
area, particle size and density values were obtained for BG and produced AGs. Antibacterial test results
showed that Al,O3 doped 45S5 bioactive glasses had decreased antibacterial activity compared to 45S5
bioactive glass for both bacteria studied.
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INTRODUCTION

Materials that have been designed to yield particular
biological activity are generally described as
bioactive materials. By definition a bioactive
material is a material that undergoes significant
surface reactions after implantation and lead to
hydroxyapatite (HA)-like layer formation,
responsible for firm tissue bonding (1). Bioactive
glass (BG) which is commonly constituted of SiO2,
Ca0, P20s, and Na20 is a special type of glass
system (2). This silicate glass is based on SiO:
network which forms the 3D glass. Low SiO> content
in comparison with more durable silicate glasses,
high glass network modifier (NaO and CaO)
content, and high CaO:P;0s ratio are the key
properties of 45S5 glass which lead to the
bioactivity (1).

Fibrous tissue surrounds the artificial materials after
implantation into bone defects. However, Hench and
coworkers discovered in 1971 that Bioglass® (in
Na>0-Ca0-Si0O»-P,0s5 system) does not lead to fibrous
tissue formation, instead contact and form firm
chemical bonds with surrounding bone tissue (3).
Frequently used silicate BGs form a bone like HA
layer which is fundamental for strong bone-material
interfacial bonding. Bioactivity and bone bonding
mechanism mostly for 45S5 Bioglass® has been
broadly studied (in vitro and in vivo), degradation of
biomaterials and subsequent HA layer formation on
their surface provides the bonding ability of glass
and glass-ceramics. Formed surface HA layer mimics
the mineral composition of bone (4). Osteoblasts
produce collagen fibrils at the interface and
hydroxycarbonated apatite (HCA) crystals bond to
this collagen fibrils, which creates a firm chemical
interface. HA layer formation is a result of chemical
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reaction series on the implant surface when contact
with the bodily fluids (5). Following successive steps
are involved in this series of reactions. lon
dissolution from BG structure into the medium takes
place during the 1st step. 2™ step involves the
reaction between dissolved Ca2* and (POa)3 ions,
and subsequent amorphous calcium phosphate
(ACP) precipitation. ACP growth is induced during
the 3™ step due to the pH instability and increased
ion dissolution, and finally incorporation of media
(OH) and (COs)> ions to the ACP layer, and
crystallization as HA layer takes place during the 4t
step (4). Briefly, reactions taking place on the
surface of the bioactive silicate glass (for instance
4555 Bioglass®) material and following cellular
reactions lead to the bonding to the living bone
tissue. Furthermore, release and substitution of
crucial concentrations of soluble Si, Ca, P and Na
ions lead to the favorable extracellular and
intracellular reactions that rapidly promote bone
formation (6).

Bone regeneration ability of 4555 BG has led to its
wide clinical use as bone filling material.
Furthermore, it was stated that BG could enhance
healing of wounded soft tissue. Prevention of
infection during the healing of wounded skin is a
crucial matter. Usually, in clinic antibiotics are used
against infection. Thus, wound dressing materials
that enhance the healing of the wound and show
antibacterial activity as well would be useful (7). BG
antibacterial activity was attributed to be mainly
due to the high pH and osmotic effects which are
caused by alkali ion release from the BG and non-
physiological silica, sodium and calcium
concentrations (7, 8).

Glass materials that are planned to be used as
implants in the human body must have solubility to
a certain degree to be able to attach to the tissue.
These glasses are bioactive and they contain SiO2
less than around 60%, higher SiO; contents lead to
decreased solubility so that the surface reactions
required for the bioactivity cannot take place (9). In
the case of long term implants decreased solubility
without bioactivity loss may be practical (10). Glass
solubility reduction can be provided via increasing
silica content, or decreasing modifier content, or
adding multivalent cations. Generally, alumina is
considered as glass structure stabilizer due to its
non-bridging oxygen elimination behavior. In
addition to this, dissolution is also retarded by
surface alumina silicate film formation (9).

Al;03 addition to glass is the conventional way of
glass solubility control. However, the addition of
alumina may have an inhibitory effect on bone
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bonding. It was found in a previously reported study
that Al;O3 at 1.5 wt% could be added with no
interference to mineralization of osteoid (11).
Bioactive glasses with high Al.Os3 content (1.5-2.5
mol%) were reported to show cytotoxic effect on
human osteosarcoma U2-0S cells (12).

In this study, 45S5 bioactive glasses with 1 and 2 wt
% AlOs content were prepared. The antibacterial
effect of prepared Al2O3 doped bioactive glasses and
4555 Dbioactive glass (Bone-G Active®, Meta
Bioengineering and R&D Services Inc., Turkey) was
evaluated on Escherichia coli and Staphylococcus
aureus in relation with the changes in pH.

EXPERIMENTAL SECTION

Materials

Aluminum oxide and silicon dioxide (quartz) were
from Riedel de Haén (Sigma-Aldrich
Laborchemikalien GmbH, Seelze, Germany). CaCOs,
Na;HPO4.2H,0, and NaHCOs were obtained from
Merck Chemicals (Darmstadt, Germany). 45S5
bioactive glass (Bone-G Active®) was obtained as a
gift sample from Meta Bioengineering and R&D
Services Inc., Turkey. Escherichia coli (ATCC 25922)
and Staphylococcus aureus (ATCC 25923) used in
this study were from the American Type Culture
Collection. Media and chemicals used in the
microbial testing were obtained from Sigma-Aldrich.

Production of bioactive glass and alumina
doped bioactive glass materials

To produce melt-derived alumina doped 45S5
bioactive glasses a mixture of SiO,, NaHCOs as
source of Na20, CaCOs as source of CaO,
Naz;HPO4.2H>0 as sources of NaO and P20s, and
Al203 were melted in predetermined amounts. Bone-
G Active® and produced Al,O3 doped glasses and
their compositions are given in Table 1. Al203 doped
bioactive glasses were produced according to a
previously reported method (13, 14). Briefly, raw
materials were first weighed, homogeneously mixed,
and melted in a platinum crucible at 1400 °C, and
then quenched into the water at room temperature.
Glassy particles were dried and crushed for
homogeneity, melted again (1450 °C, 2 hours) and
poured into the casting plate. Production process
was completed by the annealing of the bioactive
glasses in an oven at 550 °C. Bone-G Active® and
prepared bioactive glasses were crashed and
subsequently ground to powder using a planetary
ball mill (PM 400, Retsch GmbH, Haan, Germany).
Bone-G Active® was abbreviated as BG, and
produced 1 wt% Al2Os doped 45S5 as AG1, and 2 wt
% Al>O3 doped 45S5 as AG2.
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Table 1: Bioactive glasses and their compositions.

Glass Composition Description
BG SiO2 45 wt%, Na20 24.5 wt%, CaO 24.5 wt% and P20s 6 Bone-G Active®
wt%
AG1l SiO2 45 wt%, Naz0 24.5 wt%, Ca0 23.5 wt%, P20s 6 wt% 1 wt% Al>Os3 doped 4555
and Al203 1 wt% glass
AG2 SiO2 45 wt%, Na20 24.5 wt%, Ca0 22.5 wt%, P.0s 6 wt% 2 wt% Al.03 doped 45S5
and AlO3 2 wt% glass

Characterization of produced bioactive glass
and Al;0s doped bioactive glasses

Functional groups of glass structures were evaluated
using a Fourier tansform infrared spectrometer
(FTIR, Shimadzu, IR Prestige 21) in the wavenumber
range of 2000-650 cm~! and 4 cm~! resolution. X-
Ray diffractions of BG, AG1l and AG2 obtained with
Rigaku D/Max-2200 Ultima diffractometer (40kV,
30mA) using CuKa radiation source in the 26 range
of 10-90° with 0.08° step size. Specific surface area
of BG, and produced AGl and AG2 samples was
determined at 77 K by N2 adsorption with the use of
a surface area and porosity instrument
(Micromeritics, TriStar 1l). Samples were outgassed
prior to analysis at 90°C for 1 h and 250°C for 2
hours under N: flow. Specific surface area was
calculated using Brunauer-Emmett-Teller (BET)
method (0.05 < p/po < 0.30). Particle size
distribution of BG, AGl and AG2 powders was
evaluated using laser scattering particle size
distribution analyzer (Horiba, LA-350), and density of
glass powders was measured using helium
pycnometer (Thermo Scientific, Pycnomatic ATC).

Antibacterial activity of 45S5 bioactive glass
and alumina doped bioactive glasses

In this study two classic bacteria, Gram-positive
Staphylococcus aureus (S.aureus, ATCC25923), and
Gram-negative Escherichia coli (E.coli, ATCC25922)
were used to investigate bactericidal activity. The
antimicrobial tests were performed using the
modified American Standard ASTM E2149-01
method (15), in which samples are stirred constantly
in bacterial suspension and thus, ensure good
contact between the sample and the bacteria (16).
S.aureus and E.coli were incubated at 37°C
overnight, and preserved on nutrient plates.
Concentrations  of  bacterial solution  were
standardized wusing the relationship between
absorbance at 590 nm (OD590) and colony forming
units (CFU) per milliliter determined by the plate
count method. 100 mL of E.coli or S.aureus
suspension prepared in 0.1 M aqueous phosphate
buffered saline (pH 7.0, 101! cells/mL) was added
into the sterile Erlenmeyer flasks containing 50 mL
of nutrient broth. Bacteria were suspended with the
addition of 10 mL saline solution (0.9% NaCl) to
obtain approximately 106 CFU/mL, prior to the
antibacterial testing. Variation in antibacterial
activity depending on the bioactive glass type was
determined using 50 mg/mL BG, AGl or AG2.
Bioactive glass powders were added in to 1 mL of

bacterial suspension and antibacterial activity was
determined after 0 min, 10 min, 1 h, 6h, and 24 h of
incubation for both bacteria. 10 yL of bacterial
suspension was taken after above-mentioned
incubation times and plated on nutrient agar plates
overnight. The colonies formed were counted via
Standard Colony Count Method and antibacterial
activity was calculated using Eq. 1 (17). Bacterial
solution without bioactive glass powders was used
as control.

Where, Ccontrol is cell count of control and Csurvivor iS
the survivor count of test.

( CControl - Csurvivor )

control

AA (%)= %100 (Ea. 1)

pH measurements

BG, AG1 and AG2 particles were added into flasks
containing 5 mL nutrient broth medium at
concentration of 50 mg/mL. After stirring for 1 min,
the solutions were placed at 37 °C for 24 hours. The
pH values of the media were measured at certain
time points (i.e., 0 min, 10 min, 1 h, 6 h, and 24 h).

RESULTS AND DISCUSSION

Characterization of bioactive glasses

FTIR spectra of milled BG, AG1 and AG2 powders are
presented in Figure 1. Main absorption bands
identified in the FTIR spectra were around 738 cm,
866 cm, 910 cm, 1005 cm, and 1454 cm for
the prepared glass powders. The bands present
around 738 cm in the FTIR spectra of BG, AG1 and
AG?2 were attributed to the bending mode of Si-O-Si,
characteristic for silicate materials containing non-
bridging oxygen atoms. Stretching vibrations of SiO4
and POs4 are generally assigned to the broad and
strong intensity band observed between 800 and
1300 cm (18). Strong absorption peak around 1005
cm? can be attributed to the asymmetric stretching
vibrations of Si-O-Si bridging oxygen atoms, the
absorption peak at 910 cm and shoulder at 866
cml (missing in the AG2 FTIR spectra) were
attributed to Si - O stretching which were due to the
presence of non-bridging oxygen atoms (18-20).
Small peak around 1454 cm-! was due to the ionic
carbonate groups adsorbed on the bioactive glass
surfaces (19, 21).
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Figure 1: FTIR spectra of BG, AG1, and AG2.

XRD patterns of BG, AG1, and AG2 are presented in
Figure 2. As seen, the crystalline peaks were absent
in XRD patterns of the bioactive glass samples.
However, a broad peak around 206=30° which

200 _
1sp | AG2

100 4

indicates the amorphous structure typical for glassy
phases (22) was observed in XRD patterns of the
BG, AG1, and AG2.

200 _
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50
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Figure 2: XRD patterns of BG, AG1 and AG2.

BG and produced melt-derived AG1 and AG2 were
ground into powder using planetary ball mill prior to
antibacterial tests. Specific surface area (Sser),
particle size information and density values of milled
BG, AG1, and AG2 are presented in Table 2 and
particle size distributions of BG, AG1l and AG2 are

given in Figure 3. As can be seen from the results
presented surface area, particle size and density
values of BG, AG1, and AG2 powders were similar,
which is attributed to be highly dependent on the
glass production method and subsequently applied
milling process.

Table 2: Specific surface area (Sger), particle size information and density values of BG, AG1, and AG2

Sample Sger (m?/g) Particle size information Density
Do.s (um) Span (g/cc)
BG 0.76 13.98 3.73 2.70
AG1l 0.82 13.99 4.49 2.65
AG?2 1.07 14.33 5.75 2.63

Antibacterial activity of the glass is essentially
dependent on its composition. Since, it effects the
ion release rate and consequently the pH and

osmolarity of the media which have central effect on
the antibacterial activity. Particle size, surface area,
porosity, and morphology properties of the glass
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materials can also influence their antibacterial
activity (4). Additionally, this activity is dependent
on the glass concentration and tested
microorganism (23). Silicate network dissolution rate
is effected by the particle size of the powder so that
the rate of dissolution increases with the decrease in
particle size (22). In this study, BG and produced
AGl and AG2 glasses were milled at certain
conditions to obtain glass powders with similar

BG

q (%)

1.000 10.00

AG1l

q (%)

0.100 i.000 10.00

AG2
5.0
2.0

2.0 -
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particle size to eliminate the potential effect of
particle size on the ion release. Since the aim of the
study was to evaluate the antibacterial activity on
the bacteria studied depending on the Al>.Os content
of the glasses, surface area was also determined,
which is also stated to play an important role in
glass dissolution and accordingly antibacterial
activity of milled glass powders.
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Figure 3: Particle size distributions of BG, AG1, and AG2.

1000

Antibacterial Activity of Bioactive Glasses, and
pH Changes

Antibacterial activity of BG, AG1, and AG2 at 50 mg/
mL concentration was determined at different time
points (i.e. 0 min, 10 min, 1h, 6 h, and 24 h) as may
be seen in Fig. 4. BG exhibited antibacterial effect
against two pathogenic bacteria at 6th hour with

bactericidal percentages of 42% and 46% for E.coli
and S.aureus, respectively. On the other hand, at
6th hour AG1l exhibited antibacterial effect with
bactericidal percentage of 20% on S.aureus only.
AG?2 did not exhibit antibacterial effect at 6th hour
on both bacteria.
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Figure 4: Bactericidal percentages of A) BG, B) AG1, and C) AG2 at concentrations of 50 mg/mL depending
on time.

It was observed that antibacterial effect of BG and
produced Al;O3 doped bioactive glasses (AGl and
AG2) was in the BG>AG1>AG2 order after 24 hours
of incubation for both bacteria (Fig. 5). BG showed
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AG1

91% antibacterial effect against S.aureus and 85%
antibacterial effect against E.coli after 24 hours of
incubation.

Pz E.coli
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AG2

Figure 5: Bactericidal percentages of BG, AG1, and AG2 after 24 h of incubation at bioactive glass
concentrations of 50 mg/mL.

The aqueous pH values of 50 mg/mL BG, AGl or
AG2 containing suspensions increased with
incubation time as seen in Figure 6. 0 time point
represented the pH of the nutrient broth media
before the addition of bioactive glass samples. pH
value of the BG containing media increased from 7.1
to 8.4 in the first hour, in contrast there was no
significant difference in pH values of AG1l and AG2

containing suspensions in the first hour. pH values
of BG, AG1, and AG2 containing suspensions were
9.1, 8.2, and 7.9 at the 6th hour, respectively. pH
increase of BG and produced Al203 doped bioactive
glass containing broth displayed the order of
BG>AG1>AG2 after 24 hours of incubation. 45S5
bioactive glass (BG) showed pH values clearly higher
than the alumina doped glasses (Fig. 6). The change
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observed in aqueous pH values of the BG, AG1, and
AG2 containing suspensions was in accordance with
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the bactericidal behavior of these bioactive glass
samples.
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Figure 6: pH change depending on incubation time.

Antibacterial effect of bioactive glasses was mainly
attributed to the high pH values resulting from the
alkali ion release from the bioactive particles, in
previous reports (7, 24-25). Reaction series taking
place on the bioactive glass surface in aqueous
media such as, soluble silica, calcium, and sodium
release, led to an increased pH value (7). Zhang et
al. (24) reported that higher glass dissolution
tendency lead to higher increases in solution pH and
alkali ions concentrations, which results with better
antibacterial activity of the glass. Thus, mechanism
of dissolution of bioactive glasses is crucial in the
evaluation of glass antibacterial activity, and high
antibacterial activity glasses are probably glasses
with high dissolution rate (24).

Increase in nutrient broth pH in the presence of
Al203 doped bioactive glasses, AG1l and AG2, was
significantly low compared to nutrient broth pH
increase containing traditional 4555 bioactive glass
BG. This is probably due to the elimination of some
non-bridging oxygen by Al>Os, which decreases the
solubility of the glass (5).

Alkaline ion release, specially Ca?* ions, and
increase in medium pH cause the antibacterial
activity of glass-ceramic and glass materials. lon
release increase the osmolarity and the pH, leading

to unbalanced bacterial intracellular Ca?*,
depolarizes the bacterial cell membrane and
subsequently kills the bacterial cells. Thus

antibacterial activity of these materials is dependent
on the rate of ion release in aqueous media (4).
Consequently, bioactive glass antibacterial activity
mechanism probably depends on the combination of
parameters, which include glass network dissolution
caused osmotic effect and high pH, and also
network-modifying ions (26).

CONCLUSION

The following conclusion was reached within the
limitations of this study, which is on the effect of

alumina doping on antibacterial activity of 45S5
bioactive glass. Alumina addition to 45S5 bioactive
glass structure resulted in decreased antibacterial
activity and decreased the pH increment which was
regarded to be associated with decreased ion
dissolution from glass structure. Alumina is
considered as glass structure stabilizer due to its
non-bridging oxygen elimination behavior, which
results in decreased glass dissolution and thus
antibacterial effect.
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Abstract: Alzheimer's disease is one of the diseases which is identified by progressive memory loss and
cognitive deficits leading to a decline in the lifespan of the patients. The drugs used in the clinic show
palliative properties and they are unable to modify disease progression. In this study, N-(4-(N-
(diaminomethylene)sulfamoyl)phenyl)-2-(substituted-benzamido)benzamide derivatives were synthesized
and evaluated towards acetylcholinesterase (AChE, E.C.3.1.1.7) enzyme which is the most studied enzyme
regarding Alzheimer's disease. The inhibition constants (Ki) of the compounds synthesized towards the AChE
enzyme were in the range of 15.51 = 1.88 - 41.24 = 10.13 nM. The most effective compound with the
lowest Ki = 15.51 = 1.88 nM, 2-benzamido-N-(4-(N-(diaminomethylene)sulfamoyl)phenyl)benzamide 6, can
be reported as a lead compound of this study. Bioactivity results obtained by this study may provide useful
information on the development of novel and potent inhibitors targeting Alzheimer's disease.
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INTRODUCTION

Alzheimer's disease (AD) is identified by progressive
memory loss and cognitive deficits leading to
declining in the lifespan of the patients. Despite its
complicated molecular pathogenesis, several
treatments have been used at the clinic (1).

Manipulation of cholinergic activity by decreased
production of acetylcholine (ACh) or abnormal
acetylcholinesterase (AChE) activity is the most-

studied clinical approach. Two types of
cholinesterases  (ChEs) were identified as
acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE, pseudo-

cholinesterase). Both ChEs have a role in the
breakdown of ACh into choline and acetate (2).
Cholinesterase inhibitors (ChEls) as drug or drug
candidates enhance the synaptic level of ACh by
inhibiting ChEs in a dose-dependent manner (3).

According to the cholinergic hypothesis, to design
inhibitors as antagonists of AChE and to discover
molecules to bind with ACh receptors as agonists
are the major strategies to control the amount of
ACh in the synaptic cleft (4). Even drugs used in the
clinic could improve the cognitive symptoms, they
are unable to modify disease progression and they
also show a different mode of actions,
pharmacokinetics, and side effects. To date, several
ChEls are approved for the treatment of AD such as
donepezil, rivastigmine, and galantamine. Even
tacrine was the first drug used in AD, it is no longer
used due to severe side effects. Notwithstanding
scientific efforts, there is still no effective
therapeutics for the prevention and treatment of AD
(5-7).

A variety of chemical scaffolds has been reported
with anti-AD  effects. Benzamide derivative
incorporating isoquinoline moiety was reported as
the most potent candidate against human AChE with
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Ki of 6.47 nM (4). As another attractive
pharmacophoric group for AD, guanidine skeleton
shows promising biological activities (8). Hydrazones
having guanidine core as butyrylcholinesterase
inhibitors (8), and cyclic acyl guanidine carbamate
type compounds as ChEls were reported with
promising inhibitory potencies (6).

Our research group focused on primary sulfonamide
derivatives and their bioactivities on CA I, CA Il, CA
IX, CA Xll, and/or cholinesterase enzymes and their
anticancer effects as potent drug candidates (9-12).

This is the first study regarding some novel
secondary sulfonamides to extend our earlier
investigations. Novel sulfaguanidine  bearing
benzamide derivatives having the chemical
structure of N-(4-(N-
(diaminomethylene)sulfamoyl)phenyl)-2-

(substituted-benzamido)benzamides 6-9 were

designed, synthesized, and evaluated towards AChE
enzyme to find out novel and potent AChE enzyme
inhibitors for further experiments.

EXPERIMENTAL SECTION
Chemistry

NMR spectra of the compounds were recorded by
Bruker AVANCE Il 400 MHz (Bruker, Karlsruhe,
Germany) in DMSO - d6 (Merck KGaA, Darmstadt,
Germany). LCMS-IT-TOF system (Shimadzu, Tokyo,
Japan) was used for HRMS spectra. Electrothermal
9100 (IA9100, Bibby Scientific Limited, Staffordshire,
UK) device was used to measure melting points
(Mp). TLC-Silicagel HF254 (Merck Art 5715) plate
was used to check the reaction process using UV
lamp (Spectroline, ENF-240C/ FE, New York, U.S.A).
DCM:MeOH mixture was used as a TLC solvent
system.

Synthesis of 2-(4-substituted phenyl)-4H-
benzo(d)(1,3)oxazin-4-ones, 2-5 (13, 14)

Methyl anthranilate (33 g) was stirred in NaOH
solution (2N, 150 mL) at room temperature for 30
hours. The mixture was poured into 100 mL of ice
water and neutralized by HCI (37%). The white solid
2-aminobenzoic acid (1) was filtered, washed with
water, and dried. To a solution of 2-aminobenzoic
acid (1, anthranilic acid) (14.6 mmol) in pyridine (30)
at 0-5 ° C, a suitable benzoyl chloride (21.9 mmol)
was added while stirring. After 30 min, the mixture
was stirred at room temperature for 3-7 hours. The
mixture was then treated with NaHCO; solution
(10%, 50 mL) to remove the unreacted acid. Then
the white solid obtained was filtered and washed
with water several times to remove excess pyridine.
The white color intermediates were used for the
next step without further purification since the
compounds are single spots on TLC plates.
Experimental data for the raw intermediates were
given below. Yield 60%, mp = 120-122 °C. HRMS
(ESI-MS) Ci4HsNO, m/z Calc. (M+H)* 224.0706;
Found: 224.0695. Compound 3: Yield 65%, mp =
150-151 °C. Compound 4: Yield 71%, mp = 169-171
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°C. HRMS (ESI-MS) CuHsNOF m/z Calc. (M+H)*
242.0612; Found: 242.0623. Compound 5: Yield
64%, mp = 90-92 °C. HRMS (ESI-MS) CisHsNO>F; m/z
Calc. (M+H)*292.0580; Found. 292.0574.

Synthesis of benzamide derivatives 6-9, Figure
1

Sulfaguanidine (1 mmol) was added into a suitable
2-(4-substituted phenyl)-4H-benzo(d)(1,3)oxazin-4-
ones (2-5) (1 mmol) solution in hot acetic acid (20
mL). The mixture was refluxed for 24 hours. After
completion of the reaction, it was poured into cold
water (100 mL). The solid product was precipitated
out and filtered. The crude was washed with water
and dried. The compounds were purified by
crystallization using suitable solvents mentioned
below. The chemical structures were confirmed by
'H NMR, *C NMR, and HRMS.

2-Benzamido-N-(4-(N-
(diaminomethylene)sulfamoyl)phenyl)benzami
de, 6

White solid (methanol:DMF:water), 42% yield, mp =
294-295 °C. 'H NMR (DMSO-d6, 400 MHz, ppm) &
11.50 (s, 1H, -CONH-), 10.78 (s, 1H, -CONH-), 8.42
(d, /= 8.3 Hz, 1H, ArH), 7.94-7.90 (m, 3H, ArH), 7.86
(d, / = 8.7 Hz, 2H, ArH), 7.76 (d, J = 8.7 Hz, 2H,
ArH), 7.64-7.53 (m, 4H, ArH), 7.29 (t, /= 7.5 Hz, 1H,
ArH), 6.74 (bs, 4H, -NH, x 2). 3C NMR (DMSO-d6,
100 MHz, ppm) 6 168.1, 165.2, 158.6, 141.6, 140.2,
138.9, 134.9, 132.9, 132.5, 129.6, 129.3, 127.6,
126.9, 123.9, 123.8, 122.1, 120.8. HRMS (ESI-MS)
C,1H1oNsO,S m/z Calc. (M+H)* 438.1231; Found
438.1232.

N-(4-(N-(diaminomethylene)sulfamoyl)phenyl)-
2-(4-methoxybenzamido) benzamide, 7

White solid (methanol:acetone:water), 33% vyield,
mp = 235-236 °C. 'H NMR (DMSO-d6, 400 MHz,
ppm) 611.43 (s, 1H, -CONH-), 10.76 (s, 1H, -CONH-),
8.43 (d, /= 8.3 Hz, 1H, ArH), 7.91-7.87 (m, 3H, ArH),
7.83 (d, /= 8.7 Hz, 2H, ArH), 7.75 (d, /= 8.6 Hz, 2H,
ArH), 7.61 (t, /= 7.7 Hz, 1H, ArH), 7.28 (t, /= 7.7 Hz,
1H, ArH), 7.09 (d, / = 8.3 Hz, 2H, ArH), 6.71 (bs, 4H,
-NH, x 2), 3.82 (s, 3H, -OCHs). *C NMR (DMSO-d6,
100 MHz, ppm) 6 168.2, 164.6, 162.7, 158.6, 141.5,
140.2, 139.3, 129.6, 129.5, 129.4, 126.9, 126.8,
123.6, 123.2, 121.9, 120.9, 114.6, 55.9. HRMS (ESI-
MS) C;H21NsOsS m/z Calc. (M+H)* 468.1336; Found
468.1340.

N-(4-(N-(diaminomethylene)sulfamoyl)phenyl)-
2-(4-fluorobenzamido)benzamide, 8

White solid (methanol:DMF:water), 34% yield, mp =
285-287 °C. 'H NMR (DMSO-d6, 400 MHz, ppm) &
11.39 (s, 1H, -CONH-), 10.76 (s, 1H, -CONH-), 8.32
(d, /= 8.2 Hz, 1H, ArH), 7.97 (t, /= 6.4 Hz, 2H, ArH),
7.88 (d, /= 7.8 Hz, 1H, ArH), 7.81 (d, /= 8.5 Hz, 2H,
ArH), 7.74 (d, / = 8.5 Hz, 2H, ArH), 7.62 (t, / = 7.6
Hz, 1H, ArH), 7.39 (d, / = 8.5 Hz, 2H, ArH), 7.30 (t, /
= 7.3 Hz, 1H, ArH), 6.69 (bs, 4H, -NH, x 2). *C NMR
(DMSO-d6, 100 MHz, ppm) 6 167.9, 164.7 (d, J =
248 Hz), 163.4, 158.6, 141.6, 140.1, 138.7, 132.8,
131.4, 130.3 (d, Jor = 9 Hz), 129.6, 126.9, 124.3,
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124.1, 122.4, 120.8, 116.3 (d, Jor = 22 Hz). HRMS
(ESI-MS) C21H1sNsO4FS m/z Calc. (M+H)* 456.1136;
Found 456.1136.

N-(4-(N-(diaminomethylene)sulfamoyl)phenyl)-
2-(4(trifluoromethyl) benzamido)benzamide, 9
White solid (methanol:DMF:water), 30% yield, mp =
297-299 °C. 'H NMR (DMSO-d6, 400 MHz, ppm) &
11.49 (s, 1H, -CONH-), 10.77 (s, 1H, -CONH-), 8.28
(d, /= 8.2 Hz, 1H, ArH), 8.09 (d, /= 8.2 Hz, 2H, ArH),
7.94 (d, /= 8.3 Hz, 2H, ArH), 7.89 (d, /= 7.8 Hz, 1H,
ArH), 7.82 (d, / = 8.7 Hz, 2H, ArH), 7.73 (d, / = 8.7
Hz, 2H, ArH), 7.63 (t, /= 7.5 Hz, 1H, ArH), 7.33 (t, J
= 7.5 Hz, 1H, ArH), 6.69 (bs, 4H, -NH, x 2). 3C NMR
(DMSO-d6, 100 MHz, ppm) 6 167.8, 164.2, 158.6,
141.6, 140.1, 138.8, 138.2, 132.7, 132.2 (d, Jor = 32
Hz), 129.6, 128.6, 126.9, 126.3 (d, Jor = 3 Hz), 124.9,
124.5, 124.3 (d, Joe = 271 Hz), 122.7, 120.7. HRMS
(ESI-MS) CxH1sNsO4F3S my/z Calc. (M+H)* 506.1111;
Found 506.1104.

AChE inhibition assay

5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB, D8130),
acetylthiocholine iodide (AChl, 01480) and AChE
from Electrophorus electricus (C2888, Type V-S),
were acquired from Sigma-Aldrich Chemie GmbH
(Taufkirchen, Germany). /n vitro effects on AChE
activity of the compounds were evaluated according
to the Ellman’s assay (15) as previously reported
(16, 17). AChl was used as the substrate at 412 nm.
Tacrine (TAC) was used as a control drug. One
enzyme unit (EU) was defined as the hydrolysis of
1.0 umol acetylcholine to choline and acetate per
minute at pH = 8 at 37 °C. All the measurements
were repeated three times. The analysis results
were expressed as means of triplicate assays =*
SEM.

RESULTS and DISCUSSION

The novel compounds 6-9 were synthesized in three
steps by the method outlined in Figure 1. Firstly, a
starting compound methyl anthranilate was
hydrolyzed under basic conditions to afford 2-
aminobenzoic acid, 1. The chemical structure was
confirmed with NMRs. Methyl peak belonging ester
moiety of methyl anthranilate did not appear in 'H
NMR spectra. This data showed that methyl
anthranilate turned into its acid derivative. In the
second step, compound 1 was reacted with several
benzoyl chlorides in pyridine and the cyclic
intermediate compounds, 2-(4-substituted phenyl)-
4 H-benzo(d)(1,3)oxazin-4-ones (2-5), were isolated
from the reaction media. Finally, compounds 2-5
reacted with sulfaguanidine in acetic acid solution
by heating to obtain final compounds 6-9.

RESEARCH ARTICLE

Different benzoxazine derivatives of intermediates
were transformed into the respective quinazolinone
derivatives by a condensation reaction with several
amine derivatives in pyridine (14) and acetic acid
via microwave heating (18). Herein, we isolated and
confirmed open-chain forms of the compounds
under the conditions applied. Chemical structures of
the compounds were elucidated successfully by the
spectral methods. According to NMRs and HRMS
results of the representative compound 7, signals of
two amide protons were seen at 11.43 ppm (s, 1H, -
CONH-) and 10.76 ppm (s, 1H, -CONH-). These two
protons testified that the isolated compound was not
a quinazolinone derivative. Besides, -NH, protons
belong to guanidine moiety was seen as a broad
singlet at 6.71 ppm. Furthermore, *C NMR spectra
confirmed the chemical structure of compound 7 as
it showed a total of 18 carbon peaks as expected.
Calculated and measured m/z values are also
compatible in HRMS spectra as reported in the
experimental section.

According to our preliminary experiments based on
the different projects (unpublished data), we
obtained a series of quinazolinone-type
benzenesulfonamides in considerable high yields
under reflux conditions in acetic acid. In this study,
we used sulfaguanidine as another kind of starting
compound having primary amine. In the previous
study, we easily isolated the ring-closed product
after cooled the reaction medium. However, in this
study, we isolated open-chain compounds in the
same conditions. Reaction time was extended to
increase products’ yield, however, starting material
did not consume totally. Moreover, the reaction
medium had also more than three spots which have
very similar Rf values. After isolation of the open-
chain target products 6-9, side products left in the
acetic acid. We tried some extraction processes to
isolate them, but it was not successful. Therefore,
we are planning to use the microwave irradiation
technique and using different mole ratios to improve
the reaction’s yield and time for future study.

Benzamide derivative compounds 6-9 were
evaluated towards the AChE enzyme that is one of
the targets for the treatment of AD. Inhibition results
were shown in Table 1. All of the compounds were
more effective inhibitors than reference drug
Tacrine according to Ki values. Ki values were in the
range of 15.51 = 1.88 - 41.24 + 10.13 nM in Table
1. The compounds 6-9 were 1.2-3.2 times more
potent than Tacrine (Ki = 49.23 £ 2.67 nM) in terms
of Ki values.
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Figure 1. Synthetic method of the target compounds 6-9.

NaOH solution (2 N), HCI (37%), rt. ii: Benzoyl chloride derivative

- (6), -OCH3 (7), -F (8), -CF3 (9)), pyridine, 0 - 5 °C, NaHCO3 (10%). iii: Sulfaguanidine, acetic acid,

reflux.

The nonsubstituted compound 6 was the most
promising AChE inhibitor among others. Substitution
of methoxy (for 7), fluoro (for 8), and
trifluoromethylene (for 9) groups on phenyl ring
decreased the enzyme inhibitory potency in 2.4, 2.6,
and 2.7 times compared to parent compound 6,
respectively. Substitution of the para position of
phenyl ring with different groups led to decrease
inhibition potency. Fluorine substitution is one of the

useful modifications in medicinal chemistry to
increase bioactivity, bioavailability, stability, and
lipophilicity of the compounds (19-21). However, in
our study, using halogen substituents did not
improve bioactivity significantly when compared to
compound 6. Even three of the compounds
moderately inhibited, they are effective at the
nanomolar level towards AChE enzyme when
compared to the reference drug.

Table 1. AChE enzyme inhibitory results of the compounds.

Code Chemical Formula AChE, Ki (nM)
6 P 15.51 + 1.88
7 HN P (:-f;
7 ‘ 37.39 + 6.38
A,
8 (P N 39.55 + 10.23
i -4
9 41.24 + 10.13
Tacrine 49.23 + 2.67

432



Yamali C et al. JOTCSA. 2021; 8(2): 429-434.

CONCLUSION

Here we reported synthesis, structure elucidation,
and AChE enzyme inhibitory studies of a small series
of novel benzamide derivatives having
sulfaguanidine moiety. According to spectroscopic
results, we obtained an open-chain structure of the
compounds instead of quinazolinone derivatives.
The compounds showed nanomolar inhibition level
towards the AChE enzyme. The results indicated
that compound 6 had remarkable inhibitory potency
with the lowest Ki value compared to reference drug
Tacrine. Therefore, the lead compound 6 can be
evaluated on different targets of AD in future
studies.
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Abstract: Alzheimer’'s disease (AD) is an irreversible and progressive neurodegenerative disorder,
characterized by pB-amyloid plaques, neurofibrillary tangles, and loss of cholinergic neurons.
Butyrylcholinesterase (BChE) inhibition is a critical strategy for the treatment of AD since BChE causes
inactivation of neurotransmitter acetylcholine and has positive effects on promoting the formation of B-
amyloid fibrils. Our previous studies showed that various phenothiazine-derived compounds such as thionine
and toluidine blue O (TBO) cause a potent inhibition of human cholinesterases. TBO was also found to affect
amyloid precursor protein processing in-vitro and in-vivo models of AD. In this study, it was aimed to
determine the inhibitory effect of 1,9-dimethyl-methylene blue (DMMB), a phenothiazine-derived compound,
on human plasma BChE and explore its inhibitory mechanism. The inhibition of human BChE was assessed
by the colorimetric method of Ellman using butyrylthiocholine as substrate and 0-0.375 pM of DMMB. The
kinetic findings showed that DMMB acts as a linear mixed-type inhibitor of human BChE with K; value of 23 +
0.004 nM and a= 3.6 = 1.6. In conclusion, DMMB, which is a potent inhibitor effective at nM level, may be
helpful in designing new cholinesterase inhibitors for the treatment of AD.
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INTRODUCTION

There are two types of cholinesterases in all
mammalian tissues: Acetylcholinesterase (AChE, EC
3.1.1.7) and butyrylcholinesterase (BChE, EC
3.1.1.8) (1). These are known as sister enzymes, but
they differ from each other genetically, structurally
and for enzyme kinetics. BChE (also called as
pseudocholinesterase or plasma cholinesterase) is a
serine hydrolase that has a toxicological and clinical
importance in scavenging and detoxifying ester
containing compounds like succinylcholine, aspirin,
cocaine, organophosphates, carbamate pesticides,
and chemical warfare agents (1-3). It can
accommodate larger substrates and displays wider
substrate specificity than AChE (3). AChE is mainly
localized in neurons whereas BChE is primarily
expressed in white matter and glia (4). Alzheimer’s
disease (AD) is a cerebral disorder characterized
clinically by problems with memory function,
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cognitive decline and behavioral impairments (5).
Histopathological hallmarks of the disease include
extracellular aggregates of the amyloid B-peptide
(AB), so-called amyloid plaques in the parenchyma
of the brain and intraneuronal neurofibrillary tangles
containing abnormally phosphorylated tau (6).
Moreover, the cholinergic dysfunction is
accompanied by a progressive decline in the level of
neurotransmitter acetylcholine (7-9). Unfortunately,
currently approved pharmacotherapies including
cholinesterase inhibitors (ChEls) and N-methyl D-
aspartate antagonists provide only transient
symptomatic benefit and there is no effective
treatment to prevent or halt the disease yet (10).

Besides of the cholinergic functions, both AChE and
BChE are involved in the AR fibril formation that
increases the neurotoxicity of AR peptides (11). In
addition to these results, several ChEls such as
tacrine, donepezil, or huperzine A have been shown
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to have neuroprotective effects against amyloid-
induced toxicity (12). Due to the reciprocal
connections between amyloid pathology and
cholinergic function, the development of new ChEls
which reduce the hallmarks of AD has attracted
great attention (13). Nowadays, cationic
phenothiazine-derived compounds have shown to be
prominent drug candidates for the treatment of AD
due to their inhibitory effects on cholinesterase
activity (14, 15), AB pathology, and tau aggregation
(16-18). Phenothiazines which are six-membered
heterocyclic compounds containing nitrogen and
sulfur were discovered during second half of the
19th century. The first clinical use of phenothiazines
was for the treatment of malarial infections (19).
These compounds can exhibit inhibitory effects on
several proteins due to their chemical structure (20,
21). For instance, they can inhibit calcium-
dependent proteins such as calmodulin and protein
kinase C which have important roles in cellular
physiology (22). Phenothiazine-structured
compounds are the most commonly prescribed
psychotropic drugs in the world (23). Apart from
their main neuroleptic actions, these compounds

also show a wide spectrum of
pharmacological/biological  activities such as
antifungal, antiprotozoal, antiviral, antihistaminic,

antibacterial, or antiemetic activities (19). They
have been also suggested to destroy cancer cells by
targeting various signaling pathways in vitro and in
vivo, but the most outstanding mechanism is their
directly damaging effect on DNA (19, 24). Among
phenothiazine-structured compounds, methylene
blue (MethB) is a previously known cholinesterase
inhibitor (25) which has shown promising results in
phase Il clinical trials for the treatment of AD (26).

In a recent research performed in our laboratory, we
have tested the inhibitory effects of numerous
phenothiazine-structured compounds on different
types of cholinesterases (15). The findings showed
that toluidine blue O (TBO) and thionine (TH) are
highly potent inhibitors of both human BChE and
human erythrocyte AChE with K; in the nM-uM range
(15). In addition, TBO was also found to affect
amyloid precursor protein processing in-vitro and in-
vivo models of AD (16, 17). These results
encouraged us to test whether a structurally closely
related cationic phenothiazine compound, 1,9-
dimethyl-methylene blue (DMMB) (Figure 1) shows
an inhibitory effect on human plasma BChE.

In the present study, the inhibitory effect of DMMB
and its inhibitory mechanism were determined on
human plasma BChE for the first time. The kinetic
results indicate that DMMB has a high inhibitory
potential on human plasma BChE with a K; value in
nM range.
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Figure 1. The chemical structure of 1,9-dimethyl-
methylene blue.

EXPERIMENTAL SECTION

Chemicals
All reagent grade chemicals including
butyrylthiocholine iodide (BTC), 5,5-dithiobis (2-

nitrobenzoic acid) (DTNB, Ellman’s reagent), and
DMMB were purchased from Sigma-Aldrich
(Germany). All other chemicals were purchased from
Merck or Sigma-Aldrich (Germany), if not indicated
otherwise. Stock solution of DMMB (4.8 mM) was
freshly prepared in methanol on the day of use.

Purification of Butyrylcholinesterase

Purification of human BChE from outdated human
plasma was performed in two steps:

1. DEAE-Trisacryl anion exchange chromatography
(Sigma-Aldrich)

2. Affinity chromatography on procainamide
Sepharose 4B as described previously (27). (Specific
activity, 44 U/mg; purification, 250 fold).

Inhibitory Potency of DMMB

The inhibitory potential of DMMB on BChE was
tested at different inhibitor concentrations (0.03125
MM, 0.0625 uM, 0.125 pM, 0.25 uM and 0.375 uM) in
the presence of 0.4 mM BTC. The half-maximal
inhibitory concentration (ICso) value was calculated
by plotting a graph of percent remaining activity
versus log [inhibitor] by using GraphPad Prism 5.0.

Butyrylcholinesterase Activity Assay and
Inhibition Studies

BChE hydrolysis of BTC (0.05-0.4 mM) was
measured spectrophotometrically in MOPS buffer
(50 mM, pH 8) at 25°C in the presence of DTNB
(0.125 mM) according to the Ellman method (28).
The reactions were started by adding 0.01 U/mL
BChE. The rate of increase of absorbance was
monitored at 412 nm on a Shimadzu UV-1601 UV-
Visible spectrophotometer (Kyoto, Japan). Enzyme
activity was determined according to the linear
segments of the progress curves in the initial 60 sec
period using the extinction coeffient of 14.2 mM™
cm™. The inhibition of BChE was studied by adding
0-0.375 pM DMMB to the reaction mixture (final
volume was 1.2 mL). The presence of methanol
(=1.25% (v/v)) in the reaction mixture did not affect

enzyme activity (14).
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Kinetic Analysis

The kinetic parameters of inhibitory activity of
DMMB on human BChE was evaluated at 5 different
concentrations of BTC and 6 different concentrations
of DMMB. The initial rate data were analyzed
according to a simplified rapid equilibrium model for
linear mixed-type inhibition (Scheme I; B = 0). The
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corresponding rate equation, Dixon equation and
the [S]-dependence of the observed slope in Dixon
plots of 1/V versus [I] at constant [BTC] are shown in
Equations I, Il, and lll, respectively (29). The kinetic
parameters inactivation rate constant (Kj) and (a)
were calculated from Dixon slope replots using
Equation (1l1) (29).

S k
E+S —» ES —» E+P
PR
+ +
| |
K iT a, !
aK_
E+S > IES

Scheme I. Rapid equilibrium model for linear mixed-inhibition.

E: enzyme; S: substrate; I:

inhibitor; ES: enzyme-substrate complex; IE: inhibitor-enzyme complex; IES:

inhibitor-enzyme-substrate complex; P: product; Ks: the dissociation constant for ES complex; Ki: the
dissociation constant for the breakdown of IE complex to E+I; k,: the rate constant for the breakdown of ES
complex to E+P; oK the dissociation constant for the breakdown of IES complex to ES+| and aKs: the
dissociation constant for the breakdown of IES complex to IE+S.

Equations | and Ill were derivated from simplified
rapid equilibrium model for linear mixed-type
inhibition (Scheme |; B=0). If [Elwta is written in
terms of [ES], equation | can be obtained: (v: initial
velocity; kp: the rate constant for the breakdown of
ES to E+P; Vmax: maximum velocity; [Elwt: total
concentration of enzyme; [E]: concentration of free
enzyme, [ES]: concentration of enzyme-substrate

complex; [El]: concentration of enzyme-inhibitor
complex; [EIS]: concentration of enzyme-inhibitor-
substrate complex; K;: the dissociation constant for
ES complex; K the dissociation constant for the
breakdown of IE complex to E+Il; aK: the
dissociation constant for the breakdown of IES
complex to ES+I; aKs: the dissociation constant for
the breakdown of IES complex to IE+S).

V=k,[ES]

[E = E]+[ ES]+[EI |+ EIS]

—=[E]=

[ES]K,
[S]

[ES][K,]
[S]

K [I]
[SIK, " aK,

[ ]Toral =

(E =L ES] [If;]+1+
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V=k,[ES]
_ K[ElalS]
K, 1+% +[S] %]
Vnae =Ko E e
_ V e [S]
_Ks 1+% +[S] 1+%) \

The rate equation (Eq.1) for linear mixed type may be converted a linear form in which the varied ligand is
[11(Eq.2).
-1 [S]+aK5 [I] [S]+Ks
= +
aKiVmax[S] Vmax[S]
(Dixon Equation)

(1

K 1

S

+
Kivmax[s] aKiVmax

Dixon slope=
(1)

RESULTS value of 116 nM (Figure 2). The percent remaining
activity showed a residual activity of 18% at the

Inhibitory Potency of DMMB highest dose of DMMB.

The human BChE activity was found to be inhibited

in a dose-dependent manner, with an estimated ICs

125~
1004
757 : 1IC5p= 116 NM
! R%=0.99

5O ........

Remaining Activity, %
&

c T I: 1
0 1 2 3

Log [DMMB], nM

Figure 2. Inhibitory activity of DMMB against human plasma BChE. Dose response curve for the
quantification of the correlation between DMMB concentration and the inhibitory effect. 100% equals the
BChE activity in the absence of DMMB. ICsq: Half-maximal inhibitory concentration.

Inhibition of Human Butyrylcholinesterase by human BChE by DMMB are shown in Figure 3A and
DMMB Figure 3B. The slope replot of DMMB pointed to a
Kinetic analysis results showed that DMMB acts as a linear mixed-type inhibition (l<a<w) of human
linear, reversible inhibitor of human plasma BChE. plasma BChE. K; value was found to be 23 (£0.004)
The Dixon plots were found to be linear (B=0) at nM and a value was 3.6 (£1.6) derived from Dixon
different substrate concentrations. Dixon plots and slope replot (based on K.=32.2 (£2.03) pM and
the secondary slope replot of the inhibition of Vm=10 (£0.58) uM/min using Lineweaver-Burk plot
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without DMMB) (Table ). Since the value of a is
greater than 1 and smaller than «, this situation

0 A
0.9 °

1V, min/pM

0.2 0.3
[DMMB], uM

0 0.1 0.4
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also supports that DMMB acts as a linear mixed-type
inhibitior of BChE.

4.5

Dixon Slope, min-uM-2
N
N ol w
*
*
L 4

o
*

0.5 1

0 0.006 0.01 0.015 002 0.025

[BTC]', um*

Figure 3. The inhibition of human BChE by 1,9-dimethyl-methylene blue. (A) Dixon plots of the inhibition at
400 (e), 300 (A), 200 (@), 100 (x) and 50 (O) uM butyrylthiocholine. Each point is the average of three
independent experiments (B) Slope replot of pooled data from three independent experiments.

Table 1: Kinetic parameters for the inhibition of human BChE by DMMB.

Enzyme Inhibitor Inhibition Ki;, nM a® B¢
type
Human 1,9-dimethyl-methylene  Linear mixed 23+0.004®° 3.6x1.6 O

Butyrylcholinesterase blue

2 All data are shown as mean + SD. a is the factor by which Ks changes when inhibitor occupies the
enzyme. ¢ reduction in the catalytic kinetic constant is captured by a factor, B.

DISCUSSION

BChE can hydrolyze the neurotransmitter
acetylcholine like AChE and it is one of the

important targets in the treatment of AD (30).
Recent evidences have suggested that BChE shows
an important effect on modulation of motor control,
cognition and behavior due to possible regulatory
function of BChE on acetylcholine levels. Besides,
BChE inhibitors have been shown to improve
learning performance in rats and mitigate
neurotoxic B-amyloid peptide levels (31). It was
reported that there is a positive correlation between
increased levels of BChE and development of
amyloid-rich neuritic plaques in AD patient brain
tissues (32). Darvesh et al. has suggested that
knock-out of BChE gene in a mouse model, including
five human familial AD genes (5XFAD) showed
reduced fibrillar AB plaque deposition due to lack of
BChE (33). Also, according to an AChE knockout
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mouse study, BChE was found to be more abundant

than AChE activity in most tissues of mice (34). In
AD, AChE activity decreases progressively in specific
brain regions while BChE activity dramatically
increases (35, 36). Therefore, it is noteworthy to
explore new BChE inhibitors due to their possible
inhibitory effects on cholinesterases or amyloid
precursor protein (APP) metabolism for the
treatment of AD. Cationic phenothiazine-derived
compounds have been used since long time ago
because of their pharmacological or biological
activities (37) and most of them are in clinical use

(38). Among these compounds, MethB has recently
gained prominence as a potential therapeutic for the
treatment of neurodegenerative disorders like AD.
MethB can significantly inhibit both AChE and BChE
(25, 39). This inhibition may show, at least in part,

beneficial contribution to treatment of AD (40).
Despite having a cationic structure, MethB can cross
through the blood-brain barrier (BBB) after
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conversion to its reduced form (uncharged leuco-
form) (40). The fact that nerve tissues have a high
affinity for the leuco form of MethB was confirmed
by exposing tissue sections to air (or by treating
them with iron chloride). This resulted in the
conversion of the reduced form of MethB to its

oxidized colored form (41).

DMMB, also known as Taylor’s blue, is a structurally
related derivative of MethB and contains two
additional methyl groups (42). DMMB is widely used
in the tissue staining applications due to its
metachromatic property (43). In terms of its
photodynamic action, DMMB has been shown to be
more efficacious on tumor cells, viruses, and
parasites (43, 44) than MethB. DMMB has lipophilic
nature. Although there is no evidence, DMMB is
expected to cross BBB similar to MethB. The results
of Taylor et al. indicate that DMMB not only stains
erythrocyte membranes but also stains the entire
erytrocyte blue-green (42). It has shown that
pharmacological actions of DMMB are superior to
those of MethB. For instance, DMMB exhibits higher
potency in inhibiting monoamine oxidase A,
compared to MethB (45). The photodynamic action
of DMMB has been found to be more efficacious in
treatment of microbial infections due to its high
lipophilic character, compared to other
photosensitizers, including MethB (46). An earlier
study has demonstrated that MethB vyielded a
complex pattern of human BChE inhibition (Intrinsic
K'=420+0.04 nM) and indicates cooperative binding
at more than one site (47) whereas our results show
that DMMB is a linear mixed-type inhibitior of human
BChE (23+0.004 nM) and it is ~18-fold more potent
than MethB. Although DMMB shows the same kinetic
pattern as ethopropazine (Ki=37+0.07; a=8.4%2), a
phenothiazine-derived compound (47), DMMB
inhibits human plasma BChE more strongly. A recent
study also demonstrated that DMMB has a 55-fold
higher potency than MethB for inhibition of tau-tau
binding in vitro (48). Therefore, DMMB deserves
more detailed studies as a potential candidate for
the treatment of AD.

In our previous studies, various phenothiazine-
structured compounds have been searched for
possible inhibition of human cholinesterases (15).
The findings showed that methylene violet (MV)
caused a linear mixed type-inhibition and K; value
was 0.66x0.06 pM. Toluidine blue O (TBO;
Ki=0.008+0.003 uM) and thionine (TH; Ki=2.1+0.42
MM) acted as nonlinear inhibitor of human BChE.
Besides, TBO also caused linear mixed-type
inhibition of human erythrocyte AChE with
Ki=0.041+0.05 pM (15). In addition to its strong
inhibitory effects on both AChE and BChE, it was
shown that both TBO and TH mitigate the levels of
secreted AR peptides in cell model of AD (PS70 cells)
while only TBO affects hippocampal amyloid
pathology by decreasing the levels of insoluble AR
species in a transgenic mouse model of AD (16, 17).
In our recent study, azure B, the major metabolite of
MethB, has been shown to decrease the levels of
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secreted APPa and AR peptides significantly. A
significant decrease has also been observed in the
levels of intracellular total APP (49). Considering our
previous results, a phenothiazine-structured
compound, DMMB which is a highly effective BChE
inhibitor (23+0.004 nM) can be also a potent
inhibitor of AChE. Further testing would be also
useful for designing and development of new
cholinesterase inhibitors. This study represents the
first report of inhibition of human BChE by DMMB.
AD is a multifactorial disease and due to direct
relationship between cholinergic system and APP
metabolism, it is also worth determining the effects
of DMMB on APP metabolism in future
investigations.

CONCLUSION

These kinetic findings indicate that DMMB is a
potent inhibitor of human plasma BChE with K; value
in NnM range. In conclusion, DMMB may be useful in
designing new cholinesterase inhibitors for the
treatment of AD.
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Abstract: Poly(quercetin) (p(QR)) particles were synthesized by using poly (ethylene glycol) diglycidyl ether
(PEGGE) crosslinker in a single step via a microemulsion system. The morphological, size, and functional
analysis of the prepared particles were examined by optical microscope, scanning electron microscope
(SEM), dynamic light scattering (DLS) measurements, and FT-IR spectroscopy. P(QR) particles were found to
have spherical shape with 372+9 nm size range based on SEM images and DLS measurements. The zeta
potential measurements, performed at different pH conditions, and potentiometric titration of p(QR)
particles revealed that the isoelectric point and pKa values were around pH 2.5 and 2.3, respectively. Ferric
reducing antioxidant power (FRAP) was determined for QR and p(QR) particles at pH 3.6 and found to be 9.4
and 0.43 ug of reduced Fe(ll). The effects of QR and p(QR) particles on a-glucosidase enzyme activity were
investigated at pH 6.9 and QR molecules and p(QR) particles can inhibit the a-glucosidase enzyme by 89.3%
and 24.7%, respectively. The fluorescence spectroscopy of QR and p(QR) with fibrinogen showed that p(QR)
particles do not induce clotting of blood.
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INTRODUCTION

Polyphenolics obtained from natural sources are
known as flavonoids and have natural antioxidant
and antibacterial properties due to the hydroxyl
groups in their chemical structure. They are usually
found in fruits, roots, leaves or stems of plants (1-3).
As they possess antioxidant, antimicrobial and
hemostatic properties, polyphenolics are potentially
considered as drugs for healing cancers and wounds
and attract great interest in many areas including
medicine, food, and cosmetics (4-7). Quercetin (QR)
is a flavonoid commonly found in many plants such
as onion, tea, apple peel, parsley, citrus, sage, white
grapes, red grapes and so on. It was shown in vivo
and in vitro that quercetin can prevent oxidative
stress by capturing free radicals in the body due to
antioxidant properties, can be used in the treatment
of hypertension by lowering blood pressure, and can
prevent inflammation with anti-cancer effects (3).

Some flavonoids such as quercetin are used in the
body and they can interact with enzymes causing
their activation and/or inactivation (inhibition) (8).

It is recognized that enzymes break down sugar and
when long chain sugars are broken down into a sin-
gle molecule sugar unit in the body, they can pass
into the blood causing an increase in glucose level
of the blood. There are many treatments for high
glucose levels, e.g., the use of insulin hormone for
the treatment of hyperglycemia. Also, one of these
treatments is inhibition of the a-glucosidase en-
zyme, and some flavonoids are known to inhibit the
a-amylase enzyme (8-10).

In the biomedical applications of any materials,
there are always interactions with blood and cells
that need to be considered seriously. Fibrinogen is
one of the human plasma proteins that has signifi-
cant and effective role in the coagulation of blood
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and cell adhesion. The concentration of fibrinogen in
the human body can change in the 2-4 g/L range
(11). During the blood coagulation process, fibrino-
gen interacts with thrombin resulting in conversion
to fibrin and subsequent clot formation. Preserving
the proper protein structure and conformation are
also significant factors to maintain the activity of fib-
rinogen. Alteration of fibrinogen is therefore an es-
sential method to study the interaction between ma-
terials and blood (12).

Earlier, our group reported the preparation of p(QR)
nanoparticles by cross-linking QR molecules with
polyethylene glycol glycidyl ether (PEGGE) in
lecithin-gasoline reverse micellar microemulsion
(13). The hydrolytic degradation, hemolysis, blood
clotting index for human blood, cytotoxicity, and
cancer cell viability were reported (13). Here, we re-
port the effects of QR and p(QR) on a-glucosidase
enzyme activity. The solutions of QR molecule and
p(QR) particles at different concentrations were in-
cubated with a-glucosidase enzyme at pH 6.9 to de-
termine the inhibition capability. Furthermore, the
interaction of QR and p(QR) with fibrinogen was in-
vestigated to estimate the coagulation effects in
blood.

MATERIAL AND METHOD

Materials

Quercetin dehydrate (QR, Sigma, =>95%), L-a-
lecithin (granular, Acros Organic, 98%), poly (ethyl-
ene glycol) diglycidyl ether (PEGGE, Mn: 500,
Aldrich), triethylamine (TEA, 99.5%, Sigma Aldrich)
sodium hydroxide (Sigma-Aldrich), gasoline (95 oc-
tane, Total), cyclohexane (99.5%, Sigma-Aldrich),
and ethyl alcohol (Birkim, 9%) were used as re-
ceived. Ultra-pure distilled water was obtained from
GFL, 2108 and Millipore Direct-Q3 UV (18,2 MQ.cm).
Sodium nitrite from Acros, aluminum chloride (Alfa
Aesar), 5,6-Diphenyl-3-(2-pyridyl)-1,2,4-triazine-4,4-
disulfonic acid disodium salt hydrate (Alfa Aesar),
sodium acetate anhydrous (Fisher, 99%), and hy-
drochloric acid (Sigma, 37%) were used for antioxi-
dant tests. Bovine fibrinogen (Alfa Aesar) was used
for fibrinogen interaction. a-Glucosidase from Sac-
charomyces cerevisiae (Sigma Aldrich) and p-nitro-
phenyl- a-D-glucopyranose (Sigma Aldrich) were
used for a-glucosidase activity.

Synthesis of p(QR) particles

P(QR) particles were synthesized by using PEGGE as
crosslinker in  lecithin-gasoline  microemulsion
medium according to a previous procedure with
some modifications (13,14). In short, 3 mL of 0.1 g/
mL concentration of QR in 1 M NaOH aqueous
solution was placed in 150 mL 0.1 M lecithin-
gasoline solution at 50 °C at 750 rpm mixing rate.
After 10 min, PEGGE at 300% mole ratio of QR and
20 pL triethylamine as accelerator were added into
the emulsion medium under constant mixing and
the reaction continued for 12 h at 50 °C. The
prepared p(QR) particles were precipitated via
centrifuge at 10,000 rpm for 10 min. Then, the
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precipitated p(QR) particles were washed with
gasoline and cyclohexane, ethanol:water mixture
three times and then with acetone by using
centrifugation to precipitate/resuspend at 10,000
rom for 10 min. The prepared p(QR) particles were
dried in an oven at 50 °C for further use.

Characterization of p(QR) particles

The morphological structure of p(QR) particles was
assessed by optical microscope (Olympus BX-53)
and scanning electron microscope (SEM, Jeol JSM-
5600 LV). For SEM analysis, p(QR) particles were
coated with gold/palladium and analyzed at 20 kV
operating voltage. Hydrodynamic size distribution of
p(QR) particles was determined by dynamic light
scattering (DLS, Brookhaven Ins. Corp.,
90PIus/BIMAS). Zeta potential (ZP) measurements of
the particles were completed by using Brookhaven
Inst. Corp., BIC ZetaPlus analyzer at different
solution pHs. Briefly, 10 mg of p(QR) particles were
dispersed in 0.001 M 50 mL KCI aqueous solution
and the ZP of the particles was measured in the pH
2-12 range to calculate the isoelectric point (IEP) of
p(QR) particles. DLS and ZP analyses were
measured ten times and the obtained results are
given as averages with corresponding standard
deviations. Potentiometric titration of p(QR) particles
was carried to determine the equivalent point and
pKa values of p(QR) particles. Briefly, 50 mg p(QR)
particles were suspended in 0.01 M 50 mL KCI
aqueous solution, and the pH of this suspension was
adjusted to 2 by using 0.01 M HCI aqueous solution
and titrated by using 0.01 M NaOH aqueous solution
up to pH 12. Thermogravimetric analysis (TGA) of
p(QR) particles was done by using a TG analyzer (SlI
TG/DTA 6300, Japan) in the temperature range 50-
1000 °C. P(QR) particles weighing about 5 mg were
heated at 10 °C/mL heating rate under N
atmosphere with 100 mL/min flow rate.

Determination of antioxidant properties of
p(QR) via iron reduction potential FRAP TEST
The iron reduction potential (FRAP) of QR and p(QR)
particles was investigated with a UV-Vis
spectrophotometer at 595 nm according to the
literature (15,16). Briefly, 0.3 M acetate buffer was
prepared at pH 3.6. Tripyridyl triazine (TPTZ)
solution at 10 mM concentration was prepared using
2.5 mL 40 mM HCI. Acetate buffer with 25 mL
volume was mixed with 2.5 mL of TPTZ solution and
2.5 mL of 20 mM FeClsH,0 (in acetate buffer) was
mixed to obtain Fe(lll)- TPTZ complex. P(QR) were
suspended in acetate buffer at 0.5 mg/mL and QR
molecules were dissolved in ethanol at 0.5 mg/mL.
The FRAP test was done using 3 mL of the prepared
Fe-TPTZ complex solution.

QR solution and p(QR) suspended particles were
prepared as 0.5 mg/mL solution. First, the UV-visible
spectra of the Fe-TPTZ complex was measured at
595 nm, and 5-80 pL volumes of QR and/or p(QR)
particle suspensions were placed into Fe-TPTZ
complex solution and stirred for 4 minutes with
plastic pipette tips. Then, the UV-Vis spectra was
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recorded and the difference between the
absorbance values was calculated as pmol Fe(ll)
reduced. FeS0O,-7H,0 was used as the Fe(ll) source
to complex with TPTZ as standard to generate a
calibration curve to be used in determination of
Fe(ll) reduced by QR and/or p(QR) particles. Gallic
acid (GA) was taken as a reference material.

Total flavonoid content (TFC) of QR and p(QR)
particles

The TFC tests for QR and p(QR) were done using a
UV-Vis spectrophotometer at 405 nm in accordance
with the literature with some modifications (17). QR
solution and p(QR) particle suspension in distilled
water at 170 ppm and 0.5 mL volume was placed in
10-mL tubes. Distilled water, 2 mL, was added to
these 10-mL tubes. 5 minutes later, 0.15 mL of 5%
NaNO, was added and after another 5 minutes, 0.15
mL of 10% AICI;:6H,O was added to this medium.
After another 5 minutes, 1 M 1 mL of NaOH was
added to this mixture. After keeping this solution
still for another 15 minutes, the UV-Vis spectrum of
this solution was read at 405 nm. NaNO, and
AICl3.6H,0 mixture solution in DI water was used as
blank. Gallic acid was used as standard.

Inhibitory capacity of QR and p(QR) for a-
glucosidase

The inhibition capacity of QR and p(QR) particles for
the enzyme, a-glucosidase, was examined according
to the reported literature (18-20). The QR solution
was prepared at 0.075, 0.15, 0.3 and 0.375 mg/mL
concentrations. From these solutions, 70 pL was
taken, placed in 96 well-plates and incubated for 10
minutes. To these solutions, 70 pL of enzyme
solution at 0.06 unit/mL was added. Then, 70 pL
substrate (1.66 mM p-nitrophenyl-a-D-glucoside
solution in 67 mM phosphate buffer) was added and
left for 30 minutes and the absorbance value was
measured at 405 nm using a micro plate reader
(Thermo Multiskan Go). Inhibition% values were
calculated using equation (1) and compared to a
control with 70 uL buffer solution in place of the QR
or p(QR) eluate (18, 20). For p(QR) particles, 0.375,
0.75, 1.5 and 3 mg/mL suspensions were prepared
and added to the well-plates and the same
procedures were carried out.
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Sample
Inhibition of a — glucosidase enzyme % = ([1 - %]) x 100

o ) AASample
Inhibition of a — glucosidase enzyme % = ([1 - WZWD x 100

Equation (1)

Fibrinogen interaction

The interactions of QR and p(QR) particles with
fibrinogen were investigated according to the
literature (13). The effect of QR and p(QR) on the
fluorescence properties of fibrinogen was monitored
by fluorescence spectroscopy (Thermo Scientific
Lumina Spectrophotometer). A fibrinogen solution at
0.2 mg/mL concentration was prepared in distilled
water. Different concentrations of QR or p(QR), 15-
250 pg/mL in PBS, were mixed with fibrinogen
solution in 1:1 ratio by volume. The width of the
excitation and emission slit was set as 5 nm and the
excitation wavelength of 280 nm was used. The
scanning range was set between 280-420 nm. The
interaction of QR and p(QR) particles with fibrinogen
was determined in terms of the reduction in the
fluorescence intensity.

RESULTS AND DISCUSSION

Quercetin (QR) is a well-known flavonoid-based
phenolic that has promising use in a wide range of
biological applications including as antimicrobial,
antioxidant, anticancer, and anti-inflammatory
material (21-24). The phenolic structure of QR was
considered to be monomeric and was crosslinked
with an epoxy group containing crosslinkers, e.g.,
PEGGE, to prepare degradable p(QR) particles. In
p(QR) particle synthesis, QR was dissolved in basic
aqueous solution and transferred to a lecithin-
gasoline microemulsion solution to create water-in-
oil emulsion medium. PEGGE as crosslinker was
added into the reaction medium containing epoxy
groups can readily react with phenolic hydroxyl
groups on gquercetin in basic conditions. Sahiner et

al. reported the synthesis, characterization, and
degradability of p(QR) particles crosslinked with
PEGGE (14). Also, the antioxidant, blood

compatibility, cytotoxicity, and anticancer properties
of these particles were reported (14). In this study,
the degradable p(QR) particles were prepared with
the same process to investigate their binding and/or
inhibitory effect on alpha glycosidase enzyme
activity for blood clotting mechanisms. The sizes of
p(QR) particles were illustrated by optic microscope
and SEM images as shown in Figure 1a and 1b.
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Figure 1. (a) Optical microscope and (b) SEM images of p(QR) particles and (c) hydrodynamic size
distribution.

It is obvious from the images that p(QR) particles
are spherical with sub-micron size range. The
hydrodynamic size distribution of the p(QR) particles
was measured between 160 nm and 820 nm size
range with 372+9 nm average particle size. These
results signified that the prepared p(QR) particles
have nanometer size range and can be used as an

Thermal degradation of PEGGE-crosslinked p(QR)
particles was determined by thermogravimetric
analysis (TGA) by heating about 5 mg p(QR)
particles from 50 °C to 1000 °C wunder N
atmosphere. The corresponding TGA thermogram is
shown in Figure 2.
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Figure 2. Thermogram of PEGGE-crosslinked p(QR) particles.
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The first degradation was obtained in the 118-154
°C range with slight weight loss about 1.4% because
of bound water in the polymeric structure. Then,
two main degradations were observed in 205-350
and 370-490 °C ranges with 39.2 and 69.6%
cumulative weight loss, respectively. After 500 °C,
degradation was slightly increased with 79.4%
cumulative weight loss. As reported in an earlier
study, QR monomer was reported to be thermally
more stable than PEGGE-crosslinked p(QR) particles
up to nearly 900 °C because of more oxyethylene
structure coming from the PEGGE crosslinker into
the particle network (3).

RESEARCH ARTICLE

Zeta potential values of p(QR) particles were
measured in pH 2-12 solution to determine the
isoelectric point, as shown in Figure 3a. According to
the results, p(QR) particles had slightly positive
character with +5.5£3.2 mV at pH 2 in acidic pHs,
whereas zeta potential values gradually decreased
to -27.2 from -3.7 mV up to pH 7 and were almost
stable at pH 7-12 with more negative charges. The
isoelectric point of p(QR) particles was found to be
pH 2.5 where the zero zeta potential value was
measured and there is a balance between positive
and negative charges on the particle surface.

20 14
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E ol g |
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Figure 3. (a) Zeta potential values of p(QR) particles in different solution pHs, and (b) potentiometric
titration of p(QR) particles by using 0.1 M NaOH aqueous solution.

Furthermore, potentiometric titration of p(QR)
particles was carried out in pH 2-12 range to
calculate equivalent point and pKa values of the
p(QR) particles, as demonstrated in Figure 3(b). It
was found that the equivalent point of p(QR)
particles was about pH 7.6 with 2.3 pKa value. It is
clear that p(QR) particles have only one pKa value
coming from the phenolic hydroxyl groups in the
particle structure and the pKa value of p(QR)
particles was very close to the isoelectric point of
the particles as expected since some of the hydroxyl
available on QR molecules are used up during
crosslinking with PEGGE. These results support the
view that p(QR) particles are negatively charged at
physiological conditions, e.g., at pH 7.4, and these
negative p(QR) particles can readily interact with
positively-charged  biomacromolecules including
some enzymes and proteins.

Ferric reducing antioxidant power (FRAP Test)
of p(QR) particles

The FRAP test is an antioxidant test that is generally
carried out at pH 3.6. It was reported that reduction
of Fe(lll) to Fe(ll) ion by phenolic compounds can be
used for the determination of their antioxidant
power (25). Since, QR is not soluble in acetate
buffer, the ethanolic solution of QR was used as
comparison for p(QR) particles. As presented in
Figure 4, the QR molecule reduces Fe(lll) ions well
compared with gallic acid (GA) which is generally
used as reference. Gallic acid of 5 pg and QR were
found to reduce Fe(lll) to 15.75*1.5 pg and
9.4+1.74 pg Fe(ll), respectively. The same amount
of p(QR) particles (5 ug) in acetate buffer resulted in
0.43+0.07 ug Fe(ll).
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Figure 4. FRAP test for QR in ethanolic solution and p(QR) solution in acetate buffer at pH 3.6 (Gallic acid is
used for comparison).

Although the Fe(lll) reduction capacity of p(QR)
seems to be lower than the QR molecule, p(QR)
particles still have reducing capability as 10 pg
p(QR) can result in about 1 pg of Fe(ll) ions. The
reducing capacity of p(QR) particles revealed a
linear relationship with amount of p(QR) particles
used and reduced forms of Fe(lll) ions (Fe(ll)).

Total flavonoid content (TFC TEST) of p(QR)
particles

Total flavonoid content is another assay to
determine the antioxidant properties of materials.
The TFC of QR and p(QR) particles were examined,
and the results are given in Table 1. GA equivalent
value (pg/mL) was taken as standard. It is apparent
that QR molecules and p(QR) values are higher than
GA. As GA is not a flavonoid, this outcome is
reasonable. As 170 ppm QR cannot be prepared in
DI water, 170 ppm QR solution was prepared in
ethanol and used in TFC tests. The results for TFC
and FRAP that were only tested for 5 pg of material
are summarized in Table 1.

Table 1. TFC (170 ppm) and FRAP (5 ug) values for
GA, QR and p(QR) particles.

Materials| *TFC (ppm) *FRAP (5 pg)
GA 170 15.8+1.8
QR 275.3+22.6 9.4+0.8
P(QR) 439.9+93.3 0.4+0.1

* The results shown are expressed as means +SD of
three independent experiments.

It is obvious from the table that the TFC values are
much higher for QR and p(QR) in comparison to GA,
and the FRAP values at low concentration of 5 ug is
much higher for GA than for QR and p(QR). This is
reasonable as GA has much higher Fe(lll) reducing
capacity than QR molecule and p(QR) particles. The
antioxidant capacity of a phenolic compound
strongly depends on the chemical nature of the
flavonoid and the nature of the employed tests.

The inhibitory effect of p(QR) particle on a-
glucosidase

The effect of QR and p(QR) particles on the enzyme
activity of a-glucosidase was determined by
interacting them at pH 6.9 in PBS. The inhibition
values of a-glucosidase enzyme are given in Figure 5
(a) and (b), respectively.

As clearly seen in Figure 5 (a), as the cIfll2
concentration increased from 0.025 to 0.12 mg/mL,
the a-glucosidase enzyme inhibition increased from
27.4 to 89.3% with an almost linear relationship
between the amount of QR and the inhibition% of a-
glucosidase enzyme. The p(QR) particles, on the
other hand, as demonstrated in Figure 5 (b) revealed
lower enzyme inhibition capability. From the figure,
p(QR) particles can only inhibit 24.7% of a-
glucosidase enzyme at 0.06 unit/mL mg/mL
concentration against a maximum concentration of
1.0 mg/mL.
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Figure 5 a-glucosidase enzyme inhibition % of (a) QR molecules, and (b) p(QR) particles.

The interaction of QR and p(QR) particles with
fibrinogen

In the coagulation process, fibrinogen, a plasma
protein, interacts with thrombin to form fibrin. The
protein structure and conformation are significant
factors in retaining the activity of fibrinogen.
Biomaterials can interact with plasma protein and
may influence or trigger the clotting mechanism.
Therefore, analysis of and changes in protein
molecules upon interaction with biomaterials in the
blood has paramount significance. Generally,
fluorescence spectroscopy is employed as an
effective and comparable tool to determine these
interactions. Fluorescence intensity is related and
associated with the number of tryptophan residues
in fibrinogen and tryptophan residues are generally
located in the hydrophobic core of fibrinogen (12).
The change in the tryptophan residue conformation
results in a change in the intensity of the fluorescent
emission. So, fluorescence spectroscopy can be

readily employed to probe the microenvironment of
fibrinogen (12,26).

QR and p(QR) were interacted with fibrinogen at
varying concentrations and the corresponding
fluorescence emission spectroscopy is presented in
Figure 6 (a) and (b), respectively. The emission of
fibrinogen at 0.1 mg/mL in DI water has a florescent
intensity of about 64,700 at 341 nm. As seen in
Figure 6 (a), the peaks for fibrinogen started to
decrease with the increase in the concentration QR,
e.g., 15, 31,62.5, 125, and 250 pg/mL. A similar test
was also done for p(QR) particles as shown in Figure
6 (b). It is apparent from the figure that p(QR)
particles are not as effective as QR molecules in
reducing the fluorescence emission of fibrinogen.
Only 250 pg/mL p(QR) particles decreased the
fibrinogen peak to 51762 intensity as seen in Figure
6 (b).
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Figure 6. Fluorescent emission of (a) QR molecule (b) p(QR) particles at different concentrations [Excitation

wavelength: 280 nm].

Earlier, p(QR) particles were reported to degrade to
about 2.4% in PBS over 100 hours at pH 7.4 (14),
suggesting that lower amounts of QR molecules
(e.g., <15 pg/mL) cannot trigger a clotting effect by
interacting with fibrinogen residues in blood
proteins. Therefore, p(QR) particles with controllable
degradation profile can be used without triggering
blood clotting.

CONCLUSION

The isoelectric point of p(QR) particles was found to
be pH 2.5 and the particles are negatively charged
above this value. As a-glucosidase inhibition is
important in connection with diabetes, defined as
abnormal elevation of blood glucose levels, and is
associated with cardiovascular diseases such as
hypertension, the use p(QR) to inhibit this enzyme
may be very useful in biomedical applications. The

hydrolytic enzymes such as a-glucosidase play
significant roles in controlling blood sugar for
carbohydrate nutrition in the treatment of type 2
diabetes. The a-glucosidase enzyme interaction with
QR and p(QR) particles resulted in inhibition of the
enzyme, suggesting higher inhibition values for QR
molecules even at extremely low concentrations. As
the degradation of p(QR) particles can be controlled
with the amount of crosslinker (PEGGE) used, the
amount of QR molecules released can also be
controlled resulting in inhibition% of the enzyme.
These results show that QR is a good a-glucosidase
enzyme inhibitor and can be used for lowering blood
sugar after digestion in patients with high blood
sugar. The p(QR) particle, on the other hand, does
not exceed 24.7% inhibition even at a concentration
of 1 mg/mL. It was also shown that fibrinogen
residues in blood proteins can interact with QR
molecule in concentration depending on manner as
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QR and p(QR) could affect the structure and
conformation of fibrinogen. Also, p(QR) particles
have negligible effect on fibrinogen residue
suggesting that these particles can be readily used
in blood contacting biomedical applications by
specifically controlling the amount of QR molecules
coming from the corresponding particles. Therefore,
QR molecules and p(QR) particles may be used for
biomedical applications. For example, QR molecules
may be suitable for bleeding wounds or to control +
bleeding after tooth extraction, while p(QR) particles
maybe used up to 125 pg/mL concentration for
intravenous applications without any thrombus.
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Abstract: Dyeing properties of different fabric species were investigated using leaf extract of Juglans regia
L. For this purpose, wool and cotton fabrics were dyed using brown napthaquinone colorant extracted from
walnut leaves by pre-mordanting, meta-mordanting and post-mordanting methods in the presence of
ferrous sulfate (FeS0,4.7H,0), copper(ll) sulfate (CuS0,4.5H,0) and alum sulfate (AIK(SO,)..12H,0) at medium
pH. Color codes were determined with Pantone Color Guide, and K/S and L* a* b* values were determined
using color measurement spectrophotometer, and also washing-, crocking-fastness levels were evaluated
using gray scale. High fastness colors were obtained in general in the present study.
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INTRODUCTION low cost, wastes obtained from plants can be
considered as important raw materials for the textile
industry (8). Considering all these advantages,
different national and international institutes
conduct researches to improve the extraction of

The use of natural dyes generally obtained from
different parts of plants such as flowers, leaves,
bark, roots, and stems has began in China and

Central Asia, and these dyes were used to dye
various materials such as clothes, rugs, and carpets
(1). Synthesis, processing, and use of synthetic dyes
are considered highly harmful to the environment
and human health. They may cause carcinogenic,
toxic, and allergic effects, especially on humans.
Therefore, natural dyes and pigments can be
considered as very important alternatives to
synthetic dyes (2-4). In addition, there is a growing
interest in recent years for the use of natural dyes
by researchers due to their biodegradable, non-
allergenic, non-toxic, and environmentally friendly
properties (5, 6). Natural dyes, as reported by
multiple studies, have several biological properties
such as antibacterial and insecticidal functions,
possibly due to their natural origin (7). Due to their

colors from natural resources (9). There are many
studies in the literature on natural dyeing for
different fiber types (10-12).

Natural products are used in many areas of the
industry due to their biological activities and
versatile applications (13-15). jJuglans regia L. is
commonly known as walnut tree and belongs to
Juglandaceae family. Juglans regia L. is mostly
grown in uncultivated, temperate regions and poor
soil and, is cultivated commercially in geographical
regions including Western South America, United
States, Asia and Southern Europe (16). In addition,
Turkey, in terms of manufacture and import of
walnut, has a very important place in the world.
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Chemical interactions that occur between plant
species are called allelopathy, and organic
compounds that play a role in allelopathy are called
allelochemicals. One of these allelochemicals is
Juglone (Figure 1), which is responsible for walnut
allelopathy (17). It was reported that juglone is the
main coloring component which is found in walnut
husks, root, leaves, and stem bark (18, 19). Apart
from natural dyeing, walnuts have been found to be
beneficial in alternative medicine and are used to
treat various ailments such as infectious diseases,
diuretic, asthma, skin diseases, stomach-ache and
eczema, traditionally (20).

0} OH
(0]

Figure 1: Chemical structure of Juglone (5-Hydroxy-
1,4-naphthoquinone)

In the present study, the dyeing properties of
different fabric species were investigated using
leaves extract of Juglans regia L. For this purpose,
pre-mordanting, meta-mordanting  and post-
mordanting methods were performed using ferrous
sulfate (FeS0,.7H,0), copper sulfate (CuS0O,.5H,0),
and alum (AIK(S0,),.12H,0) at a medium pH. Color
codes and K/S values were determined and high
fastness of dyed samples were obtained in general.

EXPERIMENTAL SECTION

Reagents and Equipments

All chemicals and mordants (CuS0,.5H,0,
FeS0,.7H,0, AIK(504):.12H,0) were obtained from
Sigma Aldrich. Distilled water was used in all steps
of the study. Extraction was performed using soxhlet
apparatus. The color properties of the dyed samples
were evaluated by Premier Colorscan SS 6200A
Spectrophotometer in terms of CIELab values (L*,
a*, b*, C*) and color strength (K/S) values. While
washing fastness values were determined according
to ISO 105-C06 standards, dry and wet crock
fastness of dyed fabrics were determined according
to ISO 105-X12 method (21).
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Methods

Natural Dye Extraction and Mordanting

In the present study, fresh (green) Juglans regia L.
leaves used as a natural dye source was collected
from Tokat (Turkey). 50 g of green walnut leaves
was refluxed on soxhlet apparatus in distilled water
until it becomes colorless. This procedure was
repeated until 5 liters of color extract is obtained,
and finally all extracts were combined (22). Ferrous
sulfate, copper sulfate, and alum sulfate were used
as mordants, and the dyeing procedures were
performed as pre-mordanting, meta-mordanting,
and post-mordanting.  Pre-mordanting, meta-
mordanting, and post-mordanting methods were
applied as performed in our previous studies (23,
24).

RESULTS AND DISCUSSION

Determination of color performance

After dyeing, the samples were exposed to sunlight
for 200 h and, light fastness of dyed samples were
rated on 1-8 grey scale. After dyeing, the dyed
fabric samples were taken out and soaping was
done (30 min at 45 °C). The dyed samples were
washed several times to remove unfixed surface
dye. The pre-, meta- and post- mordanting dyed
samples were investigated for different properties
such as color strength, washing fastness, and light
fastness. The wash fastness was determined by
keeping the liquor to material ratio at 50:1. Color
strength was expressed as K/S values of the dyed
samples using the Kubelka-Munk equation (25):

2
K/s=\1=R]

2R
(1)

R is the
is the

where K is the absorption coefficient,
reflectance of the dyed sample and S
scattering coefficient.

K/S and L* a* b* values of wool and cotton fabrics
are given in Table 1. L* is the lightness or luminance
value, which ranges from 0 to 100, and the higher
lightness value represent lower color yield. The
lower [* values indicate that the sample become
darker than that of the control sample. a&* values run
from negative (green) to positive (red) and b* values
run from negative (blue) to positive (yellow) (26).
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Table 1: K/S and L*a*b*values of cotton and woolen fabrics.

Fabric Mordant L* ax b* K/S
Cotton FeSO, 50.09220 3.2035 11.6849 8.84863
Cotton FeSO., 38.2095 -0.6540 5.8743 13.6510
Cotton FeSO, 57.8050 5.4138 22.5157 8.16812
Cotton CuSOq, 61.0601 1.8038 10.6227 3.37569
Cotton CuSO, 50.4130 4.3318 11.3770 6.78419
Cotton CuSO, 67.9525 0.3574 9.5092 2.17486
Cotton AIK(S0.), 63.2240 1.9043 12.8670 4.61283
Cotton AIK(S0,), 70.2700 2.5259 10.1383 3.08468
Cotton AIK(S04), 70.2642 0.8801 7.5420 1.79238
Wool FeSO, 62.2755 -0.0560 5.2680 2.52778
Wool FeSO. 65.9266 0.1176 5.3012 2.12176
Wool FeSO., 57.9216 0.2145 11.7485 5.41675
Wool CuSO, 65.6697 1.4781 10.1613 2.16557
Wool CuSO, 53.0520 4.0574 12.9911 5.9045
Wool CuSO, 68.3023 -0.0140 9.1994 1.76316
Wool AIK(SO,)2 70.7843 1.1885 10.0900 2.12717
Wool AIK(S0.)2 69.6861 0.5437 11.1085 3.62508
Wool AIK(S0.), 70.8454 0.7576 7.9840 1.56455
Unmordant cotton - 69.7925 1.3569 9.0152 2.15633
Unmordant wool - 1.6091 0.9240 6.0562 2.18797

As seen in Table 1, different intensity and brightness
or color tones were obtained in the dyed cotton
fabrics. Predominantly greenish yellow and brown
tones were obtained. The value of a*is negative and
the color has shifted to brown with ferrous sulfate.
The highest K/S (13.65) value is obtained for ferrous
sulfate using meta mordanting method.

For dyeing of woolen fabrics, yellow, khaki and
brown color tones are obtained and the highest K/S
(5.90) value is obtained for copper sulfate using
meta mordanting method.

Fastness values and color codes of dyed cotton
samples are given in Table 2.

Table 2: Fastness values and color codes of dyed cotton samples.

Method Mordant pH Light Washing Rubbing Color code
fastness fastness (wet/dry) (Pantone)
T1 FeSO, 4.50 5/6 4 4-5 1265CS C:0 M:7 Y:100 K:55
T2 FeSO, 4.50 6 5 4 -4/5 112CS C:0 M:14 Y:100 K:53
T3 FeSO, 4.50 5/6 4 4 - 4/5 105CS C:65 M:55 Y:98 K:0
T1 CuSO, 3.55 5/6 5 4-5 103CS C:0 M:7 Y:100 K:30
T2 CuSO, 3.55 5 3 4 -4/5 117CS C:0 M:25 Y:100 K:23
T3 CuSO, 3.55 6 3/4 4-4 104CS C:0 M:6 Y:100 K:42
Tl AIK(S0,)2 5.20 5 3/4 4/5 -5 110CS C:0 M:19 Y:100 K:15
T2 AIK(S0.4), 5.20 5 4 4-5 109CS C:0 M:8 Y:100 K:3
T3 AIK(S0.4). 5.20 5 4 4-5 4535CS C:0 M:4 Y:25 K:22
Unmordant 7.25 5/6 4 4 - 4/5 605CS C:0 M:0 Y:90 K:18

T1: Pre- mord., T2: Meta- mord., T3: Post- mord., Wash and rubbing 5 (maximum) to 1 (very poor) and Light

8 (maximum) to 1 (very poor)

For dyeing experiments, using FeSO, wet, dry
rubbing and washing fastness values are 4.5,
approximately. Light fastness values are between 5-
7. These results are generally considered
acceptable. For CuSO,, all fastness values are found
to be very good except washing and light fastness.

When the dyeing was made with AIK(SO,),, all
results are 4.0 and over. Fastness values are 4.0
and higher for unmordanting dyeings.

Fastness values and color codes for dyed woolen
fabrics are given in Table 3.
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Table 3: Fastness values and color codes of dyed woolen fabrics.

Method Mordant pH Light Wash Rubbing Color code
(wet/dry)
Tl FeSO, 4.50 6 3/4 4/5 111CS C:0 M:16 Y:100 K:45
T2 FeSO, 4.50 6/7 4 5/5 365CS C:13 M:0 Y:94 K:74
T3 FeSO, 4.50 6 3/4 4/5 382CS C:23 M:0 Y:95 K:0
Tl CuSO0O, 3.55 5/6 3 4/5 4515CS C:0 M:8 Y:46 K:40
T2 CuSO0O;, 3.55 4/5 4 4/5 451CS C:2 M:0 Y:38 K:45
T3 CuSO, 3.55 4 2/3 4/5 103CS C:0 M:7 Y:100 K:30
Tl AIK(SO04), 5.20 4/5 3 5/5 105CS C:65 M:55 Y:98 K:45
T2 AIK(S0.), 5.20 4/5 3 4/5 1265CS C:0 M:31 Y:98 K:64
T3 AIK(S0.)2 5.20 4/5 2/3 4/5 398CS C:4 M:0 Y:100 K:40
Unmordant  7.25 5/6 4/5 5-4/5 618CS C:0 M:3Y:77 K:44

T1:Pre- mord., T2: Meta mord., T3: Post mord., Wash and rubbing 5 (maximum) to 1 (very poor) and Light 8

(maximum) to 1 (very poor)

In Table 3, it can be seen that the wash fastness
values of ferrous sulfate is higher than those of
copper sulfate and alum. However, the wash
fastnesses are low and other fastnessess are high
for last mordanting for copper sulfate. In addition,
the wash fastnesses are low and other fastnesses
are at a good level for alum. Fastness values for
unmordanted dyes are 4.0 and above.

Predicted dyeing mechanism
Treatment with mordant salts of the natural fabrics,
facilitates the bonding of dye, changes the color

NH ©
Me"* + R—CH—C-OH +

0
|
0

tone and increases the fastness. As a result
permanent colors are obtained. If we discuss the
dyeing mechanism, APP* and Fe?* ions have six
coordination numbers, and they are able to make
complexes in the octahedral configuration. The
proposed mechanism for dyeing of wool and juglone
are given in Figure 2 (27). The unoccupied regions of
the metal ions can be filled with H.O molecules,
oxochrome groups of the dyestuff or free amino and
carboxyl groups of wool fabric.

Men+

OH Ol+ OH™

=

—_—

0]

Figure 2: Proposed mechanism of dyeing of wool fabric with 5-hydroxy-1,4-naphthalene dione.

Cotton has a cellulosic structure, here, coordinated
covalent bonding occurs between -CH,O- groups of
cellulose and metal cation (Me"*: Fe?*, Cu?*, Al?*).

The suggested mechanism for dyeing of cotton is
given in Figure 3.
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Figure 3: Proposed mechanism of dyeing of cotton fabric with 5-hydroxy-1,4-naphthalene dione.

CONCLUSIONS

In this study, the juglans regia L. leaves were used
for dyeing of cotton and wool fabrics. Natural dye
solution was extracted and applied to the selected
fabrics by pre- mordanting, meta-mordanting, and
post- mordanting techniques using the following
metal salts, copper sulfate, ferrous sulfate, and
alum. We obtained brown, yellow, green, khaki color
tones, and they have high fastness colors.

The color tones were observed to change when the
dyeing techniques and mordant were changed.
Darker colors were obtained for all three mordants
in the meta-mordanting method. However, lighter
color tones were obtained for all three mordants in
the post- mordanting. Yellow and khaki tones were
obtained in the dyeing of cotton fabric; while green
and brown tones were obtained in dyeing of woolen
fabric. The dyeing efficiency in terms of mordant can
be ordered as Ferrous sulfate > Copper sulfate >
Alum > unmordant.

Consequently, data obtained in the present study
showed that Juglans regia L. leaves can be used as a
natural dyestuff source in dyeing of cotton and
woolen fabrics with suitable mordants.
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Abstract: Salt hydrates are latent storage materials with exterior properties like energy storage density,
availability, and cost efficiency. However, many of them have handicaps, not overcome yet, like
irreversibility, corrosion, and overcooling. In this work, it is aimed to produce polymer-based salt hydrates
for the first time. For this reason, some selected polymers (polyvinyl alcohol (PVA), poly(ethylene-co-acrylic
acid) (PEAA) and polystyrene (PS) have been functionalized through chemical processes to impart salt
clusters in the matrix consisting of some water together. For sulfonation and sodium neutralization, known
procedures at molecular basis have been used, as for the characterization, FTIR was exploited. Thermal
energy storage properties like phase change temperature, enthalpies, specific heat values, phase change
reversibility, and total enthalpy have been determined using differential scanning calorimetry (DSC)
technique. Furthermore, surface characteristics through contact angle measurements are considered as

remarkable to monitor the change in the nature (hydrophobicity) of the polymeric system.
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INTRODUCTION

Thermal energy storage (TES) materials are widely
interested due to enormous potential declared in the
literature. TES is performed by holding thermal
energy for later utilization. It is well known as the
most yielding way of energy storage. Also it has
become an advanced storage technology for
sophisticated applications in thermal comfort and
sensory property of textiles, protecting electronics,
cooling power systems, residual heat recovery in
factories, etc. It is very effective on reducing the
mismatch of the sources and needs (1-4).

Thermal energy is stored and retrieved both as
sensible and latent heats in physically changing
systems. Specific heat capacity of materials is the
case point for sensible storage. The temperature
change determines charging or discharging in other
words uptake or release of energy. Latent heat
storage system is based on heat uptake or release
during phase changing. The system stores energy
isothermally because temperature is constant

during phase change. Thermo-chemical energy
storage reveals by breaking and reforming of
molecular bonds in reversible chemical reaction.
Heat of reaction determines the storage and release
capacity (5-8).

Phase change materials (PCMs) are distributed
mainly into two groups: organics e.g. paraffin or
inorganic e.g. ice or salt hydrates like sodium sulfate
decahydrate (Glauber salt, Na,S0,.10H,0) and
calcium chloride hexahydrate (CaCl,.6H,0). Some of
hydrated salts as PCMs have enormously large
latent heat storage density (~300 kJ/m?3), low cost,
and easy availability. But they are generally
problematic due to their well known drawbacks like
phase separation (9), sub-cooling (10,11), and
corrosion (12,13).

For instance, Na,S04.10H,0, may turn to a mixture
of Na;S0,.3H,0 particles and Na,SO, aqueous
solution during heating/cooling cycles by the time.
Melting point of CaCl,.6H;0, is at around 28 °C, but
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it may not crystallize even at ~0 °C if there is no
nucleating agent in the system (14).

Energy storage capacities of hydrated salts are
generally large. Na,S0,.10H,0 is used as a PCM
because it has huge storage potential due to its high
hydration number leading to considerable
crystallization energy (254 J/g) (15), high thermal
conductivity and low cost compared to most PCMs
like paraffins. Biswas (1977) and Marks (1980)
investigated the content of water during
crystallization of Glauber’s salt (16,17). Their works
showed that Glauber’s salt could store 1.79 times
latent energy of water.

Polymeric salt hydrates declared here is a new
definition for TES materials. It means hydrated salts
in a polymer backbone to form ionic crystals. The
level of functionalization and neutralization in
polymeric salt hydrates differs from ionomers in
which the level of functionalization is about 10% at
most. On the other hand, polymeric salt hydrates
differ from ionized polymers. lonization is another
process just bearing ionic points in the backbone
and its level is generally around 30% of the total
repeating units. lonic clusters in the ionized
polymers do not accommodate hydration water. In
this work, it is aimed to reach as high weight
percentages of hydration in salt clusters as possible.
The weight percentage of the clusters determinate
the amount of energy stored and released during
heating and cooling respectively. In this study,
sulfonation and sodium  hydroxide (NaOH)
neutralization were chosen to form polymeric salt
hydrates for the aim of producing polymers with
sodium neutralized sulfated group with hydrated
water. When hydrated salt property is imparted to a
polymeric backbone the new material will be a
shape stabilized polymeric salt hydrate resulting in
solution shaping property. In addition, they may
have some potential for other possible applications.
For example, they could be used as matrix for salt
hydrates to produce compatible blends and
composites for TES applications.

As polymeric salt hydrates, poly(vinyl alcohol) (PVA),
poly(ethylene-co-acrylic acid) (PEAA) and
polystyrene (PS) which can be processed in solution
or in melt were chosen as polymeric precursor

RESEARCH ARTICLE

materials. They are sulfated according to the
procedures similar to literature (18-21) and
neutralized using NaOH solution. Sulfur trioxide
complexes with amines such as pyridinium and
triethylamine have been used extensively for the
synthesis of sulfate esters of alcohols as well as
other organic transformations (19). Polymeric
sulfated PVA (SPVA) and sodium-neutralized SPVA
(Na-SPVA), sulfated PEAA (SPEAA) and sodium-
neutralized SPEAA (Na-SPEAA), and sulfated PS
(SPS) and sodium-neutralized SPS (Na-SPS) were
characterized by Fourier Transform Infrared (FT-IR)
spectroscopy by comparison to precursor polymers.
The TES property and physical properties of them
were tested to reveal applicability. The changes in
physical properties can be accepted as the evidence
of the synthesis and therefore surface contact
angles were determined.

MATERIALS AND METHODS

Materials

Polyvinyl alcohol (Sigma Aldrich, Mw=124,000
g/mol), Poly(ethylene-co-acrylic acid) (Sigma Aldrich,
acrylic acid 5 wt%), polystyrene (Sigma Aldrich,
Mw=192,000 g/mol), Sulfur trioxide (Aldrich),
triethylamine (Merck), PVA (Fluka), PEAA (Aldrich),
PS (Aldrich), toluene (Carlo Erba), isopropyl alcohol
(Carlo Erba), dimethylformamide (DMF, Merck),
NaOH (Sigma Aldrich), sulfuric acid (Sigma Aldrich),
acetic anhydride (Sigma Aldrich), 1,2-dichloroethane
(Merck) were all used as received.

Methods

Synthesis of SPVA and Na-SPVA Polymers

For the sulfonation and neutralization, common
procedures as depicted in Figure 1 were used. For
sulfonation, 10 g of sulfur trioxide-triethylamine
complex was added to a solution of 10 g PVA in 150
mL of anhydrous DMF in a round bottomed flask
equipped with a condenser. The mixtures were
stirred at 50 °C for 48 h. The SPVA was obtained
after evaporation of the solvent under vacuum,
washing the polymer with triethylamine (15 mL) and
drying under vacuum to constant weight.
Neutralization was done by using saturated solution
of NaOH. 87.6% of OH groups of the PVA were
sulfonated and sodium neutralized according to the
calculations.

HyCH,)sN.
—(CHQ(le&T (€ BCD?\);F P —{CHQ(iZH-)? NaOH —(CHzClH-)?
OH 0SO,H 0SO;Na

Figure 1. Synthetic scheme of SPVA and Na-SPVA polymer.

Synthesis of the SPEAA and Na-SPEAA Polymers

PEAA was also sulfated using the same procedure
with PVA. The only difference is that 10 g of sulfur
trioxide-triethylamine complex was added to a
solution of 10 g PEAA in 150 mL of solvent (85%
toluene-15% isopropyl alcohol) in a round-bottomed
flask with a condenser. Rigorous stirring was

performed at 50 °C for 48 h. The SPEAA was washed
with triethylamine (15 mL) and vacuum-dried. Then,
neutralization was conducted in 85% toluene-15%
isopropyl alcohol mixture using NaOH solution. The
outline of the synthesis was depicted in Figure 2.
84.3% of -CO;H groups of the PEAA was sulfonated
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and sodium- neutralized according to the calculations.
CH;CH,);N.SO
—CH,-CH, 5t CH-CHy)_- ok ovp > —tCHy-CHy Yt CH-CHy) -
//C "/C\
0™ “on O™ “0so;H
NaOH

""E‘ CHz—CHz _)?(_ (IZH'CHZ _)I?

//C\
O™ "0s0;Na

Figure 2. Synthetic scheme of SPEAA and Na-SPEAA polymers.

Synthesis of the SPS and Na-SPS polymers

1.33 mL of H,SO, and 2.358 mL of acetic anhydride
were added to solution of 10 g of PS in 125 mL of
dichloroethane and this mixture was rigorously
stirred for 1 h. And then the mixture was dropwise
added to 2 L boiling water. The SPS was obtained

—(CH,CH ¥ 5 B
A

H,S0,

-

—(CH,CH ¥

after evaporation of the solvent under vacuum. Then
the SPS was neutralized with a saturated solution of
NaOH. Figure 3 shows the synthetic scheme of SPS
and Na-SPS (21). 14.7% of phenyl groups of the PS
was sulfonated and sodium-neutralized according to
the calculations.

—(CH,CH ¥~
NaOH

0SO;H 0SO;Na

Figure 3. Synthetic scheme of SPS and Na-SPS polymers.

Determination of degree of sulfonation and metal
neutralization

The resultant solution from the sulfonation process
is stirred for 2 h at 50 °C. Then it is transferred to
deionized water. The sulfonated polymers are
precipitated, filtered, and dried at room temperature
as the solution obtained from filtration is used to
determine the degree of sulfonation. Sulfonated
polymer samples in a mixture of toluene/methanol
(1/9 v/v) solution, with phenolphthalein indicator,
are titrated with 0.02 M NaOH solution. NaOH
solution is standardized with primary standard
potassium hydrogen phthalate according to ASTM E
200-91 (22,23). Due to weak acid and strong base
reaction, sulfonated polymers are accepted as fully
neutralized.

Characterization

TES systems should have phase-separated salt
hydrate crystal domains in the matrix of the polymer
since the enthalpy is born as a result of the water
uptake or release from the packed crystalline
structure. In polymeric salt hydrates ionic crystalline
clusters were intentionally distributed in the polymer
matrix with water in the cage of the crystalline
parts, so that the water would be released from the
packed system to the same volume.

PVA, PEAA, and PS with hydrophilic, amphiphilic and
hydrophobic characters were chosen as precursor
molecules, respectively. Hydrophobicity would be
effective in the structure of clusters distributed in
the matrix. Water was expected to come from the
hydrophilic parts to the clusters when needed. To
maintain homogeneity, the polymers are formed in
solution by mechanical mixing. Thermophysical
characteristics of prepared polymeric salt hydrates
have been investigated by a differential scanning
calorimeter (DSC) instrument (Netzsch-DSC 214
Polyma). Total enthalpy of the materials was
calculated according to our previous studies (24,25).
Besides DSC is also used for Cp measurement of Na-
SPVA, Na-SPEAA and Na-SPS.

RESULTS AND DISCUSSION

FTIR Spectroscopy Analysis of Sulfonation
Processes

Figure 4 shows FTIR spectra of PVA and its sulfated
derivative (the left picture in the first row), PEAA and
its sulfated derivative (the right picture in the first
row), and PS and its sulfated derivative (the picture
in the second row). Pristine polymers are used for
comparison to sulfated derivatives.
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Figure 4. FTIR spectra of the pristine polymers and their sulfated derivatives.

C-H bending peaks of PVA were observed at 1646
and 1742 cm™ as stretching peaks were observed at
around 2853 and 2922 cm? in the spectrum.
Besides, hydrogen bonding peaks due to hydroxyl
groups interactions were broad and observed
between 3048 and 3720 cm™. Also, C-H bending
peaks of SPVA were observed at 1610 and 1697 cm'!
as stretching peaks were observed at around 2675
and 2732 cm™. Moreover, hydrogen bonding peaks
placed between 3166 and 3635 cm™. These shifts
were accepted as evidence of the change in the
structure. In addition, the peak at around 2976 cm
was due to C-H stretching peaks as -OS0s; stretching
peak at 986 cm™ were only observed in the SPVA.

C-H stretching peaks of PEAA were observed at 2851
and 2917 cm® as hydrogen bonding peaks were
observed at 3087 and 3697 cm™. In addition,
carboxyl stretching peaks were present at 1750 cm-
!, Additionally, SPEAA FTIR spectrum showed C-H
stretching peaks at 2851 cm™ and 2920 cm™. On the
other hand, hydrogen bonding peaks were observed
at 3254 and 3693 cm® after sulfonation. SPEAA
polymer resulted in 954, 1054 and 3036 cm®
stretching peaks for -OSO; groups.

C-H stretching peaks of aromatic PS arose at 2993-
3112 cm® as aliphatic C-H stretching peaks were
observed at 2833 and 2972 cm™ in PS spectrum.
SPS spectrum showed some differences in aromatic
C-H stretching that were at 3028 cm™ and 3063 cm™
and aliphatic C-H stretching that were 2851 and
2920 cm. Besides, SPS showed a broad peak for
hydrogen bonding at between 3227 and 3728 cm™.
Furthermore, SPS spectrum showed some extra
peaks at 1152, 1186, and 3157 cm? in shoulder
form for -SOsH groups.

Thermophysical and TES characteristics of
sodium neutralized sulfated polymers

Figure 5 represents DSC thermograms of Na-SPVA,
Na-SPEAA, and Na-SPS. According to the graphs,
reversible phase changes of Na-SPVA and Na-SPS
were clear as Na-SPEAA did not show any phase
transition. If the phase change temperatures and
enthalpies were compared to the best-known
sodium sulfonate material, Glauber salt, the
temperatures were found as much lower. It can be
explained by the extended morphology of sodium-
neutralized sulfated clusters. Also, it is interesting
that the enthalpy of phase changes for both Na-
SPVA and NaSPS were considerable during heating
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and cooling (Table 1). Because that the DSC was
operated twice for each sample and almost
completely same results were found in both run, i.e.
reversibility was proven for the sodium neutralized
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sulfated species. The data from the graphs were
tabulated in Table 1. It was another important
remark for the results that the overcooling in the
polymers was reasonable.
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Figure 5. DSC Thermograms of sodium neutralized sulfated polymers.

Table 1. Summary of DSC data for Na-SPVA, Na-SPEAA, and Na-SPS samples phase transitions.
Materials Periods Onset Temperature (°'C) Peak Temperature ('C) Enthalpy (J/9)
Na-SPVA Heating -14.0 2.2 293.7

Cooling -33.0 -34.0 241.5
Na-SPS Heating -1.2 1.7 239.9

Cooling -16.0 -17.0 211.6
Na-SPEAA Heating - - -

Cooling - - -

The reason why sulfonated and sodium-neutralized
sulfonated poly(ethylene-co-acrylic acid) copolymer
does not show phase transition behavior is that
acrylic acid component is present in polymer
structure at 5%. This low rate could not form ionic
clusters when sulfonated and neutralized with

sodium. For this reason, it could not contain water
and could not release it at a certain temperature.

Cp versus temperature relationships for Na-SPVA,
Na-SPEAA, and Na-SPS were shown in Figure 6. As
expected the Cp around the phase change abruptly
increased (theoretically infinite).
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Figure 6. Cp versus temperature relationships for Na-SPVA, Na-SPEAA, and Na-SPS samples

Figure 7 shows total enthalpy curves upon
temperature increase for Na-SPS. According to the
curves 1278 J/g energy was stored between -60 °C
and 60 °C as a total of latent and sensible heat.
Most of this energy is latent-based.

Total enthalpy curves have been studied in two runs
in order to prove reversibility. Reversibility is one of
the main problems of salt hydrate systems. It is well
known that active thermal storage systems using
salt hydrates showed irreversible working. The curve
for both runs resulted in the same formation proving
reversibility. Fortunately, the phase transition
temperature was very low for Na-SPVA and

therefore it probably resulted in the continuous
presence of the water in the clusters when released.

The curves for Na-SPEAA showed no phase
transitions and total enthalpy stored was due to
sensible heat storage capability. According to the
graph, Na-SPEAA polymer stored 14 ]/g of thermal
energy between -60 °C and 40 °C reversibly.

At last, Na-SPS polymer stored and released 537 J/g
of energy as sensible and latent heat between -60
°C and 40 °C reversibly. Majority of this heat is due
to phase changing. The two runs repeated the
curves and proved reversibility.
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Figure 7. Total enthalpy curves for Na-SPVA, Na-SPEAA, and Na-SPS for 2 runs.

Surface character of the SPVA, SPEAA, and
SPS polymers

Chemical changes performed on pure polymers
were expected to result in a change in
hydrophobicity compared to the pristine polymers
used, as sulfated materials are highly hygroscopic.
Sulfuric acid itself was one of the best moisture
absorbent materials and sulfonation induces
modified polymers hydrophilicity. Contact angle
measurement is the best way to determine the
change in hydrophilic property. Figure 8 shows the

photographs of the water droplets on the polymer
samples, while Table 2 shows the contact angle
values (right side, left side and mean).

According to contact angle measurements it was
found that sulfonation had always increased surface
wettability. The least effected one was the most
hydrophobic one, PS.
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Figure 8. Contact angles of pristine polymers and SPVA, SPEAA, and SPS.

Table 2. Contact angles of the pristine polymers and Na-SPVA, Na-SPEAA, and Na-SPS
with water (from both left and right sides)

Material Contact contact contact angle
angle (left) angle (right) (mean)
PVA 56.19 56.44 54.32
SPVA 27.27 27.37 27.32
PEAA 78.09 77.51 77.80
SPEAA 22.25 21.79 22.02
PS 91.17 91.81 91.49
SPS 88.20 88.94 88.57
CONCLUSIONS
PVA, PEAA, and PS were chosen as polymeric

Some newly defined polymeric salt hydrates have
been produced and tested for their thermal energy
storage characteristics for the first time. The work
was inspired from the polymeric electrolytic
batteries. The ionic clusters were operated for water
packing and serving as hydrated salt for TES instead
of electronic conduction. To start with the sulfonated
polymeric salt hydrates at least the phase change
ability was achieved. Although they were not as
effective as the inspiration sources, they could be
developed to reach better performance
characteristics in the following studies.

compounds with decreasing hydrophobicity
character. However, PVA and PS were converted to
sulfated species trapping water in the ionic clusters
as PEAA was somehow different and not trapping
water in the structure. Therefore, it was to say that
PEAA was not a suitable material for TES operations
as the other polymeric salt hydrates. The resultant
of sulfonation in Na-SPEAA was somehow different
compound than a sulfated species and neutralized
version was also something else than a sulfonate
with water to be used as an energy storage source.
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Enthalpies of the Na-SPVA and Na-SPS were very
satisfactory  although the phase transition
temperatures decreased drastically. Actually, the
materials with phase change ability were potential
candidates for their working temperature in some
applications. On the other hand, probably the
decrease could be prevented by some further
studies and better polymeric salt hydrates can be
prepared.
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Abstract: Medical clay, also known as medicinal clay, was first used in Mesopotamia around 2500 BC and is
still a relevant topic today. Among typical medical clays, sepiolite, a fibrous clay in the family of palygorskite
is often ignored by cosmetic brands as it is not found abundantly in nature as much as other clays like
bentonite. However, much of the world reserves of this clay are in Turkey. In this study, antibacterial
sepiolite clay was prepared from nanosilver added dispersed sepiolite samples. These Ag-nanoparticles (Ag-
NPs) were formed according to green synthesis under microwave heating using the additives like alginate
polymer and ascorbic acid later these fibers were put through serial dilution antibacterial tests using gram
+/- bacteria (ATCC 25922 and ATCC 25923) for general quality control and determining minimum inhibitory
concentrations. Although the best antibacterial clay samples (Ag-NPs have theoretically 30 mg/L of silver
content) were washed at least five times with distilled water, it was observed that their antibacterial stability
was still maintained. Finally, the morphology of sepiolite fibers smaller than 40 nm was characterized by
AFM images show that highly dispersed single fibers can be used as a natural raw material and have a great
opportunity in the development of new products in the cosmetic and medical sector.
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INTRODUCTION

Natural clay is a great alternative biodegradable
fiber to be used in several innovative applications,
its usage almost as old as mankind itself (1).
Examples of different cultures in different periods
using clays include; Native Americans who have
used clays as a natural treatment to purify, protect

the skin from the sun taking advantage of their
excellent sun protection factor (SPF) properties, and
heal the skin against bruises and wounds. Even
animals, especially elephants, naturally use mud to
keep insects away, protect themselves from
excessive sun, to heal and protect their skin.
Therefore, it can be said that clay and clay minerals
have various usages as seen in Figure 1.
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Figure 1. Clay masks and cream applications.

When mentioning medicinal clay often kaolin,
bentonite, palygorskite (attapulgite) are considered,
these group of clays has various uses as
antibacterial agents, drug release matrixes, and
high effective adsorbents in skin care and beauty
products (2,3). These fibrous clays are also desirable
for being cheap as well as being sustainable for the
environment. Sepiolite, a medical clay, has a unique
natural mineral structure. Sepiolite is especially
important since Turkey has the second-largest
reservoir in the world as it is abundantly found in
Eskisehir. Sepiolite is a hydrated magnesium silicate
in a group of structural family of 2:1 phyllosilicates
and a theoretical chemical formula of
MQsSi12030(OH)4(OH.)4:8H,0. Its non-lamellar
structural arrangement is similar to those of tubular
halloysite (2,3). This tubular structure creates open
channels filled with both zeolitic and crystallized
water (4,5). Talc-like ribbons being linked to the
next by inversion of SiO, tetrahedra along a set of
Si-O-Si bonds parallel to the fiber axis can be
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Figure 2. Schematics of fibrous sepiolite structure and textural characteristics: A)

regarded as structural blocks alternating with
structural cavities also called tunnels, associated
with the internal surface of the silicates that grow up
in the fiber direction. These tunnels and open
channels occur in the unique structure of sepiolite
fibers. The shape of sepiolite clay is either fibrous or
can be seen as a fiber bundle under the atomic force
microscopy (5), although the length of sepiolite
fibers changes from different regions (6,7). Figure 2
presents the inner tunnels and channels on the
external surfaces of fibrous clays. The presence of
zeolitic channels and the fibrous crystalline structure
are the main reasons for fascinating fibrous
structure, surface morphology, porosity, high
surface area, and surface activity, production of
stable dispersions at low concentrations (8,9). These
properties help produce unique catalytical, sorptive,
and rheological characteristics for nanotechnological
applications such as nanocomposites, anti-bacterial
nanocoatings, and biosensors.

C

The sepiolite crystalline

structure; red- oxygen atoms, yellow- silicon atoms, and green- magnesium atoms. B) the simulation result
of molecular dynamics for the basal surface of sepiolite containing channels and tunnels; C) ideal the cross-
section of sepiolite fiber.

On the other hand, silver has been used for its
antibacterial properties from ancient times such as
silver vessels that preserve water and keep liquid
fresh as well as silver coins. As the grain size
decreases to the nanometric scale, silver
nanoparticles have different antibacterial properties
such as strong toxicity to microorganisms, especially
since silver has a larger surface area and higher
surface reaction activities than the form of the metal
structure (11). Therefore, this study aims to
investigate the antibacterial potential of high-quality
sepiolite nanofibers from the natural raw clay

mineral via in-situ green synthesis of Ag-NPs.
Therefore, this study aims to investigate the
antibacterial potential of high-quality sepiolite
nanofibers from natural raw clay mineral, through

the in-situ green synthesis of Ag-NPs on fibers.
MATERIALS AND METHODS

The raw sepiolite samples were kindly obtained from
the Tolsa Co., Turktaciri in Turkey. The main
constituents were analyzed by ICP (inductively
coupled plasma) spectrophotometry (ACME
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Analytical Lab., Canada), and quantitatively
common metal oxides were determined as 49.85 wt.
of SiO,, 2.38 wt. of Al,O;, 0.87 wt. of Fe,0s, 2.65 wt.
of CaO and 20.15 wt. of MgO. X-ray diffraction
analyses were performed for mineralogical
characterization of the sample (Shimadzu XRD-
6000, Shimadzu Corp., Tokyo, Japan). It was
mineralogically found that the sample consists of
85+3 % sepiolite, and together with dolomite along
with minor minerals such as illite, palygorskite,
calcite, smectite, dolomite, quartz, cristobalite, and
feldspar. The sample was washed in water and dried
at room temperature. Then, several multi-step
processes were applied such as high-speed mixing,
overnight-sedimentation, and drying steps that were
applied several times to be able to prepare nano
dispersed clay colloids from fibrous sepiolite clays.

0.1ml 0. 1mi 0,1ml

0,9ml broth
in each tube

Original
inoculum

Dilutions 1:10 1:100
lo.lml

Plating

RESEARCH ARTICLE

The antibacterial properties of the sample were
assessed by measuring its effectiveness against
gram-negative (Escherichia coli, ATCC 25922) and
gram-positive  (Staphylococcus  aureus). The
microorganisms were obtained from the Culture
Collections and Microorganisms Center in the
Istanbul-Cerrahpasa University (Turkey). A growth
medium was prepared with a 50:50 mixture of LB
broth (Luria-Bertani broth, Merck) and Agar-agar
(Merck). Serial dilution tests for antibacterial
susceptibility tests were performed according to the
method shown in Figure 3 and the Ilowest
antibacterial fiber concentration was determined by
observing the fiber amount that inhibits the
apparent growth of a microorganism known as the
minimum inhibitory concentration (MIC).

0,1ml 0.1mi

1:1000 1:10,000 1:100,000

Figure 3. Main steps of the Serial Dilution method to determine minimum inhibitory concentration.

Green synthesis of silver nanoparticles and
Ag-Sep antibacterial material

1% (w/v) sodium alginate solution was prepared in
long-term mixing at room temperature. 1% (w/v)
ascorbic acid solution and 50 mM AgNO; solution
were dissolved in 25 mL. The solutions later were
mixed and heated using a microwave for a total of
15 minutes. Lastly, 1% NaOH and 1 N HC| were used
to adjust the pH of the solutions when needed.
Afterward, the prepared solutions were centrifuged
at 15000 rpm for 15 minutes. And then silver
nanoparticles containing the suspension was added
into 3% of dispersed sepiolite solution and treated in
a microwave oven at 200 °C for 5 min. This sample
was called as Ag-Sep.

Atomic Force Microscopy (AFM) Studies

AFM images of the particles were conducted using
Park Systems, XE-70E in contact mode with 0.5 Hz
scanning speed. During contact mode
measurements, NSC36/Cr-Au type of cantilevers
was selected. Before measurements, all samples
were specifically prepared similarly to our previous
study (12). Briefly, one drop of 1% of sepiolite
dispersion contains Ag-NPs (theoretically 50 mg/L

silver content) were dropped on the cleavage of
fresh mica substrate. In the moisture-controlled

medium ambient conditions (222 °C) AFM
measurements were taken. Using UV Cleaner
(Bioforce Nanosciences) each cantilever was

exposed to UV/O; for 15 min and high purity
nitrogen gases before each experiment to
decontamination for any possible organic reactive
on each cantilever. All AFM images were processed
by Park Systems, XEI Image Processor.

RESULTS AND DISCUSSION

Silver nanoparticles were successfully enabled with
sepiolite fibers to gain antibacterial properties.
Bacterial strength notably increased up to 20 mg/L
in silver content for both gram-negative E.coli and
gram-positive S.aureus. And then, their efficiency to
gram +/- bacteria was seen after the content
reached 25 mg/L Ag* to the theoretical silver
concentration. The results are shown in Figure 3. On
the other hand, it was clear that the pure raw
sepiolite fibers have not any inhibitory effect on the
antibacterial properties against neither S. Aureus
nor E. coli.
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Figure 3. Bacterial viability of gram +/- bacteria against silver nanoparticle added sepiolite fibers.

Figure 4 shows the sepiolite was homogeneously
dispersed in Ag-NPs contained aqueous solution. We
can say that even after two months, it is still
suspended in the water. However, it is seen that the
dispersion of the other untreated sepiolite has
already settled.

The success of the procedure was examined with
AFM images. Also, the size and shape of the fibrous
type of sepiolite were determined by Atomic Force
Microscopy (AFM) in Contact Mode. This image
proves the size and shape of the fibers as a

il
r
L

morphological approach using at least 30-line profile
analysis. The fibers were dispersed together into
two categories: mostly separated fibers and little
bundles. These dispersed ones are the size of
200%11 nm in diameter and 1+0.4 u of length. In
this image, excess clay particles and silver
nanoparticles were also seen on the cleavage mica
substrate. On the other hand, small bundles below
200 nm diameters in sizes were measured such as
143+6 nm in diameter (Figure 5).

Ag-NPs loaded
Fibrous

Figure 4. Sepiolite dispersion and AFM image of silver nanoparticles loaded sepiolite fibers on fresh mica
cleavage.
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Figure 5. AFM topographic image (left) as sepiolite fibers, line profile (right) indicating a fiber diameter of
143 nm.

Mechanism of interaction between bacteria
and sepiolite

Bacterial cell walls are negatively charged under
physiologic conditions. This is due to the functional
groups on the surface of the bacteria. These
functional groups like carboxylates in lipoproteins
cause a net negative charge. In the case of the

outer membrane of E. coli a gram-negative

Cell Wall

Bacteria Cell

bacterium covering a thin layer of peptidoglycan,
that provides a hydrophilic surface. Similarly, Gram
+ bacteria have a peptidoglycan layer that is much
thicker and attracts more positive ions. Gram +
bacteria are more vulnerable to the attack of
antibacterial silver agents and damage more like
Figure 6.

Ag-nanoparticles

Sepiolite Fibers

Figure 6. The mechanism of the interaction between bacteria and antibacterial clay-based structure.

One of the mechanisms is the silver adsorption from
AgNPs added sepiolite fibers on the cell membrane.
Here, the main ionic interaction is the mobility of
silver ions (Ag*) from the solution to the cell
membrane. The released silver ions might have
damaged the cell membrane after the biosorption of
silver causes mostly by protein coagulation. Also,
other biological processes are possible like cell wall
pits, respiratory chain inactivation, reduction of
membrane permeability, and biosorption process.
On the other hand, penetration to the bacteria could
be taken into account for small-sized AgNPs.
Therefore, the induced permeability of the cell
membrane is mainly dominant.

CONCLUSION

Antibacterial sepiolite fibers separated from their
impurities and loaded with silver nanoparticles show
excellent antibacterial activity. In this study, high-
quality sepiolite nanofibers are deliberated from
natural raw Turkish clay by easy and effective
mixing and sedimentation process. After green
synthesis of silver nanoparticles, 30 mg/L theoretical
silver content was enough to obtain antibacterial
fibers. The anisotropic surface structure of sepiolite
fibers was also investigated by the morphological
analysis from AFM images. In conclusion, sepiolite
an often overlooked clay has proven to be an
adequate ingredient for cosmetics namely skincare
to be used as an active ingredient for its
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antibacterial and good adsorbent properties which
could pair up well in medical cosmetics as effective
drug carriers.
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Abstract: Three samples taken from a silica gel Hypersil were hydrothermally treated, washed, and dried
under different conditions. The portions from the obtained samples were heated over a temperature range
of 300 and 850 °C for 16 h. Surface area and pore volume of all the treated samples were determined
respectively by nitrogen adsorption data at 77 K and mercury porosimetry. The volumetric flow rate and
permeability of the isopropyl alcohol on the columns filled with the prepared samples were determined
depending both the inlet pressure and packing pressure. The optimum conditions to prepare a column filling
material with the heights permeability were discussed.
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INTRODUCTION they are derived through base-catalyzed hydrolysis
of silanes such as tetramethoxysilane Si(OCHs)4,
Chromatography is a physicochemical analysis tetraethoxysilane, Si(OC3Hs)a, and silicon

method to determine the composition of gaseous tetrachloride, SiCl,(12-16).

and liquid mixtures depending on the difference

adsorption/desorption and diffusion rates for their
constituents on the compacted porous solids (1-4).
The void spaces inside and among the solid particles
of internal width less than 2 nm, between 2 and 50
nm, and larger than 50 nm are called micropores,
mesopores, and macropores, respectively. Recently,
voids of internal width less than 100 nm are named
as nanopores (5).

Artificial hydrogels as well as biogenic and volcanic
opals are the porous silica polymorphs (6-8). Silica
gels have been generally prepared through the
selective acid leaching of the silicates such as clay
and zeolite minerals (9-11). Also, similar hydrogels
have been synthesized by the condensation
polymerization of silicic acid (H.SiO4). The rate of
this reaction changes depending on pH,
concentration and temperature (5). Furthermore,

Silica hydrogels have been modified hydrothermal,
thermal, aging, and washing at different conditions
according to the usage areas such as
chromatographic material, adsorbent, catalyst
support, and desiccant (17-19). So, the aim of the
present study is to evaluate the optimum conditions
to obtain a material from a silica gel with the
maximum permeability.

MATERIAL AND METHODS

The silica gel used was Hypersil (H) 5 um (580x8)
supplied by Shandon Company, UK. Each of three
modified samples and coded as HI1, H2, and H3 were
prepared from 200 g Hypersil through the different
treatments as follows. Isopropyl alcohol employed
as eluent was supplied from Merck Chemical
Company.
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HI1: Hypersil suspension in an aqueous solution
contains 2.5% NH; by mass was heated in an
autoclave at 175 °C for 22 h, under 10 bar. The
hydrothermally aged wet samples were washed with
distilled water, dried with a hot airflow, and then
stored in a tightly closed plastic bottle.

H2: The same hydrothermal treatment was
conducted with the exception that the time was 18
h. Furthermore, the sample was washed with water
and acetone, respectively. Then similarly dried and
stored.

H3: The hydrothermal treatment was similar but the
time was 18.5h. In addition, the aged samples were
washed respectively with water, acetone, and
dichloroethane and also dried in a rotary evaporator.

The batches from the HI1I, H2, and H3 were heated in
a muffle furnace at 300, 500, 640, 700, 770, and
850 °C for 16 h and then stored to use for further
experiments.

The specific surface area of the Hypersil and its
hydrothermally treated samples H1, H2, and H3 as
well as their heat treated samples was determined
from the nitrogen adsorption data at -196°C, using
Brunauer, Emmett, and Teller (BET) method (5, 20).
The specific pore volume for the same samples was
estimated using Hg-porosimetry under an applied
pressure of 40 bar.

The HI1, H2, H3 and their heated samples at 640°C
for 16h were packed into columns 10 cm long and
0.2 cm radius using the slurry-packing method (21-
23). Volumetric flow rate (v = dv / dt) of the
isopropylalcohol on the packed columns at 14 bar
was measured depending on the inlet pressure
which is consecutively increased up to 550 bar.

Similar measurements were carried out using the
columns packed 69 bar (p;) with the unheated H1I,
H2, and H3 samples. The inlet pressure (pi) was
increased step by step up to 550 bar. The v; value
was measured for each p;. Each p; was affected as
packing  pressure  (p.=p:) for the Ilatter
measurement. However, the applied inlet pressure
was removed after each step, then increased up to a
constant value of 69 bar (p:) and v, value was
measured. The corresponding ki and ks
permeabilities were evaluated using the v, and v;
values.

RESULTS AND DISCUSSION

Adsorptive properties

The specific surface area of Hypersil was found as S
(BET-N,)=251 m?g™. The S value for the H1, H2, and
H3 silica gels as well as their heat treated samples
was determined using the same method. Their
changes depending on the hydrothermal treatments
and their heating temperatures are given in Figure
1. The curves indicate that the specific surface area
is greatly decreased by the hydrothermal

RESEARCH ARTICLE

treatments. The S value reaches to zero at 850 °C.
The H3 curve is seen more regular than the others.

The specific pore volume of Hypersil was found as
V=0.93 cm?3g? using a Hg-porosimeter under the
applied pressure of 40 bar. The V values for the
other samples mentioned above were determined
by similar a method. Their changes depending on
the hydrothermal treatments and their heating
temperatures are given in Figure 2. The V values
strictly increase by the modification to obtain H1,
and H2 samples whereas for H3 it is not much. The
V values reached to zero at 850°C. The most regular
curve is for H3 silica gel. Changes in the S and V
values are due to the removing of hydrogen bonded
water molecules as well as chemical bonded
hydroxyls and silanol groups from the surface of the
silica gel particles during the hydrothermal and
thermal deactivations.

2
4, A=251m’g!
80

60 |

640°C

0 I I I IO R B B ©
0 100 200 300 400 500 600 700 800900

Heating Temperature / °C
Figure 1. Specific surface area of the Hypersil (H),
its hydrothermally deactivated samples (H1, H2, H3)
and their heated portions.

Volumetric flow rate

Variation of the volumetric flow rate v = (dv / dt) of
isopropyl alcohol on the columns packed under 14
bar with the HI, H2, and H3 samples and their
heated portions at 640 °C for 16 h are shown in
Figure 3. The irregular curves reveal that the v
values decrease after the heating of the
hydrothermally deactivated samples. The v value for
H3 sample is greater than the others at least 20
fold.

The inlet pressure is also affected as a packing
pressure on the columns and causes the shrinkage
of the samples. Decrease of the length for the HI,
H2, and H3 columns was found as 4.5, 4.5 and 1.2
cm during the inlet pressure is increased to the 550
bar. On the contrary, shrinkage of the columns
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partly decreases the v depending on the packed
materials. This shrinkage is affected at least the v
for the H3 column. So, this sample is more
convenient to use as a chromatographic material.

200

175+

1.50

640°C

oL 1o
0 100 200 300 400 500 600 700 800900

Heating Temperature / °C
Figure 2. Specific pore volume of the Hypersil (H),
its hydrothermally deactivated samples (H1, H2, H3)
and their heated portions.

The v value is defined with the Darcy equation:

Ap,
Lu (1)

v=k

where A and L are the cross section and length of
the filling material inside the column, p; is the inlet
pressure to the liquid, pu is the viscosity of this liquid
and k is a proportion coefficient known as
permeability. The conditions of

vl p,=kA/lu=constant (2)

indicates the laminar (viscous) flow according to the
fluid mechanics (24). However, the straight lines
plotted at the lower values of the inlet pressures
show the laminar flows (LF). When the p: value is
increased the laminar flows disappeared.
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Figure 3. The effect of the inlet pressure on the
volumetric flow rate of the isopropyl alcohol on the
columns packed at 14 bar using H1, H2, H3 and
their heated samples.

Permeability

Isopropyl alcohol permeability of the columns can be
evaluated from Darcy equation depending on the p:
and v using given column parameters and viscosity
(M) of the eluent. Accordingly, a relationship for the
permeability was evaluated in the following form:

v(iem’s™)
2

k(cmz):(6.847x10_2Nm_zs) —

piNm =3

by taking p= 2.86 x 103 Nm™s, r = 0.2 cm (A= mr?),

and L= 10 cm in the Darcy equation. Permeability-

pressure curves are derived from the flow rate-
pressure curves.

The change in the permeability of the H1, H2, and
H3 columns packed at 69 bar with the inlet pressure
is given in Figure 4. Accordingly, the H3 column has
the heights permeability among the three columns.
Also, its change rate with the inlet pressure is lower
than the others.
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p,= 69x10° Nm™?
10 \ | | | |
0 100 200 300 400 500 600
Inlet pressure (p,) / 10° Nm™2
Figure 4. The effect of the inlet pressure on the

permeability for the isopropyl alcohol on the H1, H2,
and H3 columns packed at 69 bar.

The change in the permeability of the same columns
with the packing pressure at a constant inlet
pressure of 69 bar is shown in Figure 5. A decrease
in the permeability with the increasing of the
packing pressure at a constant inlet pressure of 69
bar is much more than that inlet pressure. This
difference is due to the effect of the inlet pressure
during the first measurement as a packing pressure
for the second measurement. Accordingly, the
change rate of the permeability with the packing
pressure increases in the order of H1, H2, and H3
samples. This result also shows that the H3 sample
is more convenient packed material for the
chromatography columns.

CONCLUSION

Change in the chromatographic properties of the
hydrothermally and thermally deactivated porous
solid may be generally examined through surface
area, pore volume, and particle size determination.
These physicochemical properties can be arranged
to the desired aspect by change in the deactivation
parameters such as temperature, time, washing,
material and drying process. The fluid permeability
of the treated samples was determined. Fluid
permeability on the columns packed with the
treated solids was examined with respect to the
column packing pressure and inlet pressure for the
flow. The sample with the heights permeability is
selected as a chromatographic material.
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Figure 5. The effect of the packing pressure on the

permeability of isopropyl alcohol on the H1, H2, H3
columns at the constant inlet pressure of 69 bar.
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Abstract: In this study, total phenolics and flavonoid compounds of methanolic extract concentrations of
three medicinal plant, Asteraceae (Compositae) L. genus that are grown in Turkey and belong to the genus
Achillea, were determined with the goal of measuring their antioxidant activities. Antioxidant capacity was
measured by widely used iron reducing power, DPPH radical scavenging activity and metal chelating
capacity. The antioxidant activities of the achillea extracts used in the study were compared with the
standard antioxidants (BHA, BHT and a-tocopherol), which were frequently used as antioxidant food
additives. According to the free radical scavenging activity antioxidant results, all the extracts exhibited
higher DPPH radical scavenging activity than the standards used. The extract from A.boissieri showed
remarkable 2,2-diphenyl-1-picrylhydrazyl free radical scavenging activity (68.51% at 37.5 pg/mL)
comparable with synthetic antioxidants. The ferric reducing antioxidant power was found to be moderate in
methanolic extract of Achillea species, whereas the chelating capacity of the extracts were found to be
lower as compared to the standards. In addition, total phenolic, flavonoid and flavonol content of all extracts
were measured spectrophotometrically and the results were expressed as "gallic acid equivalent" or
"quercetin equivalent". The total phenolic content was expressed as equivalents of gallic acid and the
results were observed to range from 11.86 to 23.63 mg/g dry extract weight. The total flavonoid
concentrations of Achillea extracts were expressed as quercetin equivalent. Flavonoid content ranged from
15.05 to 29.70 mg/g. Total flavonol concentrations of the extracts were determined to be between 5.92 and
7.20 mg/g in terms of quercetin equivalent. This study showed that Achillea L. species, which has been used
for treatment in Anatolia for years, can be used as a potential natural antioxidant source.
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INTRODUCTION

A free radical can be defined as any chemical
species that are capable of existing with one or
more unpaired outer shell electrons (1). Their high
chemical reactivity due to the presence of an
unpaired electron makes them highly unstable (2)
and in an attempt to reach stability. The unpaired
electron in a free radical can either donate an
electron to or receive an electron from other
molecules such as proteins, lipids, carbohydrates,

and nucleic acids. This process causes damage to
cell and tissue or various diseases from
cardiovascular diseases to the promotion of cancer
(3,4). Antioxidant compounds act by controlling
oxidative stress through different reaction
mechanisms and may prevent the occurrence of
these diseases (5).

A variety of plant materials are potential sources of
natural antioxidants. A plant-based antioxidants
may support the antioxidative defense (6-8). The
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genus Achillea L., comprising about 120 species, is
mainly spread over the northern hemisphere. The
species occur throughout Europe, Asia, China and
North Africa, however its center of diversity is
located in SE Europe and SW Asia. (9,10) Many
Achillea L. species are used for the various ailment
in Turkish folk medicine due to their high nutritional
value and valuable biological activities (11,12).

The fact that Achillea species have a mythological
history, the number of endemic species is quite
high, their use among the people is widespread, and
their pharmacological effects have prompted us to
study these species. In our study, it was aimed to
elucidate the chemical structures of the aerial parts
of Achillea cretica, Achillea boissieri and Achillea
nobilis subsp. spiylea  collected from different
locations of Turkey, which are widely used among
the public, and to investigate the antioxidant effects
of the species. Radical scavenging of 2,2-diphenyl-
1-picryl-hydrazyl (DPPH), metal chelating power and
ferric reducing power assays were used to measure
the antioxidant capacities of the extracts.

EXPERIMENTAL SECTION

Chemicals
All  reagents were purchased from Merck
(Darmstadt, Germany), Sigma-Aldrich (Steinheim,

Germany), Acros Organics (Thermo Fisher Scientific,
Reel, Belgium) and Fisher Scientific (Hampton, NH),
while all solvents used were of analytical grade.

Plant materials and extracts preparation

A. boissieri was collected in August 2007 at the
flowering period from Elbistan, between Kabaktepe-
Sariguzel, 1600 m altitude from Kahramanmaras
Province (Turkey). The voucher specimen have been
deposited in the Herbarium of Inonu University (INU)
in Malatya, Turkey (INU-Collector No: TA 2594).

A. cretica L. (Asteraceae) was collected in June 2004
at the flowering period from Datga-Knidos, Mugla
province, Turkey (2100 m above sea level). The
voucher specimen has been deposited in the
Herbarium of IndénG University (INU) in Malatya,
Turkey (INU-Collector No: BY 15634).

A. nobilis subsp. spiylea was collected in June 2004
at the flowering period from Spil Mountain, 1100 m
altitude from Manisa Province (Turkey). The voucher
specimen has been deposited in the Herbarium of
Inonu University (INU) in Malatya, Turkey (INU-
Collector No: BY 15750).

The aerial parts of the three Achillea L. species were
dried in shade for 7 days with occasional mixing and
cut into small pieces. The dried stock samples were
kept in airtight containers at 4 °C for future
extraction. After taking 20.000 + 0.001 g of dried
plant samples prepared as described above, it was
extracted with methanol wusing the Soxhlet
extraction method wuntil it was completely
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exhausted. The methanol extracts were
concentrated using a rotary evaporator (Heidolph
Laborota 4000, Heidolph Instruments, GmbH and
Co, Germany) at 40 °C to obtain a viscous liquid.
The concentrated extract was transferred to a 25 mL
beaker and the remaining solvent was evaporated in
the laboratory. The extracts dried after evaporation
were weighed to calculate the yield and were stored
at +4 °C in a refrigerator until further analyses. The
percentage yield for the extracts was as given in
Table 1.

Total phenolic content (TPC)

The content of total phenolics of Achillea L. extracts
was determined using Folin-Ciocalteu’s reagent
according to the method of Singleton et al. (13). The
absorbance of reaction mixtures was measured at
765 nm (Shimadzu model UV-1601, Japan). The total
amount of phenolic substance was calculated from
the standard calibration curve prepared using the
gallic acid standard, which is a phenolic compound.
The results are expressed as mg GAE/g extracts on
the gallic acid equivalent by using the regression
equation of the curve obtained. Spectrophotometric
measurements were repeated three times for each

sample, and the total phenolic content was
indicated by taking the average of triplicate
measurements.

Total flavonoid and flavonols content

The content of total flavonoids of extracts was
determined according to the procedure described by
Zhishen et al. (1999) (14). Total flavonoid content of
the extracts was determined spectrophotometrically
according to the aluminum chloride/sodium nitrite
method. Total flavonol content was determined by
the method described by Yermakov et al. (1987)
with minor modifications (15). Briefly, 1 mL of
extract was mixed with 1 mL of AICl; (%2) and 3 mL
of sodium acetate (50 g/L). After 150 min the
absorbance of the test solution was measured at
440 nm against blank solution. Total
flavonoid/flavonol content of the extracts in certain
concentration ranges was calculated according to
the quercetin standard curve prepared by working in
triplicate, results were expressed as mg of quercetin
equivalent per gram dry extract.

Antioxidant Activities of Achillea Extracts
Antioxidant assay by DPPH radical scavenging
activity

The 1,1-diphenyl-2-picrylhydrazyl (DPPH)
scavenging activity of Achillea L. extracts was
performed according to methodology described by
Blois (1958)(16). This method involves the reduction
of the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
with compounds that tend to give hydrogen atoms,
resulting in the loss of purple color of the solution at
the first moment and this ratio is based on
spectrophotometric measurement of the absorbance
of the solution. BHA, BHT and alpha-tocopherol were
used as standards. As a control, ethanol was used.
The absorbance was measured at 517 nm and the
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absorbance values of the samples were evaluated
against the control. Free radical scavenging activity
was calculated using the following equation:

% Inhibition = (Ag - Ass) / As X 100
As is the absorbance of control and Ass is the
absorbance of the analyzed standard/sample.

Ferric-reducing antioxidant power assay

The reducing power, which is one of the antioxidant
activity determination methods, was determined
based on the method applied by Oyaizu (1986) (17).
In this experiment, the yellow color turns pale green
and blue, depending on the antioxidant
concentration in the samples. The color produced by
the reduction of Fe3* - Fe? the change is
determined by monitoring at 700 nm. Increased
absorbance of the mixture indicates stronger
reducing influence of the extract.

Metal chelating activity

Metal chelating activity was determined by
measuring the formation of the Fe?*-ferrozine
complex according to Carter (1971)(18). The Fe(lll)-
ferrozine method is based on the principle that
Fe(lll) forms the complex of ferrozine and Fe(lll)-
ferrozine, and this complex reacts with antioxidants
and is reduced to the magenta-colored Fe(ll)-
ferrozine complex (absorption maximum at 562 nm)
(19). Therefore, the change in color was measured
using a spectrophotometer against blank at 562 nm.
The percentage inhibition of ferrozine-Fe?* complex
formation was calculated as (Acontrol -
Asample/standard)/Acontrol X 100, Where Acontrol iS the
absorbance of control reaction (without analyzed
sample extract), and Ascmpe/ Astandara 1S the
absorbance of the analyzed sample/standard. The
values are presented as the mean of three
measurements.

RESULTS AND DISCUSSION
The medicinal plants are huge natural sources of

secondary compounds with health-promoting
properties. The polyphenols derived from plants
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have significant antioxidant effects, which allow
them to provide health benefits. Epidemiological
evidence and clinical trial data obtained from in vivo
and in vitro studies have shown that diets based on
herbal products rich in polyphenols can reduce the
risk of chronic diseases, especially cancer.
Polyphenolic  substances, which are named
according to the number of rings and structural
elements they contain, generally have a phenol ring
as in phenolic acid and alcohols. More than 8000
types of polyphenols have so far been identified in
nature. The four most important groups of dietary
phenolics are flavonoids, phenolic acids,
polyphenolic amides and other polyphenols such as
curcumin in turmeric, resveratrol in red wine and 5-
caffeoylquinic acid in black carrot roots. Flavonoids
are the largest group of plant phenols, with more
than 6000 types. There are several significant
groups of flavonoids, including flavonol, flavanol,
isoflavon, flavon, flavanon and anthocyanin (20-22).

Phenolic acid constituents in plant kingdom are
mainly divided into hydroxybenzoic acid and
hydroxycinnamic acid. These compounds possess
much higher in vitro antioxidant activity than well-
known antioxidant vitamins, although some of them
are also regarded as anticarcinogenic (23,24).
Polyphenolic amides include capsaicinoids in chili
peppers and avenanthramides in oats (25,26). Both
animal studies and laboratory studies have
confirmed that phenolic amides have antioxidant
activities (27-29). The species included in the genus
Achillea L., which contain important bioactive
components, have been wused for therapeutic
purposes in many parts of the world for centuries.

This study focused primarily on the determination of
antioxidant activity of methanolic extract of Turkish
Achillea cretica, Achillea boissieri and Achillea
nobilis subsp. spiylea by in vitro methods. We
measured the phenolic, flavonoid and flavonol
contents in the A.cretica, A. boissieri and A. nobilis
subsp. spiylea extracts we obtained.

Table 1. Analysis of main antioxidant fractions contained in A. cretica, A. boissieri and A. nobilis subsp.
spiylea extracts.

Samples Yield (%) Phenolics Flavonoids Flavonols
(mg GAE/g plant (mg QUE/g plant (mg QUE/g plant
extract) extract) extract)
A. cretica 0.807 £ 0.170 | 11.86 = 0.09 15.05 + 0.17 15.92 + 0.11
A. boissieri 5.375 + 0.810 | 23,63 +0.17 29.70 = 0.03 17.20 + 0.19
A.nobilis subsp. | 7.114 + 1.200 | 17.33 = 0.09 18.20 = 0.03 16.95 = 0.04
spiylea

Each value is the mean + SD of three independent
measurements. Phenolics, gallic acid equivalents;
flavonoids and flavonols, quercetin equivalents.

The results (Table 1) showed that the A. boissieri
extract exhibited higher total phenolics content as
compared to the A. cretica and A. nobilis subsp.

spiylea extracts which were approximately about
23.63mg GAE/g for A. boissieri extract, 11.86 mg
GAE/g for A. cretica extract, and 17.33 mg GAE/g for
A. nobilis subsp. spiylea extract. The contents of
flavonoids and flavonols were also higher in A.
boissieri extract than in A. cretica and A. nobilis
subsp. spiylea. This result clearly indicates that A.
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boissieri extract contains more antioxidants than the
A. cretica and A. nobilis subsp. spiylea extract.

Anti-oxidant effects of plant extracts

The DPPH radical scavenging activity results are
shown in Figure 1 as comparable with known
antioxidants BHT and BHA. From the analysis of
Figure 1, we can conclude that the scavenging

% Inhibition of DPPH
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effects of A. cretica, A. boissieri and A. nobilis subsp.
spiylea extracts on DPPH radicals were excellent,
especially in the <case of A. boissieri. The

antioxidative effect of extracts studied is due to the
phenolic components. Similar results were obtained
earlier for the species of Achillea
(30,31).

L. from Turkey

=== Achillea nobilis sups. spyle

30 - === Achillea boissieri
20 - Achillea cretica
1; > BHA
|
| T T T | T T

0 5 10

15 20 25
Concentration (pg/mL)

33 40

Figure 1 . Dose-dependent scavenging activity of the extracts and the standard BHA, BHT, and alpha-
tocopherol on 1,1-diphenyl-2-picrylhydrazyl inhibition.

As described above, the antioxidants such as
phenolic acids and flavonoids were present in
considerable amount in the extracts of A. cretica, A.
boissieri and A. nobilis subsp. spiylea. The prepared
methanol extracts of A. cretica, A. boissieri and A.
nobilis subsp. spiylea were compared with the
standard BHA, BHT and alpha-tocopherol
antioxidants. Like the radical scavenging activity,
the reducing power of the extracts and standard
increase with the increase in amount of the extracts
from the selected plants and standard
concentrations (Figure 2). At the minimum
concentration of extract/standards used in this study
(i.e. 5.88 pg/mL), A. boissieri, A. nobilis subsp.
spiylea, A. cretica and butylated hydroxyanisole
(BHA) had activity values 0.111 = 0.001, 0.102 =
0.001, 0.098 = 0.001 and 0.630 = 0.001,
respectively whereas at the highest concentration
(i.e. 44.11 pg/mL), the activity values of A. boissieri,
A. nobilis subsp. spiylea, A. cretica and butylated
hydroxyanisole (BHA) were 0.343 + 0.001, 0.229 =+
0.001, 0.167 = 0.002 and 2.108 =+ 0.003,
respectively.

Metal chelating activities of standard antioxidants
and extracts were tested at various concentrations

(12.5-125 pg/mL). Calculated % inhibition values are
given in Figure 3. The higher the calculated %
inhibition value, the higher the metal chelate
activity was accepted and the results were
evaluated. EDTA-Na, was excellent chelator for
ferrous ions and its chelating capacity was 94.311%
at a concentration of 125 pg/mL. BHA, alpha-
tocopherol, A. cretica and A. nobilis subsp. spiylea
did not show chelating capacity at all concentrations
as well. This proves that these extracts and
reference compounds have a lower capacity to
chelate them with ferrous ions compared to the
standard chelator EDTA. In a previous study with
Achillea species, Achillea aleppica D.C. subsp.
aleppica, Achillea aleppica D.C. subsp. zederbaueri
(Hayek) Hub.-Mor and Achillea biebersteinii Afan.
species that have compared antioxidant activity,
antimicrobial activity and total phenolic amounts, it
has been reported that Achillea biebersteinii Afan.
species were richer than other species in terms of
total phenolic. Also, Baris et al. (2011) used EDTA
solution as the standard chelator in their study with
Achillea species. They found that extracts in this
system were not a better chelator than EDTA
solution, which was a good chelator (32).
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Figure 2. The reducing power of extracts and reference compounds. Values were reported as means * SD
in triplicate.
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Figure 3. Metal chelating activities of Achillea extracts at different concentrations. Data are expressed as
means * SD values (n=3).

CONCLUSIONS

Achillea species have been preferred as folk
remedies for various purposes for a long time.
Therefore, the species named A. boissieri, A. nobilis
subsp. spiylea and A. cretica, which spread in
Turkey, were investigated in terms of antioxidant
activity and amounts of phenolic/flavonoid/flavonol
compound. As a result of the literature studies, no
antioxidant properties were evaluated for these 3
species used in our research. Especially, the DPPH
radical scavenging activities of A. boissieri methanol
extract was determined to be higher compared to

the standard used BHA and can be used as a herbal
antioxidant. It is believed that the results of this
study will contribute to increasing studies on the use
of natural compounds in many fields, especially in
food, pharmacy, medicine and natural therapy. The
fact that the biological properties of the studied
plant were investigated for the first time with this
study increases the original value of the study. As a
result, the studies conducted are very original
studies in terms of this species, which has not been
found before. In the following studies, isolation,
purification and clarification of the structure of
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active compounds with bioactivity can be carried
out.
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zinc yellow (K20-4ZnCr0O4-3H20),

Abstract: The aim of the present work was to investigate the pigments used in oil painting
created in the first half of the 20t century, by Turkish painter and academician ibrahim Calli (1882-
The non-destructive analyses were performed with a combination of u-XRF and Raman
Microscopy. Obtained results revealed following pigments on the investigated painting: Zinc white (Zn0O),
chrome yellow (PbCrOa),
(Na7AleSis024S3), prussian blue (Fe7CigNig), hematite (a-Fe203), cadmium red (CdSe), barite (BaSO4), and
carbon black. There is a great lack of knowledge about the materials used in Turkish painting and this
non-destructive study provides the first systematic investigation into Calli's palette.
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INTRODUCTION

There was a widespread assumption that art and
technology were notions opposite to each other.
However, during the recent years, a great
awareness has been created across several
disciplines that modern science and technology are
crucial for a better insight into art and cultural
heritage(1,2). The characterization of pigments on
artworks is the major interest by reason of
providing detailed historical and technological
information. The identification of the chemical
composition and degradation products of the
pigments used, provide a remarkable contribution
to the conservation method to be employed(3,4).
This would also allow the detection of forgeries by
the detection of anachronistic pigments due to well
establishing chronology of most pigments(5).
However, pigment analysis can be a challenging
problem because of the extremely limited sampling
of works of art. In such cases, the non-destructive
techniques, which can be applied on the object
itself, is obviously mostly desirable. In a detailed

analysis of the different possible techniques for
pigment analysis, it is reported that Raman
microscopy is the best single technique for this
purpose due to its specificity, sensitivity, spatial
resolution, and providing spectra which are free
from interference by the surrounding materials(6-
9). Many authors have previously reported Raman
studies of oil painting mainly focused on the
palette composition and pigment admixtures and
in some cases on the degradation of pigments(10-
17). However, to the best of our knowledge it is not
very likely to find scientific data on the Turkish
paintings, except a work investigating a Feyhaman
Duran painting, the contemporary of Ibrahim
Calli(18).

In parallel with the westernization policies of the
Ottoman Empire, a new style of art entered to
Ottoman visual culture. The most important event
regarding the history of Turkish painting was the
foundation of Sanayi-i Nefise Mektebi (1882) in
Istanbul (today, Mimar Sinan Fine Arts University),
which was founded by Osman Hamdi Bey who

491


https://doi.org/10.18596/jotcsa.842525
mailto:meric.bakiler@msgsu.edu.tr
https://doi.org/10.18596/jotcsa.842525
https://doi.org/10.18596/jotcsa.842525
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
mailto:ozden.ormanci@msgsu.edu.tr
https://orcid.org/0000-0002-1098-3923
mailto:meric.bakiler@msgsu.edu.tr
https://orcid.org/0000-0002-3561-6716

Ormanci O, Bakiler M. JOTCSA. 2021; 8(2): 491-500.

received education of painting in Paris. A group of
young artists who graduated from the Academy of
Fine Arts went to study abroad after the Second
Constitutional Revolution. They returned to the
empire with the beginning of World War | in 1914
and despite training in academic style, they started
painting with an impressionistic palette. This
younger generation rebelled against the
academism of their teachers and introduced a new
concept of painting to Turkey(19-21). Ibrahim Calh
(1882-1960) is one of best known member of the
group and has a more active position than the
others. He is considered to be the pioneer of the
Impressionist trend in Turkey, such that the group
is also known as the “Calli Generation”(20,21).

The paper here presented intends to display the
analytical characterization results of the Calli's
pigment palette which he used on the painting “in
the park” (75 cm x 60 cm). It is understood from
the artist's signature that the painting was created
before 1934, when the surname law came out.
Raman and p-XRF spectrometers were used with
the aim of characterizing the pigments used. For
the first time in this study, an oil painting by a
Turkish painter was analyzed non-destructively
considering the importance of the painting and it is
also crucial to state that, this work is the first to
investigate a Calli painting, regarding the pigment
palette.

MATERIALS AND METHODS

All the studies were performed non-destructively
using the facilities of Central Research Laboratory
(MerLab), functioning under Materials Research
Center for Cultural Property and Artworks in Mimar
Sinan Fine Arts University, Istanbul, Turkey.

For elemental characterization, a Bruker ARTAX
800 micro X-Ray Fluorescence spectrometer (p-
XRF) with molybdenum source, at an electric
accelerating potential of 40 kV and a current of
600 PA was used. The measuring head which
consists of a central unit containing a Peltier-
cooled silicon drift detector, the laser spot and the
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CCD camera, allowed us to focused on the different
spots of the sample. Each spectrum was collected
during 60s and evaluated by ARTAX software.

Raman microscopy measurements were made with
a Bruker SENTERRA Dispersive Raman
spectrometer, which is equipped with an Olympus
confocal microscope mounted onto a crane (Figure
1). In this study, 20x and 50x magnification
objectives were employed to focus the 785 nm
laser beam onto the samples. The irradiating laser
power (1-50 mW) and the exposure time has been
changed during the study. The analysis were
performed directly on the painting, and the signals
recorded by a TE-cooled CCD detector. The band
intensities are defined as vw: very weak; w: weak;
m: medium; s: strong; sh: shoulder throughout the
text.

Since, the analyses were based on the use of non-
destructive techniques, no samples were removed
from the painting. After the visual inspections on
the artwork, the colors and points to be analyzed
were selected considering their homogeneity and
the analytical reproducibility, and they were shown
in Figure 2.

—— B
Figure 1. The raman spectrometer, which was
used in this study, equipped with a confocal
microscope mounted onto a crane.
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Figure 2.ibrahim Calll’s oil painting “in the park” (75 cm x 60 cm) and the points from which Raman and
XRF spectra were collected.

RESULTS AND DISCUSSION

As shown in Figure 3, paint layers were applied
directly onto the rough surface of a wooden panel
support, no preparation layer was laid on.

Figure 3. Photograph showing the Wooden panel
support.

XRF analysis of the Spot 1 shows three elements
which can be related to white color: zinc and lead.
On the other hand, Raman analyses were carried
out from a significant number of points and only
one measurement yield a useful Raman spectrum
(Figure 4) since zinc white is a poor Raman
scatter(22). This spectrum confirmed the
application of zinc white with the characteristic
bands at 99, 320 and 435 cm~1(23). However,

white paint is likely a mixture of lead white and
zinc white.
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Figure 4. Raman spectrum of the white color
(Spot 1).

Figure 5 shows the Raman spectrum of the green
color, Spot 6. The green pigment was detected to
be not a green chromophore but a mixture of
Prussian blue [Fes[Fe(CN)el3:xH20] and chrome
yellow (PbCrQOas). The intense peak at 2153 cm-! and
weaker bands at 2091, 534, and 277 cm™ clearly
indicate the presence of blue, while the band at
841 cm, due to CrO4% stretching, is assigned to
chrome yellow(3,24,25). Prussian blue is reported
as a compatible pigment which can be used in
mixtures with lead chromate to produce green
color and many studies have shown its
predominant application as a blue pigment used to
achieve green hues(22,24,26-28). Furthermore,
the spectrum shows a band at 987 cm~! which is
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caused by barium sulfate (BaSOa4) and its presence
may be related to Prussian blue since barium
sulfate is reported to be detected in Prussian blue
widely(29). It may also be intentionally added as
an extender or a white pigment. The analysis of
XRF spectra confirmed these findings and revealed
the presence of Zn, Fe, Cr, Ba, Pb, and S. In
addition to these elements Ca, which may be
suggesting the application of a small amount of
calcite (CaCOs), was also detected.

2153
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27T 534
841 987

-
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Figure 5. Raman spectrum of the green color
(Spot 6).

Regarding the yellow color (Spot 4), characteristic
Raman bands of zinc yellow at 114 (vw), 162 (vw),
346 (m), 358 (sh), 412 (vw), 776(vw), 874 (vs), 894
(sh), 942 (m) cm! were detected (Figure 6)
(25,27,30). Zinc yellow was first synthesized in
about 1800 cm™ but it has not been used as a
pigment until the second half of the 19th century.
The basic zinc chromate has the composition
47Zn(0OH)2:ZnCrO4, while most modern yellows are
of the Kz0:4ZnCr0O4-3H,0 composition(31-33). In
this study, detection of K in XRF spectrum of the
yellow color, indicating the application of a
pigment having zinc potassium chromate hydrate
composition. Besides these elements mentioned
above, the XRF analysis revealed the presence of
Sr, Pb, Fe, Ba, and S in Spot 4. The high amount of
Sr detected in yellow area can be considered as an

important clue indicating the application of
strontium vyellow (Strontium chromate, SrCrOa)
pigment, although it was not detected in the

Raman spectra. The presence of Pb, Fe, Ba and S
may not be unambiguously related to the yellow
pigment, rather may be indicating the underlayer
pigment, which we believe is a mixture of Prussian
blue and chrome yellow as it is identified on Spot
6.
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Figure 6. Raman spectrum of the yellow color
(Spot 4).

As for the blue, the Raman spectra performed on
the Spot 5 showed the use of ultramarine blue,
which is a three-dimensional aluminosilicate
complex with a sodalite structure containing
sodium ions and sulfur groups
((Na,Ca)s(AlSi04)6(0,S,504)1-2) (3,25,32). The
Raman spectra of the ultramarine blue obtained
have bands at 268 (vw) 375 (w), 549 (vs), 584 (sh),
1096 (vw), cm as shown in Figure 7(34-36). The
elements regarding the underlying green color, Fe,

Pb, Cr, Ba and S, were also detected in XRF
spectra.
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Figure 7. Raman spectrum of the blue color (Spot
5).

The Raman analysis of the black color (Spot 2)
have given the spectra of a carbon-based black
pigment distinguished by two broad bands at
around 1320 and 1580 cm™ as shown in Figure 8
(37,38). On the other hand, the detection of Ca and
P in XRF spectra, can be associated with the
presence of bone black.
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Figure 8. Raman spectrum of the black color (Spot
2).
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For the red color (Spot 3), no useful Raman spectra
could be collected. However, the detection of key
elements such as Cd and Se in XRF spectrum was a
clear indication of the presence of cadmium red
pigment (CdSe) and allowed us to distinguish the
pigment used from that of any other red pigments
(Figure 9). It is also worth noting that the result is
emphasized the importance of complementary
using of the Raman and XRF techniques for
identification purposes.

501
0]
3o/

20!

As regards to artist signature (Spot 7), the color
was identified as a mixture of pigments and
obtained by adding carbon-based black pigment to
hematite (a-Fe203) to produce a brown hue. Figure
10 shows the Raman spectrum and the bands at
230 (m-s), 297 (vs), 413 (m-s), 504 (w-m), 617 (m),
676 (w), 801 (vw) cml were assigned to the
presence of hematite, whereas those at 1318 and
1601 cm were assigned to carbon-based black
pigment (37-40). In addition, besides the elements
arising from the under layer, Cd and Se were also
detected in XRF spectrum. Thus, the analysis
revealed that the occurrence of this brown pigment
used for signature consisting of a mixture of at
least three different pigment which are hematite,
carbon black and cadmium red.

10
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Figure 9. XRF spectra collected from the red and green colors and the difference spectrum.
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Figure 10. Raman spectrum of the brown

signature (Spot 7).

There is another point to take into consideration
that zinc was almost always detected in the colors
analyzed. It is reported in the literature that
treatises from the Ilate medieval period
recommended zinc sulfate, also known as zinc
vitriol or white vitriol, as driers for varnishes and
paints(41,42). The significant amount of zinc
detected in this study was most probably
incorporated in the form of zinc sulfate which like
powdered glass. The detection of sulfur by XRF
corroborates the idea of the usage of white vitriol.
However, the addition of zinc may also be
suggested its addition by manufacturers as a
lightening agent(43).

An overview of the study, the measured points and
results, is given in Table 1.

495



Table 1. Overview of the measured points, colors, analysis results, identified pigments, and chemical compositions.

Measuring

K-XRF Results
(net peak area

Chemical

-1
Point Color values in Raman peaks (cm-1) Composition References
decreasing order)
. Zn, Pb, Fe, Cr, Ca, Zinc white: 99(w), 320(vw),
1 White Ba, K, S 435(vw) Zn0O (3,25)
Zn, Pb, Fe, Ca, Cr, Carbon-based black: carbon-based
2 Black Ba. K, S, P 1320(br), 1580(br) black (37-40)
Zn, Cr, Fe, Ba, Pb,

3 Red Se,Cd, Ca, 51, S Cdse

Zinc yellow: 114(vw),
Zn, Cr, K, Sr, Pb, Fe, 162(vw), 346(w-m), K20:4ZnCr0O4:3H,0

4 Yellow S. Ba 358(sh), 412(vw), 776(w), and SrCrOa (7) (25,27,30)
874(vs), 894(sh), 942(m)
Ultramarine: 268(vw),

5 Blue Z”E; Fe, Cr. Pb, Ca, 355w, 549(vs), 584(sh), NasAl6Sic02453 (34-36)

a, S, K, Sr, Si

1096(vw)
Prussian blue: 277(w-m),
534(w-m), 2091(m), Fe;CisN1s

6 Green 2™ P[E’écsar' Bsa' Cr 2153(vs) PbCrOs (24,25)

T Chrome yellow: 841(w), BaS0O4

Barite: 987(w)
Hematite: 230(m-s),
297(vs), 413(m-s), 504(w-

; Signature  Zn, Fe, Cr, Ca, Ba, m), 617(m), 676(w), a'iizrobg'rf_%ii'eznd (37-40)

(Brown) Pb, Cd, Sr, S, Se 801(vw)

Carbon-based black:
1318(br), 1601 (br)

black
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CONCLUSIONS

The results of the present study once again
emphasize the great potential of the
complementary use of p-XRF and Raman
spectroscopy and the pigments used by Ibrahim
Callh were successfully determined. The painter’s
palette includes zinc white, zinc yellow, chrome
yellow, strontium yellow, ultramarine, Prussian
blue, hematite, cadmium red, barite, and carbon-
based black pigments.

The knowledge of his palette plays an substantial
contribution to the knowledge of the pigments
used in 20th century Turkish painting. In addition,
one of the most important characteristic of this
work was to be the first to investigate a Turkish
painting non-destructively. Nevertheless, Calli’s
paintings will continue to be analyzed to create an
extensive database.

ACKNOWLEDGMENT

The authors would like to thank ipek-Ahmet Merey
for allowing the investigation of the precious
painting belonging their collection.

REFERENCES

1. Fotakis, C., Anglos, D., Zafiropulos, V.,
Georgiou, S., Tornari V. Lasers in the Preservation
of Cultural Heritage: Principles and Applications.
CRC Press. 2006.

2. Messina, G., Santangelo S. GNSR 2001:
State of Art and Future Development in Raman
Spectroscopy and Related Techniques. CRC Press.
2001. 290 p.

3. Burgio L, Clark RJH. Library of FT-Raman
spectra of pigments, minerals, pigment media and
varnishes, and supplement to existing library of
Raman spectra of pigments with visible excitation.
Vol. 57, Spectrochimica Acta - Part A: Molecular
and Biomolecular Spectroscopy. 2001. 1491-1521
p.

4. Best SP, Clark RJH, Withnall R. Non-
destructive pigment analysis of artefacts by Raman
microscopy. Endeavour. 1992;16(2):66-73.

5. Chalmers JM, Edwards HGM, Hargreaves
MD. Infrared and Raman spectroscopy in Forensic
Science. Wiley; 2012.

6. Clark RJH. Raman microscopy: Application
to the identification of pigments on medieval
manuscripts. Chem Soc Rev. 1995;24(3):187-96.

7. Clark RJH. Pigment identification on
medieval manuscripts by Raman microscopy. ] Mol
Struct. 1995;347:417-27.

8. Burgio L, Ciomartan DA, Clark RJH. Pigment
identification on medieval manuscripts, paintings
and other artefacts by Raman microscopy:
Applications to the study of three German

manuscripts. ] Mol Struct. 1997;405(1):1-11.

9. Jurado-Lépez A, Demko O, Clark RJH, Jacobs
D. Analysis of the palette of a precious 16th
century illuminated Turkish manuscript by Raman
microscopy. ] Raman Spectrosc. 2004;35(2):119-
24.

10. Cazzanelli E, Platania E, De Santo G,
Fasanella A, Castriota M. Micro-spectroscopic
Raman investigation on the canvas oil painting
“Rebecca at the well” of Neapolitan anonymous. |
Raman Spectrosc. 2012;43(11):1694-8.

11. Antunes V, Candeias A, Mirao J, Carvalho
ML, Dias CB, Manhita A, et al. Analytical
characterization of the palette and painting
techniques of Jorge Afonso, the great 16th century
Master of Lisbon painting workshop. Spectrochim
Acta - Part A Mol Biomol Spectrosc. 2018;193:264-
75. Available
from:https://doi.org/10.1016/j.saa.2017.12.027

12. Cristina L. Aibeo, Stien Goffin, Olivier
Schalm, Geert van der Snickt, Nathalie Laquiere,
Peter Eyskens K]. Micro-Raman analysis for the
identification of pigments from 19th and 20th
century paintings. ] Raman Spectrosc.
2008;39(May):1091-8. Available from:
10.1002/jrs.1990

13. Damjanovi¢ L, Gaji¢-Kvascev M, Durdevic |,
Andri¢ V, Mari¢-Stojanovi¢ M, Lazi¢ T, et al. The
characterization of canvas painting by the Serbian
artist Milo Milunovi¢ using X-ray fluorescence,
micro-Raman and FTIR spectroscopy. Radiat Phys
Chem. 2015;115:135-42.

14. Ricci C, Borgia I, Brunetti BG, Miliani C,
Sgamellotti A, Seccaroni C, et al. The Perugino’s
palette: Integration of an extended in situ XRF
study by Raman spectroscopy. ] Raman Spectrosc.
2004;35(8-9):616-21.

15. Artesani A, Ghirardello M, Mosca S, Nevin
A, Valentini G, Comelli D. Combined
photoluminescence and Raman microscopy for the
identification of modern pigments: explanatory
examples on cross-sections from Russian avant-
garde paintings. Herit Sci. 2019;7(1):1-13.
Available from: https://doi.org/10.1186/s40494-
019-0258-x

16. Giorgi L, Nevin A, Nodari L, Comelli D,
Alberti R, Gironda M, et al. In-situ technical study of
modern paintings part 1: The evolution of artistic
materials and painting techniques in ten paintings
from 1889 to 1940 by Alessandro Milesi (1856-
1945). Spectrochim Acta - Part A Mol Biomol
Spectrosc. 2019;219:530-8. Available from: https://
doi.org/10.1016/j.saa.2019.04.083

17. Vermeulen M, Saverwyns S, Coudray A,
Janssens K, Sanyova J. Identification by Raman
spectroscopy of pararealgar as a starting material
in the synthesis of amorphous arsenic sulfide
pigments. Dye Pigment. 2018;149(October



Ormanci O, Bakiler M. JOTCSA. 2021; 8(2): 491-500.

2017):290-7.

18. Akyuz S, Akyuz T, Emre G, Gulec A,
Basaran S. Pigment analyses of a portrait and paint
box of Turkish artist Feyhaman Duran (1886-1970):
The EDXRF, FT-IR and micro Raman spectroscopic
studies. Spectrochim Acta - Part A Mol Biomol
Spectrosc. 2012;89:74-81. Available from:
http://dx.doi.org/10.1016/j.saa.2011.12.046

19. Yaban NT. Environment of Culture and Art
in the Ottoman Empire in 19th Century. Online ] Sci
Technol. 2018;8(2):71-8.

20. Shaw WMK. Ottoman painting: reflections
of Western art from the Ottoman Empire to the
Turkish Republic. IB Tauris Publishers. 2010. 208 p.

21. Gultekin G. Western Trends in the Turkish
Art of Painting.pdf. Ankara: T.C. Ziraat Bankasi
Cultural and Art Activities, Ajans Turk
Publishing&Printing Co. Inc.; 1992. 216 p.

22. Veronika KoSarova, David Hradil, Janka
Hradilova, Zdefika Cermakova, lvan Némec MS.
The efficiency of micro-Raman spectroscopy in the
analysis of complicated mixtures in modern paints:
Munch’s and Kupka’s paintings under study.
Spectrochim Acta Part A Mol Biomol Spectrosc.
2016;156:36-46.

23. Marinho JZ, Romeiro FC, Lemos SCS, Motta
F V., Riccardi CS, Li MS, et al. Urea-based synthesis
of zinc oxide nanostructures at low temperature. )

Nanomater. 2012;2012.

24, Rosi F, Miliani C, Borgia I, Brunetti B,
Sgamellotti A. Identification of nineteenth century
blue and green pigments by in situ x-ray
fluorescence and micro-Raman spectroscopy. J
Raman Spectrosc. 2004;35(8-9):610-5.

25. Bell IM, Clark RJH, Gibbs PJ. Raman
spectroscopic library of natural and synthetic
pigments (pre-~ 1850 AD). Spectrochim Acta - Part
A Mol Biomol Spectrosc. 1997;53(12):2159-79.

26. Grim DM, Allison J. Identification of
colorants as used in watercolor and oil paintings by
UV laser desorption mass spectrometry. Int ] Mass
Spectrom. 2003;222(1-3):85-99.

27. Edwards HGM. Analytical raman
spectroscopic discrimination between yellow
pigments of the renaissance. Spectrochim Acta -
Part A Mol Biomol Spectrosc. 2011;80(1):14-20.
Available from:
http://dx.doi.org/10.1016/j.saa.2010.12.023

28. Li XL, Sun CJ, Luo L Bin, He Y.
Nondestructive detection of lead chrome green in
tea by Raman spectroscopy. Sci Rep. 2015;5:1-9.
Available from:http://dx.doi.org/10.1038/srep15729

RESEARCH ARTICLE

29. Gautier G, Bezur A, Muir K, Casadio F,
Fiedler I. Chemical fingerprinting of ready-mixed
house paints of relevance to artistic production in
the first half of the twentieth century. Part I:
Inorganic and organic pigments. Appl Spectrosc.
2009;63(6):597-603.

30. Correia AM, Clark RJH, Ribeiro MIM, Duarte
MLTS. Pigment study by Raman microscopy of 23
paintings by the Portuguese artist Henrique Pousdo
(1859-1884). ] Raman Spectrosc.
2007;38(11):1390-405.

31. Simonsen KP, Christiansen MB, Vinum MG,
Sanyova J, Bendix J. Single crystal X-ray structure
of the artists’ pigment zinc yellow. ] Mol Struct.
2017;1141:322-7. Available from: http://dx.doi.org/
10.1016/j.molstruc.2017.03.108

32. Nicholas Eastaugh, Valentine Walsh, Tracey
Chaplin RS. Pigment Compendium. A Dictionary
and Optical Microscopy of Historical Pigments.
Butterworth-Heinemann. 2008.

33. Feller RL, editor. Artists’ Pigments: A
Handbook of Their History and Characteristics.
Volume 1. Oxford University Press; 1986.

34. Osticioli I, Mendes NFC, Nevin A, Gil FPSC,
Becucci M, Castellucci E. Analysis of natural and
artificial ultramarine blue pigments using laser
induced breakdown and pulsed Raman
spectroscopy, statistical analysis and light
microscopy. Spectrochim Acta - Part A Mol Biomol
Spectrosc. 2009;73(3):525-31.

35. Frausto-Reyes C, Ortiz-Morales M, Bujdud-
Pérez JM, Magafna-Cota GE, Mejia-Falcén R. Raman
spectroscopy for the identification of pigments and
color measurement in Dugés watercolors.
Spectrochim Acta - Part A Mol Biomol Spectrosc.
2009;74(5):1275-9.

36. Colomban P. Lapis lazuli as unexpected
blue pigment in Iranian Lajvardina ceramics. |
Raman Spectrosc. 2003;34(6):420-3.

37. Tomasini EP, Halac EB, Reinoso M, Di Liscia
EJ, Maier MS. Micro-Raman spectroscopy of carbon-
based black pigments. ] Raman Spectrosc.
2012;43(11):1671-5.

38. Coccato A, Jehlicka J, Moens L,
Vandenabeele P. Raman spectroscopy for the
investigation of carbon-based black pigments. ]
Raman Spectrosc. 2015;46(10):1003-15.

39. Pieta E, Proniewicz E, Szmelter-Fausek B,
Olszewska*wietlik J, Proniewicz LM. Pigment
characterization of important golden age panel
paintings of the 17th century. Spectrochim Acta -
Part A Mol Biomol Spectrosc. 2015;136:594-600.

498



Ormanci O, Bakiler M. JOTCSA. 2021; 8(2): 491-500.

40. Lauridsen CB, Sanyova J, Simonsen KP.
Raman analysis of complex pigment mixtures in
20th century metal knight shields of the Order of
the Elephant. Spectrochim Acta - Part A Mol Biomol
Spectrosc. 2015;150:54-62. Available from:
http://dx.doi.org/10.1016/j.saa.2015.04.117

41. O’'Donoghue E, Romero R, Dik loris. French
eighteenth-century painting techniques. Stud
Conserv. 1998;43(supl):185-9.

499

RESEARCH ARTICLE

42. Burgio L, Clark RJH, Hark RR. Raman
microscopy and x-ray fluorescence analysis of
pigments on medieval and Renaissance Italian
manuscript cuttings. Proc Natl Acad Sci U S A.
2010;107(13):5726-31.

43. Osmond G, keune K, Boon J. A study of zinc
soap aggregates in a late 19th century painting by
R.G. Rivers at the Queensland Art Gallery. AICCM
Bull. 2005;29(1):37-46.



Ormanci O, Bakiler M. JOTCSA. 2021; 8(2): 491-500. RESEARCH ARTICLE

500



Celik C, Acik G. JOTCSA. 2021; 8(2): 501-510. RESEARCH ARTICLE

S0 T CoS,

Journal of The Turkish Chemical Sociery
CHemisTry

TURKISH
CHEMICAL SOCIETY

SecTion: A

Synthesis and Characterization of Benzodioxinone-Bearing
Methacrylate-Based Random Copolymer via Atom Transfer Radical
Polymerization

Cumali Celik™* , Gokhan Acik2.d
'Property Protection and Security Department, Yalova Vocational School, Yalova University, Yalova, Turkey

’Department of Chemistry, Faculty of Sciences and Letters, Piri Reis University, Tuzla, Istanbul, Turkey

Abstract: Methacrylate-benzodioxinone (BDMA) as a monomer was firstly synthesized and then
copolymerized with methyl methacrylate and 2-hydroxyethyl methacrylate via atom transfer radical
polymerization (ATRP) in the presence of CuCl/pentamethyldiethylene triamine (PMDETA) catalytic system
using ethyl 2-bromopropionate (EtBrP) as an initiator. Successful formation of the block copolymer was also
confirmed in detail by proton nuclear magnetic resonance spectroscopy (*H NMR), Fourier-transform infrared
spectroscopy (FT-IR), and gel permeation chromatography (GPC) appropriately. Secondly, photochemical
acylation of obtained copolymer through hydroxyl and benzodioxinone groups led to the release of
benzophenone compound and ester-linkage on the polymer backbone. The formation of ester-linkage
increases the glass transition temperature and the thermal stability of the obtained copolymer.

Keywords: Atom transfer radical polymerization, ketene chemistry, photochemical acylation, random
copolymer.
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INTRODUCTION

Copolymers have attracted enormous interest
ranging from many industrial fields to another
applications in the past two decades (1-4). The
development of controlled/living radical
polymerizations provides many advantages for
producing well-defined polymers (5, 6). The
reversible addition-fragmentation chain transfer
(RAFT), (7, 8) atom transfer radical polymerization
(ATRP), (9-12) nitroxyl-mediated polymerization
(NMP) (13, 14) are widely used CLRP methods over
the past three decades. Among these methods,
ATRP is the most powerful, versatile, and
inexpensive method discovered by Matyjaszewski
(5, 11, 15-18). Furthermore, the ATRP can be
applied in various monomers under different
conditions and provided control over molecular
weight, polydispersity, and polymers' topology (9,
10, 14). This robust method also overcame a wide

range of industrial problems, such as tolerance to
solvents and impurities (9-11, 19).

Recently, benzodioxinone chemistry (20), which can
easily form ketene and corresponding ketone
intermediates upon UV irradiation (21-24) or
temperature exposure thermolysis (25-27), has
been utilized in synthetic polymer chemistry (28-
30). Due to its chemical structure containing
carbonyl and alkenyl groups and the possibility of
their transformation into ketenes, benzodioxinone
compounds are versatile organic reactive
intermediates. Also, salicylate esters, one of the
most important materials in the medical field (31),
can be synthesized by the photochemical acylation
process of benzodioxinone in the presence of either
phenols or alcohols (32, 33). Recently, this
photochemistry has been applied to synthesize
various macromolecular architectures by combining
various CLRP methods (34).
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This study aims to synthesize photochemically
sensitive random copolymer-bearing antagonist
benzodioxinone and hydroxyl functionalities via
atom transfer radical polymerization with a one-step
procedure. For this purpose, methacrylated
benzodioxinone was firstly synthesized by
esterification reaction of 5-hydroxy-2,2-diphenyl-4H-
benzo[d][1,3]dioxin-4-one with methacryloyl
chloride. The methacrylated benzodioxinone
monomer was  copolymerized with  methyl
methacrylate and 2-hydroxylethyl methacrylate to
get photochemically sensitive random copolymer, by
using simple UV irradiation of the resulting
copolymer led to photochemical acylation reaction
between antagonist benzodioxinone and hydroxyl
functionalities. Spectroscopic, chromatographic, and
thermal analyses confirmed the formations of
obtained copolymer and its acylated species.

MATERIALS AND METHODS

Materials

Monomers, methyl methacrylate (Aldrich, MMA,
99%,), and 2-hydroxyethyl methacrylate (Aldrich,
HEMA, 99%) were purified to remove the inhibitor by
passing through a basic alumina column. Copper(l)
chloride  (Aldrich, CuCl, 99.99%), ethyl 2-
bromopropionate (99%, Aldrich), and methacryloyl
chloride (Aldrich, 97%) were used without further
purification. N,N,N',N",N"’-pentamethyldiethylene
triamine (PMDETA; 99%, Aldrich) was used as ligand
and distilled before use. Toluene (99.7%, Aldrich)
and other solvents were purified prior to use by
conventional distillation and drying procedures.

Instrumentation

The 'H-NMR analysis was conducted by Agilent NMR
System VNMRS 500 spectrometer at room
temperature in deuterated chloroform (CDCls) with
tetramethylsilane (TMS) as the internal standard.
Additionally, Perkin-Elmer FT-IR Spectrum One B

H
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py’ O ClI” "0

(1)

RESEARCH ARTICLE

transform
The

spectrometer was used for Fourier
infrared  (FT-IR) spectroscopic analysis.
molecular  weights  and molecular  weight
distributions of the resulting polymers were
determined by a Viscotek GPCmax. The GPC was
equipped with an autosampler system consisting of
a pump module (GPCmax, Viscotek, Houston, TX), a
refractive index (RI) detector (VE 3580, Viscotek),
and a combined light-scattering (Model 270 dual
detector, Viscotek). The GPC system was equipped
with two columns (LT5000L, Mixed, Medium Organic
300x8 mm and LT3000L and Mixed, Ultra-Low
Organic 300x8 mm) with a guard column (TGuard,
Organic Guard Column 10x4.6 mm) using
tetrahydrofuran eluent at 35 °C (flow rate, 1 mL min-
'). The polystyrene standards having narrow
molecular weight distribution were used for the
calibration of the refractive index detector. Two
scattering angles, namely 90 and 7, were used in
the light-scattering detector (Ao = 670 nm). The
GPC data were analyzed using Viscotek OmniSEC
Omni-01 software. Perkin-Elmer Diamond TA/ TGA
thermogravimetric analysis (TGA) analyzed the
thermal stability of obtained polymers with a
heating rate of 10 °C/min under nitrogen flow
(200 mL/min). Also, thermal transitions of obtained
polymers were analyzed by Perkin-Elmer Diamond
differential scanning calorimetry (DSC) with a
heating rate of 10 °C/min under nitrogen flow (10
mL /min).

Synthesis of 4-0x0-2,2-diphenyl-4H-benzo[d]
[1,3]dioxin-5-yl methacrylate (BDMA)
Methacrylated benzodioxinone was synthesized with
a modified two-step procedure. Firstly, the 5-
hydroxy-2,2-diphenyl-4H-benzo[d][1,3]dioxin-4-one
(1), was prepared as reported previously (35). In the
second step, hydroxyl function of (1) was converted
to methacrylate (2) by esterification using
methacryloyl chloride according to the procedure
given below (Scheme 1);

7

TEA, 24 h

X
r.t.
—> Phiﬂté
Ph O

(2, BDMA)

Scheme 1. Synthesis of 4-o0x0-2,2-diphenyl-4H-benzo[d][1,3]dioxin-5-yl methacrylate (BDMA).

A solution of the above-obtained benzodioxinone,
(1), (0.6 g, 1.88 mmol), and a 1.05 molar equivalent
of triethylamine were added into dry acetone, and
the solution was cooled to 0 °C. Then, 1.05 mol of
methacryloyl chloride per mol of alcohol was added
drop-wise into the solution with vigorous stirring.
After that, the suspension was stirred for 24 h at
room temperature. The resulting salt firstly
precipitated out, and then it was filtered off. The
BDMA monomer was obtained by distillation of the
acetone, unreacted methacryloyl chloride, and

triethylamine under low pressure. Finally, the BDMA
monomer yielded an oily yellow liquid (BDMA, 70%).
General procedure for Random
Copolymerization by ATRP

Methacrylated benzodioxinone (BDMA, 0.1 g,
2.6x10*mol), 2-hydroxyethyl methacrylate (2.5 mL,
2x10? mol) and methyl methacrylate (9.25 mL,
9x102 mol) dissolved in deoxygenated solvent
toluene (0.5 mL), PMDETA as a ligand (17 uL, 8x107°
mol), ethyl 2-bromopropionate as an initiator (17 pL,
1.35%10° mol) and catalysts Cu(l), (0.016 g, 1.6x10"
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“mol) were added to a Schlenk tube equipped with a
magnetic stirring bar. The reaction tube was then
degassed by three freeze-pump-thaw cycles and
was placed in an oil bath (90 °C) for 48 h. The ATRP
of BDMA, MMA, and HEMA was stopped by exposing
to air. The reaction mixture was diluted with THF
and passed through a short basic silica column to
remove the copper catalyst. Then the reaction
solution was concentrated by rotary evaporation and
precipitated in 10-fold excess cold methanol. The
obtained copolymer (PBDMA-co-PHEMA-co-PMMA)
was filtered and dried under a vacuum oven at room
temperature (yield: 20%; determined
gravimetrically).

Photochemical acylation process of PBDMA-co-
PHEMA-co-PMMA

Previously synthesized PBDMA-co-PHEMA-co-PMMA
in THF (30 mL) were added to a quartz tube and
irradiated for 48 h by a merry-go-round type UV-
reactor equipped with 16 Philips 8W/06 lamps and a
cooling system. All lamps emitted light at A>350
nm. After the given time, the acylated copolymer
first was precipitated in methanol, then collected by
filtration. The filtrated copolymer was then dried
under vacuum for 24 h at room temperature. Upon
UV irradiation, benzophenone was released as a by-

RESEARCH ARTICLE

product removed by precipitation
methanol as solvent.

step using

RESULTS AND DISCUSSION

Based on previous literature studies that gave
information about benzodioxinone photochemistry
for various synthetic approaches, we synthesized
copolymer including photosensitive benzodioxinone
benefiting from ketene's chemoselective reactions

intermediates toward hydroxyl groups in the
copolymer backbone. For this purpose, firstly,
methacrylated benzodioxinone (BDMA) was

synthesized by esterification reaction of phenolic
benzodioxinone 5-hydroxy-2,2-diphenyl-4H-benzo[d]
[1,3]dioxin-4-one with methacryloyl chloride
(Scheme 1). The chemical structure of BDMA was
confirmed by 'H-NMR spectroscopy detecting
characteristic protons of benzodioxinone (c, d, e, f,
g, h, i, j) and methacrylate (a and b) at 6.5-7.6, 1.6,
and 6.1 ppm (Figure 1).

In the second step, the random copolymerization of
BDMA, 2-hydroxylethyl methacrylate, and methyl
methacrylate was done by ATRP at 90 °C in toluene
using EtBrP and CuCl/ PMDETA as initiator and
catalyst, respectively (Scheme 2).

c,d.e,f,g,h,ij
l'_'k_'i
(o]
h
Qo 0
fee
b d ™S
i
L] L L] L LI b L} b b ] b L] * L] b L}
8 7 6 5 3 2 1 0
pPpm
Figure 1. 'H-NMR spectrum of BDMA.

0+?

(MMA)
Phiﬂjé OH

(HEMA)
(BDMA)

toluene, CuCI ﬁ s g & Sis

PMDETA
90°C, 48 h

(PBDMA-co-PHEMA-co-PMMA)

Scheme 2. Copolymerization of BDMA, HEMA and MMA via ATRP. (BDMA:HEMA:MMA:PMDETA:EtBrP:CuCl =
1:80:350:0.3:0.05:0.6 in 0.6 mL xylene)
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The successful ATRP copolymerization led to

photochemically active copolymer (PBDMA-co-
PHEMA-co-PMMA), including benzodioxinone, which
can absorb near UV light. In the final stage, the

W\@

THF
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e .
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photochemical acylation process of the obtained

PBDMA-co-PHEMA-co-PMMA was achieved
throughout 48 h under UV light (Scheme 3).
xuhT%fHH%ij#xxgijﬂg4§i: O

U@

{Esenzc: phenon
{Acylatedto |:|0I1.-'me| }

Scheme 3. Photochemical acylation of PBDMA-co-PHEMA-co-PMMA.

Based on spectroscopic (FT-IR and *H-NMR) and
chromatographic (GPC) data of obtained copolymer
by ATRP, the random copolymer was obtained with
good yield as evaluated by acceptable monomer
conversion (20%) and molecular weight (M,= 73.730
g/mol) and molecular weight distribution (PDI=
1.26). The FT-IR spectra of untreated and UV-treated
PBDMA-co-PHEMA-co-PMMA copolymer were shown
in Figure 2. The spectrum for the neat PBDMA-co-
PHEMA-co-PMMA displayed the characteristic bands
such as broad O-H band at 3500 cm™, aromatic C-H
band at 2950 cm® sharp C=0 band at 1700 cm?,
aromatic C=C band at 1450 cm™ at and C-O band at
1250 cm?®. After the photochemical acylation
process, all characteristic bands of PBDMA-co-
PHEMA-co-PMMA were presented, whereas a new
band at 1625 cm™ attributed to the intramolecular
hydrogen-bonded carbonyl group was formed.

Although FT-IR results confirmed the copolymer
formation and acylation, the 'H-NMR analysis
provided a powerful indication. As can be seen, the
Figure 3, the presence of aromatic protons
belonging to PBDMA appear very clear between 6.10
and 7.50 ppm (n, o, p, r, s, t, u and v), PHEMA at
3.85 and 4.10 ppm (k and j), and PMMA at 3.58

ppm (g) prove the successful formation of
copolymer bearing uv light-sensitive
benzodioxinone. In  addition, the chemical

composition of the copolymer could be calculated
from the integration ratio of methoxy protons of
MMA (-O-CHs, g) at 3.58 ppm, methylene protons (-
CH:-, j and k) of HEMA at 4.10 ppm and 3.95 ppm
and the aromatic protons (n, o, p, r, s, t, u and v)
of benzodioxinone at 6.10 and 7.50 ppm. According
to the 'H-NMR calculation, the copolymer
composition was found as 8.7, 29.0, and 62.3% for
PBDMA, PHEMA, and PMMA, respectively.

-OH C-H C=0 c=C C-0
Copolymer
S
@
o
c
g After UV irradiation
£
- !
c
@
[
- 1625
b ] i L} = L} d L} L} b ] b
4000 3500 3000 2500 2000 1500 1000

500

Wavenumber (cm™)
Figure 2. FT-IR spectra of PBDMA-co-PHEMA-co-PMMA and it's acylated species after UV irradiation.

504



Celik C, Acik G. JOTCSA. 2021; 8(2): 501-510.

The photoinduced acylation reaction antagonist
benzodioxinone and hydroxyl groups of the PBDMA-
co-PHEMA-co-PMMA led to the acylated product.
After the acylation process, the aromatic peaks at
6.10 ppm and 6.18 ppm (n, o, and p) coming from
benzodioxinone were remarkably decreased,
whereas the aromatic peaks at 6.98 ppm and 7.08
ppm (r, s, t, u and v) belonging benzene rings of
leaving benzophenone were almost disappeared.

RESEARCH ARTICLE

Additionally, the acylation process was monitored by
gel permeation chromatography in the THF system
(Figure 4). After the photoinduced acylation process,
the molecular weight of PBDMA-co-PHEMA-co-PMMA
was moderately decreased due to the leaving
benzophenone compound as a by-product.
Furthermore, the polydispersity indexes of both
untreated and UV-treated PBDMA-co-PHEMA-co-
PMMA copolymer displayed unimodal traces.

Br

Copolymer
— After UV irradiation
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Figure 3. 'H-NMR spectra of BDMA-co-PHEMA-co-PMMA and its acylated species after UV light irradiation.
The random copolymer composition was calculated by *H-NMR analysis using the following formula:

(Composition=(n+o+p+r+s+t+u+v)/(n+o+p+r+s+t+u+v+g+j+k)x100

and

(j+k)/(n+o+p+r+s+t+u+v+g+j+k)x100, where n+o+p+r+s+t+u+v represents the integrated peak

area at between 6.10 ppm and 7.50 ppm corresponding to aromatic protons of benzodioxinone,

jtk

represents the integrated peak area at 4.10 ppm and 3.95 ppm methylene protons (-CH,-) of HEMA and g
represents the integrated peak area at 3.58 ppm methoxy protons (-O-CHs) of MMA).
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Figure 4. The GPC traces of PBDMA-co-PHEMA-co-PMMA and its acylated species after UV light irradiation
(All GPC measurements were conducted using tetrahydrofuran as eluent with flow rate, 1 mL min™* at 35 °C).

The thermal properties of the PBDMA-co-PHEMA-co-
PMMA and its acylated species after esterification
were determined by differential scanning
calorimetric (DSC) analysis under a nitrogen
atmosphere, and compared with pristine PHEMA-co-
PMMA (Figure 5). The PHEMA-co-PMMA exhibited a
glass transition temperature (T,) at 88°C, whereas
the obtained PBDMA-co-PHEMA-co-PMMA and its
acylated species copolymers displayed higher T,

values at 98 and 109 °C, respectively. Due to the
rigid benzodioxinone segments, the T, value of
PBDMA-co-PHEMA-co-PMMA higher than PHEMA-co-
PMMA. After the acylation process, the linear
polymer chains become entrapped within the
particle, leading to decreased free volume.
Therefore, the acylated species have the highest T,
value compared to the PBDMA-co-PHEMA-co-PMMA
and PHEMA-co-PMMA (36-40).

/

Heat Flow (a.u.)

— PHEMA-co-PMMA
= PBDMA-co-PHEMA-co-PMMA
After UV irradiation

\

50 60 70 80 90

L
100

] o ] LJ
110 120 130 140

Temperature (°C)

Figure 5. DSC thermogram of PHEMA-co-PMMA, PBDMA-co-PHEMA-co-PMMA, and its acylated species after
UV light irradiation.

TGA further explored the thermal stabilities of the
PHEMA-co-PMMA, PBDMA-co-PHEMA-co-PMMA, and
its acylated species under nitrogen atmosphere. As
shown in Figure 6, the weight loss of PHEMA-co-
PMMA began at about 322 °C, reached its maximum
at 440 °C, and displayed a single peak indicating
one-step thermal degradation. The inclusion of
benzodioxinone compounds on to polymer
backbone, the rigid aromatic rings improved the

thermal stability of the PBDMA-co-PHEMA-co-PMMA.
However, the PBDMA-co-PHEMA-co-PMMA showed
two-step degradations due to benzophenone's
release and degradation of the polymer backbone.
After the acylation process, the copolymer displayed
one-step degradation and enhanced thermal
stability again compared to the PBDMA-co-PHEMA-
co-PMMA (40-42).
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Figure 6. TGA thermogram of PHEMA-co-PMMA, BDMA-co-PHEMA-co-PMMA, and its acylated species after
UV light irradiation.

CONCLUSION

In summary, a methacrylated benzodioxinone was
synthesized under a mild condition and used as a
co-monomer with 2-hydroxyethyl methacrylate and
methyl methacrylate in the ATRP process to obtain
random copolymer in one-step. The ester formation
occurred through benzodioxinone's carbonyl group
and the hydroxyl group of HEMA via acylation
reaction upon UV photolysis. The formations of the
obtained copolymer and its acylated species were
confirmed by spectroscopic, chromatographic, and
thermal analyses. The characteristic aromatic bands
of benzodioxinone in the FT-IR and 'H-NMR
spectroscopies confirmed the chemical attachment
of methacrylated benzodioxinone onto the linear
polymer chain. In addition to this, the successful
detection of ester bands in the FT-IR and 'H-NMR
spectroscopies was also proved the acylation
process between antagonist benzodioxinone and
hydroxyl groups of the PBDMA-co-PHEMA-co-PMMA.
A slight decrease of the molecular weight after the
photochemical acylation process was remarkably
detected by gel permeation chromatography.
Furthermore, thermal stabilities of the PBDMA-co-
PHEMA-co-PMMA and its acylated product were also
compared by DSC and TGA analyses. After the
photochemical acylation process, thermal stability
and glass transition temperature were clearly
increased compared to the pristine PBDMA-co-
PHEMA-co-PMMA.
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Abstract: In this article, the chemical compounds, antimicrobial and antioxidant activity of the volatile oil
from leaves of Olea europaea L. cultivar from Turkey (Ayvalik) has been studied. The essential oil was
provided with a Clevenger apparatus and analyzed by GC-MS/FID. This analysis leads to the detection of 42
compounds representing 99.59+1.15% of the total oil. The major constituents were a-pinene
(9.82+£0.33%), benzylalcohol (8.83%£0.27%), phenethylalcohol (8.52+0.25%), 2-monopalmitin
(8.13£0.28%), palmitic acid (5.53+£0.41%), octadecanoic acid 2,3-dihydroxypropylester (5.84+0.42%),
phytol (4.22+0.17%), and benzaldehyde (4.21+0.38%). The antimicrobial activities of the dried leaves
essential oils were assessed against seven bacterial and four fungal strains. Significantly, the essential oil
has an efficient antibacterial activity toward to the bacterial strains such as Bacillus cereus ATCC 14579,
Candida albicans ATCC 10231, Enterococcus faecalis ATCC 29212 and Klebsiella pneumoniae ATCC 13883.
The olive a leaf essential oils showed significant antimicrobial and antioxidant effects. This study gives more
knowledge for the development of this crucial therapeutic plant.
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INTRODUCTION anti-inflammatory activity (2-10). In folk medicine,
it is reported that the decoction prepared from the
Olea europaea L. is one of the most important fruit leaves is used for hypertension, arrhythmia,
trees in Mediterranean countries, especially in intestinal muscle spasms, and cancer treatment
Spain, Italy, France, Greece, Turkey, Tunisia, and (11-14). In Turkey, congenital coronary artery
Morocco (1). In Turkey, Ayvallk region of the anomalies are commonly seen at the rate of 0.2-
Balikesir province has the most plentiful olive 1.2%. Coronary artery anomalies such as angina,
variety representing more than 19% of in Turkey’s significant hemodynamic abnormalities and
whole olive trees. myocardial infarction are essential because of the
occurrence and sudden death (15).
Olive leaf is the origin of many phytochemicals such
as polyphenolics and flavonoids, which accomplish  Essential oils possess specific volatile odors or
many antioxidant, antibacterial, antifungal, and flavors obtained from various plant parts like
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flowers, seeds, and leaves. Essential oils with
various chemical components such as phenols,
flavones, flavonoids, and terpenes, etc. show
antibacterial, anti-cancer, antifungal, and anti-
oxidant activities (16).

There are very few studies on the extract obtained
by hydrodistillation of Olea europaea L. leaves and
its essential oil content, antioxidant and
antimicrobial effect in the literature. This study’s
primary purpose was to identify the constituents of
Olea europaea L. essential oil by GC/MS
spectrometric method and investigate the chemical
characterization, antioxidant, and antimicrobial
activities of the volatile oil from Ayvalik flora of
Turkey.

EXPERIMENTAL SECTION

Plant material

Fresh leaves of Olea europaea L. cv. were picked up
in October 2017 from Ayvalik (Turkey), a region in
Balikesir Province on the Aegean Sea coast located
at 39°16'40.55N and 26°42'47.77E. The
Mediterranean climate is dominant in this region,
characterized by hot and dry summers and mild and
rainy winters. The mean temperature is between
24-34 °C. West winds from the weather cool the
region. The average annual rainfall is about 700
mm. The altitude of the region is 270 m.

The voucher specimen was described and stocked at
Herbarium Turcicum, Ankara Herbarium Voucher
No: 60542 (Department of Biology, Ankara
University, Ankara, Turkey). Part of the leaves was
washed, cleaned, and shade-dried at room
temperature without an airflow (25 °C) for 15 days.
After drying, olive leaf samples were milled and
became ready for hydrodistillation.

Isolation of the volatile oils

The volatile oils were obtained by hydrodistillation in
a Clevenger-type apparatus from Olea europaea L.
leaves. To get a colorful oil with a yield of 0.06%
(w/w), each dried sample (200 g) consisted of the
leaves of upper branch parts of the plants were
exposed to water (500 mL) distillation in a
Clevenger apparatus for 3.5 h. The gained volatile
oil was dried over anhydrous Na,S0., then filtered,
evaporated, and concentrated under a gentle
stream of N, (nitrogen gas) and stored at 4 °C until
analyzed.

Volatile oil analysis

GC analyses were made with a Shimadzu (Kyoto,
Japan) GC17B instrument equipped with TC-5
capillary column (50 mx0.25 mm, film thickness
0.25 pum). The working conditions: oven
temperature program consisted of a 10-min hold at
60 °C, followed by a 5 °C/min rise to 220 °C. The
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injector and FID detector temperature were
maintained at 250 °C. The detector carrier gas was
nitrogen (2 mL/min), FID split ratio was 1:25, and
injection volume was 1 pL. The identification of the
components was made by comparing their retention
times with those of pure authentic samples.
Simultaneously, linear retention indices (LRI)
according to n-alkane series were also evaluated for
component identification (1,17). Relative amounts
of the individual components were calculated based
on GC peak areas with FID response factor
correction. The oil samples were analyzed by direct,
splitless injection.

A Shimadzu (Kyoto, Japan) GC/MS QP2010
apparatus via the capillary column (TC-5/MS; 50 m
X 0.25 mm i.d. film thickness 0.25 um) equipped
with electron ionization quadrupole detector (m/z
35-650) was used to determine the chemical
composition of the samples. 1.2 mL/min flow rate
for the carrier helium gas, 240 °C for injection heat,
and 290 °C temperatures for the MS transfer line
was selected. The column temperature was initially
set at 50 °C and held for 3 min., then increased to
280 °C at the rate of 3 °C/min. and fit for 5 min at
that temperature. Diluted samples (1:15 [v/v], in
acetone) of 1.0 pL amounts were injected in a
splitless manner.

The constituents were identified based on
comparing their mass spectra with those of
NBS75K, Wiley 7, NIST MS 2.0 library search data
of the GC-MS system, standards of the main
components, and literature data.

Total antioxidant activity (TAA)

DPPH (diphenylpicrylhydrazyl) assay

The TAA of the volatile fraction was measured by
the reduction of alcoholic DPPH solutions in the
existence of an electron-donating antioxidant (EDA)
by modifying the method described by Gil et al.
(18). Briefly, 100 pL aliquots of various
concentrations of the volatile olive leaf extracts
were added to 2.9 mL of a 2,2-diphenyl-1-
picrylhydrazyl (DPPH; 6.10° M DPPH; 2.4 mg/100
mL of methanol). After a 40 min. incubation at 30 °C
temperature in the dark, the absorbance was read
at 520 nm. Percentage inhibition of free radical
DPPH was calculated in the following manner:

Inhibition % = [(Acontro~Asampie)/ Acontrot] X100

where Acontro iS the absorbance of the control and
Asampie is the absorbance of the sample.

The volatile oil concentration providing 50%
inhibition (ICs) was calculated from the graph
plotting of inhibition free radical DPPH in percentage
(%) against essential oil concentration. As a positive
control, butylated hydroxytoluene (BHT), a synthetic
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antioxidant reagent, was used. All tests were carried
out in triplicate.

Antimicrobial activity (AmA)

Source of Microorganisms

The bacterial strains tested were Bacillus cereus
ATCC 14579, Enterococcus faecalis ATCC 29212,
Escherichia coli ATCC 25922, Klebsiella pneumoniae
ATCC 13883, Lactobacillus plantarum ATCC 8014,
Pseudomonas  aeruginosa ATCC 15442 and
Staphylococcus aureus ATCC 27950. In the case of
yeasts, Candida albicans ATCC 10231, Candida
glabrata ATCC 90030, Candida kreusei ATCC 34077,
and Candida parapsilosis ATCC 22019. All these
cultures were purchased from the culture collections
of the National Type Culture disperse Collection
Unit, Microbiology Reference Laboratory and
Biological Products Department, Public Health
General Directorate, Ministry of Health, (Ankara,
Turkey).

Disc Diffusion Method

All method steps, including preparation conditions of
test microorganisms, inoculation instructions,
bacteria and yeast incubation times, were studied
according to Vardar-Unli et al., (19). Briefly, a
suspension of the test micro-organism (0.1 mL, 108
cells mL™) was spread on solid medium plates.
Filter paper discs (6 mm in diameter) (Schleicher
and Schill, No.2668, Germany) were soaked with
30 pL of the oil and placed on the inoculated plates.
After keeping the plates at 4 °C for 2 h, they were
incubated at 37 °C for 24 h (bacteria) or at 30 °C for
48 h (yeasts). Following the incubation period, the
diameters (mm) of the inhibition zones were
measured. The diameters (mm) of the inhibition
zones were quantified, and the results were
classified into three categories according to the
diameters obtained in the test: resistant (> 7 mm),
medium (> 12 mm) and sensitive (> 18 mm) (20).

Minimum inhibitory concentration (MIC) Method

A microdilution broth susceptibility assay for
bacteria and yeast was used to determine the MIC
(21). Preparation, incubation, and counting of
bacterial strains, yeasts, and test strains were
performed consistent with the method of Unlii et al.
(22). All tests were performed in Mueller Hinton
broth (MHB; BBL) supplemented with Tween 80
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detergent (final concentration of 0.5%, v/v) to
enhance the oil solubility. Bacterial strains were
cultured overnight at 37 °C in MHA and the yeasts
were cultured overnight at 30 °C in Sabouraud
dextrose broth (SDB). Test strains were suspended
in MHB to give a final density of 5 x 10° colony-
forming units (CFU)/mL and were confirmed by
viable counts. The essential oil's geometric dilutions
were prepared in a 96-well microtiter plate,
including one growth control (MHB + Tween 80) and
one sterility control (MHB + Tween 80 + test oil).
Plates were incubated under normal atmospheric
conditions at 37 °C for 24 h for bacteria and at 30 °C
for 48 h for the yeasts. British Society for Medical
Mycology (BSMM) guidelines were used for broth
microdilution testing for yeasts. The essential oil
was resolved in Yeast Nitrogen Base Glucose
(YNBG) supplemented with Tween 80 detergent
(final concentration 0.5% v/v) and ultimate
concentrations ranged from 100.00 mg/mL to 0.025
mg/mL (22).

Statistical Analysis
The data were statistically analyzed by ANOVA
(n=3) and statistical significance was accepted at a
level of p< 0.05 (23).

RESULTS AND DISCUSSION

Chemical Composition of volatile oil

The composition of Olea europaea L. volatile oil was
analyzed by GC-MS. 42 compounds, representing
99.59+1.15% of the oil, were identified. The main
components are a-pinene (9.82%+0.33%), benzyl
alcohol (8.83£0.27%), phenethyl alcohol
(8.52+0.25%), 2-monopalmitin  (8.13+0.28%),
palmitic acid (5.53+£0.41%), octadecanoic acid 2,3-
dihydroxypropyl ester (5.84+£0.42%), phytol
(4.22+£0.17%), benzaldehyde (4.21+0.38%) (Table
1). In our study, alcohols were characterized by the
presence of eleven compounds (32.92+0.56 %), the
most important of them were benzyl alcohol
(8.83£0.27%), phenethyl alcohol (8.52+0.25%),
followed by phytole (4.22+0.17%). The second
priority group was aldehydes composed of five
compounds (9.42%) mainly, benzaldehyde
(4.21£0.38%) and, 2,4-heptadienal (2.91+£0.23%).
The ester group was characterized by 2-
monopalmitin (8.13+0.28%).
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Table 1. The main leaf volatiles (%) of Olea europea L. collected in the Ayvalik, Turkey.

. Method of
Constituents LRI . LRI ... % identification
1-penten-3-ol 683 678 1.81+0.09 MS
2-ethoxyethanol 717 715 2.22+0.22 MS
cis-3-hexene-1-ol 857 860 1.23+0.07 MS
trans- 2-hexene-1-ol 868 870 2.62+0.24 CO, MS
1-hexanol 884 881 1.21+0.09 CO, MS
Alcohols Benzyl alcohol 1007 1005 8.83+0.27 MS
Phenethyl alcohol 1110 1112 8.52+0.25 MS
p-cymen-8-ol 1183 1187 0.72+0.11 CO, MS
Eugenol 1356 1350 0.33+£0.02 CO, MS
Isoeugenol 1384 1388 1.21+£0.09 CO, MS
Phytol 1840 1841 4.22+0.17 CO, MS
n-Hexanal 784 785 0.73+0.12 CO, MS
Benzaldehyde 996 998 4.21+0.38 MS
Aldehydes 2,4-heptadienal 1009 1008 2.91+0.23 MS
n-octanal 1023 1022 0.23+0.02 MS
Nonanal 1098 1100 1.34+0.08 CO, MS
Esters 2-Monopalmitin 2498 2493 8.13+0.28 CO, MS
a- pinene 941 968 9.82+0.33 CO, MS
Terpenes B- caryophyllene 1421 1420 2.01£0.18 MS
Hexanoic acid 1085 1092 0.42+0.03 MS
Caprylic acid 1179 1182 0.64+0.05 MS
Carb. Acids Nonanoic acid 1280 1280 0.72+0.12 MS
Myristic acid 1720 1718 0.71+0.11 MS
Palmitic acid 1973 1968 5.53+0.41 MS
Stearic acid 2124 2125 1.32+0.07 CO, MS
2,2,6-trimethyloctane 1029 1030 2.44+0.22 CO, MS
Undecane,5-methyl 1154 1157 0.23+0.02 CO, MS
Dodecane,4,6-dimethyl 1285 1288 1.22+0.06 MS
n-Tetradecane 1399 1400 1.53+0.06 MS
n-Hexadecane 1600 1601 1.82+0.07 MS
Hydrocarbons n-Heptadecane 1700 1700 0.82+0.11 MS
1-chloro octadecane 2070 2068 1.47+0.09 MS
Heneicosane 2100 2100 0.94+0.08 MS
Tetracosane 2500 2501 0.88+0.05 MS
Octadecanoic acid, 2,3- 2689 2690 5.84+0.42 MS
dihydroxypropyl ester
1-hydroxy-2-propanone 698 695 0.93+0.08 MS
Trichloroethene 702 698 0.47+£0.02 CO, MS
4-Ethenylpyridine 1037 1040 2.25+0.18 MS
Others Methyldiethanolamine 1053 1055 1.53+0.07 MS
5-chloro-n- amylacetate 1129 1131 1.34+0.04 MS
4-Ethenyl-2-methoxyphenol 1283 1284 1.32+0.05 MS
Benzene, (2-propenyloxy) methyl 1405 1404 2.92+0.23 MS
Total identified 99.59+1.15

LRI: linear retention indices (HP5-MS column); MS, mass spectrometry; CO, co-injection with standards; LRIy,
retention indices from the literature (10); LRI.., experimental retention indices calculated against a Cs-Cs; n-

alkanes mixture on the HP5-MS column
All values are mean % standart deviation of triplicates.

We were able to find a limited number of articles
associated with the essential oil compositions of
Olea europaea L. (1, 24-28). In several previous
studies, the chemical composition of the volatile
fractions from Olea europaea L. cultivars was
investigated. Most of these studies focused on the
regions, showing similar climatic and geographic
characteristics of the Mediterranean basin. In one
of these researches, three Italian Olea europaea L.
cultivars (Leccino, Frantoio, and Cipressino) were
investigated in different years and months (July

and November) by Campeol et al. (24, 25). In a
Tunisian investigation, Chemlali cultivar was
studied by Haloui et al. (26) and Nebjemel,
Chemchali, Chemlali and Chetou cultivars were
studied in October by Brahmi et al. (1, 27).

In the northern part of Algeria, olive leaves
collected in September at an altitude of 800 m
were investigated (28). The essential constituents
in either plant were determined as (E)-2-hexenal,
nonanal, kongol, benzene-acetaldehyde, (E)-B-
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damascone, (E)-B-damascenone, (E,E)-a-
farnesene and (E)-2-hexen-1-ol (24, 25). The main
components were found as (E)-3-hexenol, 3-
ethenylpyridine, (E)-B-damascenone, and
phenylethyl alcohol (1).

Brahmi et al. (27) have identified the compounds
forming 92.10% of the total volatile oil. Consistent
with our study, Brahmi et al. (27) determined that
there was the highest amount (6.10%) of
phenylethyl alcohol in the alcoholic group, which

was characterized by the presence of four
compounds. Aldehydes were composed of nine
compounds, primarily nonanal. Volatile

compounds, characterizing at least 99.23% of the
essential oils, were identified as a-pinene
(52.70%), 2.6-dimethyl-octane (16.57%) being
the most abundant components of the essential oil.
The other chemical components were 2-methoxy-
3-isopropylpyrazine (6.01%), tetracosane (4.38%)
and docosane (3.58%). The following chemical
components occurred in trace amounts: B-pinene
(2.46%), z-3-hexanol (1.51%), (E, 2)- 2,6-
nonadienal (1.46%), a-ionone (1.45%) and (E)-2-
hexanol (1.26%) (26).

Boukhebti et al. (28) have analyzed and identified
the volatile oil components of Olea europaea
leaves which represent 94.10% of the total oil. The
chemical composition of the essential oil is
dominated by the compounds, palmitic acid
(14.71%), Z-nerolidol (9.45%) and octacosane
(6.32%).

Keskin et al. (29) reported that the chemical
constitutions of aqueous extract (using a Soxhlet
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apparatus) from West Anatolia, Turkey were
analyzed by GC/MS. GC/MS analysis of the extract
resulted in the identification of fifteen constituents,

representing 99.68% of the extracts;
cyclotrisiloxane, hexamethyl (36.98%),
cyclotetrasiloxane, octamethyl (15.18%) and
cyclopentasiloxane, decamethyl (14.59%) being

the main components.

In other articles focusing on the same cultivars or
different cultivars growing in particular habitats,
the role of environmental effects are studied and
its importance is emphasized. Further
investigations would probably explain and
generalize the obtained data.

Total antioxidant activity (TAA) of volatile oil

The weakest TAA was exhibited by the volatile oil
70.68%+2.4% and 3080+11.2 ICso (ug/mL) (Table
2). The activities were compared with BHT. The
volatiles of the dried leaves showed tolerable TAA
and lower than the reference antioxidant, BHT
(ICso= 28.8 £1.4 pg/mL; 85.12+ 4.8%).

This observation is consistent with the other
reports. In previous studies on the dried olive
leaves, it is shown that DPPH ICsy (Hg/mL) values
vary in different cultivars. Brahmi et al. (1)
reported that DPPH values were found
3430.70£51.36 (ug/mL), 3190.52+£89.50 (pg/mL)
and 3250.11+46.52 (pg/ml) respectively. Brahmi
et al. (27) described that the essential oil exhibited
the weakest TAA (49.92%), Haloui et al. (26)
reported that the TAA was exhibited by the
essential oil (74.44%+0.79).

Table 2. Antioxidant activity of the essential oil of Olea europaea L.

DPPH radical DPPH
Sample scavenging ICso(pg/mlL)
activity, %
Essential oil of Olea europaea L leaves 70.68 + 2.40 | 3080.00 +11.22
BHT 85.12 £ 4.80 28.20 + 1.40

Results are means of three different experiments.

Antimicrobial activity (AmA) of volatile oil

The AmA of the volatile oil was examined for 7
bacteria and 4 Candida species using disk diffusion
and MIC methods. (Table 3). Comparing the

essential oils with the control antibiotic and control
antifungal concluded that they could inhibit most
bacterial growths with different effectiveness.



Table 3. Antimicrobial activity of essential oil from Olea Europea L. leaves.

Olea europaea L. essential oil

MIC values

Amphotericin

Gentamicin

Microorganisms Disc Diffusion?® . (Control
(Hg/mL) (Control Antifungal) Antibiotic)
Bacillus cereus ATCC 14579 (+) 29.00+0.50 1100 nd 1500
Enterococcus faecalis ATCC 29212 13.00+0.01 1750 nd 2100
Escherichia coli ATCC 25922 9.00+0.09 70 nd 1750
Klebsiella pneumoniae ATCC 13883 11.00+0.02 1500 nd 2250
Lactobacillus plantarum ATCC 8014 (+) 9.00+£0.03 50 nd 750
Pseudomonas aeruginosa ATCC 15442 13.00+0.05 150 nd 1100
Staphylococcus aureus ATCC 27950 (+) 10.00+0.04 70 nd 2100
Candida albicans ATCC 10231 17.00+0.11 1250 600 nd
Candida glabrata ATCC 90030 9.00+0.15 150 550 nd
Candida kreusei ATCC 34077 7.00£0.06 250 500 nd
Candida parapsilosis ATCC 22019 7.00+0.21 - 450 nd

2DD, disc diffusion method; diameter of inhibition zone (mm) including disk diameter of 6 mm.
MIC, minimum inhibitory concentration; values given as ug mL™ for the essential oils and antibiotics.

n.d. not determined
Disc diffusion values are expressed as mean+SD (n=3)
DMSO: Negative control
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This study revealed that the volatile oil has
efficient antibacterial activity toward bacterial
strains, especially Bacillus cereus ATCC 14579,
Candida albicans ATCC 10231, Enterococcus
faecalis ATCC 29212, Pseudomonas aeruginosa
ATCC 15442, Klebsiella pneumoniae ATCC 13883,
Staphylococcus aureus ATCC 27950, Candida
glabrata ATCC 90030. On the flip side, there is an
inference that the essential oil's antimicrobial
activity (resistant >7 mm) has no significant effect
on Candida kreusei ATCC 34077 and Candida
parapsilosis ATCC 22019. Susceptibility of the oil,
amphotericin (control antifungal) and, gentamicin
(control antibiotic) was expressed as a minimum
inhibitory concentration (MIC) and, DMSO was
used as a negative control.

Brahmi et al. (1) also analyzed the AmA of dried
olive leaves. They found that essential oil has very
remarkable antibacterial activity towards bacterial
strains E. faecalis ATCC 29212 70 S. aureus ATCC
27950 E. coli ATCC 25922 P. aeruginosa
ATCC27950 C. Kreusei ATCC6258 C. parapsilosis
ATCC C. albicans ATCC90028 C. glabrata
ATCC90030. While Boukhebti et al. (21)
established similar results with Citrobacter freundii
ATCC 8090, Pseudomonas aeruginosa ATCC 27853
and, Staphylococcus aureus ATCC 25923, while not
having great antibacterial activity against Bacillus
subtilis ATCC 6633 and Escherichia coli ATCC
25922.

CONCLUSION

Olive leaves are considered a by-product of the
olive tree cultivation and oil industry. Interest in
alternative uses of these agro-food by-products
has increased significantly in recent vyears.
Endowed with engaging biological activities, many
studies focused on valorizing olive leaves in the
food industry as a functional food or as a source of
nutraceuticals.

In this study, to our knowledge, the antioxidant
and antimicrobial activities of the essential oil
obtained from the olive leaves in West Anatolia in
Turkey were tested for the first time. According to
the results obtained from this work, the volatile
compounds of dried olive leaves have very high,
antibacterial and antifungal properties that may
benefit the pharmaceutical, food, and cosmetics
industries. It has been determined that especially
essential oils have a very impressive antibacterial
activity against bacterial strains such as Bacillus
cereus ATCC 14579, Candida albicans ATCC 10231,
Enterococcus faecalis ATCC 29212 and Klebsiella
pneumoniae ATCC 13883. However, the leaves’
essential oil showed a lower, tolerable antioxidant
activity than the reference antioxidant BHT. On the
other hand, it can also be concluded that the
changes in the Olea europea L. volatile oil chemical
compositions, from different geographical areas,
might have been based on different variables,
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climatic, seasonal,
differences.

geographical, and geological
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Abstract: A new crosslinker (bis-butyl succinate, BBS) with terminal alkyne group has been explored in this
study that can react with glycidyl azide polymer-based polyurethane (original PU) via "azide-alkyne" click
reaction, which has supported enhanced mechanical properties and cross-link densities of modified PUs with
BBS. Besides, this crosslinker has been designed and synthesized successfully via an esterification to
incorporate with the original PU through the formation of 1,2,3-triazole groups. Notably, the mechanical
properties of resultant modified PUs are investigated to indicate a relationship of mole ratio of [C=C]/[Ns] and
cross-link density. Specifically, the stress and Young's modulus of the modified PUs increase (6 = 0.361-1.681
MPa, and E = 0.254-5.453 MPa), whereas their strain decrease (¢ = 320.8-36.6%) on increasing the
synthesized BBS content (mole ratio of [C=C]/[N3;] = 0-0.10) regarding to the increased rigid 1,2,3-triazole
networks, as well as the cross-link densities of the modified PUs increase (ve = 0.175-5.221 mol-cm™-10*, or v.
= 0.131-3.842 mol-g*-10*) with the BBS content (mole ratio of [C=C]/[N;] = 0-0.10) through the Mooney-
Rivlin equation. Resulting that there is an enhancement in the mechanical behaviors of the original PU cross-
linked with BBS; concomitantly, the different mole ratio of [C=C]/[Ns] prepared in the present study can reveal
new approaches for the design and future application of the original PU with alkyne compounds, as well as their
desired cross-link densities can be controlled easily for powerful and selective reactions.
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INTRODUCTION recently in various applications (1-3). For a common
synthesis of PU, it is based on a polycondensation

As known, owing to lots of desirable and outstanding between a segment with low molecular weight

characterizations of polymeric materials such as
softness, transparency, lightness, etc., there were a
large number of polymers applied in various industrial
materials. Among them, polyurethane (PU) is
concerned to be a contender to other synthetically
polymeric materials have been attracted attention

(named as pre-polymer) containing terminal hydroxyl
groups and a diisocyanate (or a polyisocyanate).
Besides, to reach desired PUs, it also depends on
features of each reactant and polymeric material
utilized in the different study purposes. For instance,
Acik et al. (1) synthesized the biodegradable PU by a
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step-growth polymerization of cholic acid with various
loading ratios of L-lysine diisocyanate ethyl ester that
could apply in several potential applications of drug
delivery and tissue engineering technologies.
Concomitantly, Acik et al. (3) also conducted a
synthesis of another environmentally friendly PU
based on ring-opening polymerization of -
caprolactone with the presence of cholic acid - an
initiator that could utilize in particularly tissue
engineering and wound dressing applications.

Herein, a "azide-alkyne" click reaction is considered a
significant classification for powerful and selective
reactions. Specifically, 1,2,3-triazole  networks
between azide and alkyne groups have been appeared
to be the most reported "azide-alkyne" click reaction
(4-7). It obtained some useful advantages from high
reaction yields, good functional group compatibility,
strong reliability, as well as in mechanical behavior
improvement. Although the crosslinkers have been
wildly applied in different fields, a new crosslinker
with terminal alkyne group (bis-butyl succinate, BBS)
has been designed and synthesized to be employed
reacting with glycidyl azide polymer-based
polyurethane (original PU) via the “azide-alkyne” click
reaction in this study. Interestingly, the crosslinker
with terminal alkyne (-C=C-) group <can be
synthesized by one-step method with an appropriate
mole ratio of cheap reactants (Scheme 1), while
glycidyl azide polyol with commercial availability is
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considered an azide compound containing terminal
hydroxyl group is utilized in this study. Notably, this
pre-polymer can bind with isocyanate (-N=C=0)
compound that create the original PU (Scheme 2)
owing to the available hydroxyl (-OH) groups on the
pre-polymer chain. Concomitantly, the available azide
(-N3) groups on the original PU chain can also
contribute binding with alkyne (-C=C-) compound
that create modified PU (Scheme 3) basing on the
“azide-alkyne” click reaction. In particular, the
modified PU's mechanical properties with BBS are also
studied to manifest the effect of mole ratio of
[C=C]/[Ns] and cross-link density in this study.

MATERIALS AND METHODS

Materials

Toluene and dichloromethane (MC, +99.0%) were
provided from Samchun Company. Magnesium sulfate
(MgS04, +99.0%) was purchased from Junsei
Company. Succinic anhydride (SA, ~99.0%), 3-butyn-
1-ol (BTO, +98.0%), 4-(dimethylamino)pyridine
(DMAP, ~99.0%), and N-N’-dicyclohexylcarbodiimide
(DCC, ~99.0%) were procured from Alfa Aesar.
Chloroform-d; (CDCIl5) was received from Merck.
Glycidyl azide polyol was supplied by a Korean
Company (the possible information of glycidyl azide
polyol was shortly summarized in Table 1). The
utilized water was obtained from a Milli-Q ultrapure
water purification system.

Table 1. Possible information of glycidyl azide polyol.

Characterization Details
Appearance Amber liquid
Viscosity 12 Pa-s
Density 1.3 g/mL
Hydroxyl equivalent weight 2000
Water content 0.02 %

Functionality
Reactivity

Between 2.5 to 3 hydroxyl groups per molecule.
Gum stocks with 1:1 -NCO/-OH typically require

added catalyst at 58 °C in a reasonable time.

Synthesis of bis-butyl succinate (BBS)

A mixture of SA, BTO, DMAP, DCC, and MC solvent
was stirred in a two-necked round-bottomed flask at
room temperature (24 h) and filtered through filter
paper. The solution was washed with distilled water
three times. The organic extracts were dried over

MgSO. and the solvent was removed by rotary
evaporator. The final crude product was purified by
column chromatography (silica gel, ethyl
acetate/hexane (v/v) = 5/5). The esterification
scheme of BBS synthesis is shown in Scheme 1.
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Scheme 1. Esterification scheme for the synthesis of BBS.

Bis-butyl succinate (BBS): '‘H NMR (CDCls, ppm): d
4.07 (t, 4H, -CH,-0-); 2.53 (s, 4H, -CH.-CO-);
2.40 (dt, 4H, =C-CH»-); 1.95 (t, 2H, HC=C-). 3C
NMR (CDCls, ppm): & = 172.04; 80.12; 70.17; 62.48;
29.01; 19.00.

Preparation of the Original PU

Glycidyl azide polyol (85.858 mmol) was dried at 60
°C under vacuum for 1 h and cooled down to 25-30
°C for 0.5 h. Next, IPDI (2.160 mmol) was rapidly

TPB, DNS

added into the above glycidyl azide polyol and stirred
at 25-30 °C. After 0.5 h, 20.0 wt% - TPB solution
and 12.5 wt% DNS solution were added and
continued stirring (t 0.5 h). Next, the above
mixture was pulled into mold (3 cm x 8 cm) and put
in the oven at 30 °C to remove the bubble under
vacuum for 3 h; the curing process was carried out in
the oven at 60 °C for 7 days (7). The reaction scheme
of the original PU without BBS is shown in Scheme 2.

ol
N

Glycidyl azide polyol IPDI

60 °C, 7-8 days

* il NHCO Ols
0 I a
0 n

Original PU

Scheme 2. Reaction scheme of original PU without BBS.

Preparation of the Modified PU

Glycidyl azide polyol (80.808 mmol) was dried at 60
°C under vacuum for 1 h and cooled down to 25-30
°C for 0.5 h. Then, PDI (2.270 mmol) was rapidly
added into the above glycidyl azide polyol and stirred
at 25-30 °C. After 0.5 h, the synthesized BBS with
various molar ratios of [C=C]/[Ns;], 20.0 wt% - TPB
solution, and 12.5 wt% - DNS solution was added and
continued stirring (t = 0.5 h). Next, the mixture was
pulled into mold (3 cm x 8 cm) and kept in the oven
at 30 °C to remove the bubble under vacuum for 3 h;
the curing process was carried out in the oven at 60
°C for 7 days. The reaction scheme of the original PU
with BBS (modified PU) is shown in Scheme 3.

Analysis Instruments

The synthesized BBS structure was confirmed by NMR
spectrometer (300 MHz, Varian Mercury Co.), which
has been dissolved in CDCls. Fourier-transform
infrared spectroscopy (FT-IR) was scanned in a
wavenumber range of 4000-600 cm™ through a
Nicolet 380 spectrometer. The tensile test of original
and modified PUs was measured on a universal test
machine (TO-100-IC, Test One) with a 20 kg load cell
(ramp rate 0.8 mm/s) at room temperature. All
results for tensile tests were an average of 3
measured values.
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Scheme 3. Reaction scheme of original PU with BBS (modified PU).

RESULTS AND DISCUSSION

Chemical Structure of BBS

To determine the synthesized crosslinker's chemical
structure - BBS, NMR instrument (*H and *C NMR)
was employed to analyze. In the 'H NMR spectrum
(Figure 1A), a peak of the acetylenic proton (H-C=C-)
is regarded at 1.95 ppm; concomitantly, new peaks of
two protons adjacent to oxygen (-CH>-O-) and (-CH>-
CO-) are a characteristic resonance of the synthesized
BBS corresponding at 4.07 ppm and 2.53 ppm after
esterification reaction. Moreover, in the C NMR
spectrum (Figure 1B), peaks of carbons of the alkyne
(H-C=C-) and (H-C=C-), carboxyl oxygen (-CH->-O-
CO-), and adjacent carbon to alkyne (H-C=C-CH>-)
are also observed at 80.12 ppm, 70.17 ppm, 62.48
ppm and 19.00 ppm, respectively. Thereby, based on

resultant new peaks in both the *H-NMR and **C-NMR
spectra, it indicates that the esterification has been

well used to synthesize BBS successfully - a
crosslinker with terminal alkyne group through
anhydride (SA) and alcohol (BTO) compounds.

Furthermore, the chemical characterization of BBS
was confirmed by FTIR spectra (Figure 1C) that can
be focused on the new presences of carboxyl (-COQO")
and alkyne (-C=C-) groups on the synthesized BBS;
in particular, the peaks of stretching vibration bands
of alkyne groups (HC=C-, and -C=C-) and carboxyl
groups (-C=0) were specifically observed at 3244 cm-
1,2172 cm™ and 1745 cm™, respectively. Thereby, the
acetylene groups were successfully combined on BBS
molecules, as well as which was appropriate with NMR
results.
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Figure 1. 'H-NMR (A), **C-NMR (B) and FT-IR (C) of the synthesized BBS.

Mechanical Properties of the Modified PU

Mechanical properties of original and modified PUs
were investigated through stress, strain, and Young's
modulus. In stress-strain curves of the original and
modified PUs (Figure 2A) were listed in Table 2, it is
obvious that the modified PUs (P1 - P4) the
mechanical properties were improved better than the
original PU (P0). Specifically, the stress and Young's
modulus of modified PUs (P1 - P4) were higher than
those of the original PU (PO), whereas the strain of
modified PUs (P1 - P4) is lower than that of the
original PU (P0). This means that the modified PUs are
harder than PO regarding the "azide-alkyne" click
reaction between azide groups (original PU) and

terminal alkyne group (BBS - crosslinker), as well as
there is an enhancement in mechanical property of
original PU cross-linked with BBS.

Moreover, compared between the modified PUs with
various content of the synthesized BBS (molar ratio of
[C=C]/[Ns] = 0.01-0.10), it reveals that a sudden
increase in stress and Young's modulus displays
harder and more ductile behaviors, which induces a
transition in the intermolecular interaction of the
original PU and the synthesized BBS, as well as the
polymer chain stretching with external force support,
which can be leading to a change in the polymer chain
motion and structure variation. As a result, the
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orientation arrangement of molecular chains and
stretching forces gradually increases their stress
values until fracturing (8-10). As such, these suggest
that the raised content of resultant 1,2,3-triazole
groups basing on the "azide-alkyne" click reaction has
increased the steric hindrance and lowered the torsion

RESEARCH ARTICLE

of the backbone chains in the modified PUs (8, 9),
inducing an increase in their rigidity (11). Basically,
these results can also support improving the desired
mechanical properties of the modified PU systems by
adjusting a suitable [C=C]/[Ns] ratio (12).

20 5
| n =k —=-P0 () B
. (A) = PO —o—P1(0.01) (B)
o * - R0 44 —a—p2(0.03)
"1 1 = SESE) —v—P3(0.05)
: =« P4(0.10) H1 0] ¥ = 075093 + 25871
g 1. & *
Z 104 ‘f
w [ I }
g 1, g 29 v=0.3533x + 13974
& '
a2l © ¥=0.2084x + 10164
b "l 7 14
L,
Y ¢ y=0.0362x + 0.3715
/ y=0.0003x + 0.0846
I et ——— 0 ey —a—l—,
0 50 100 150 200 250 300 350 40 03 04 05 06 07 08 09
Strain (%) 1/a.

Figure 2. Stress-strain curves (A) and fitting curves for calculating cross-link density (B) of the modified PUs.

Additionally, the modified PUs with the above-
obtained mechanical properties can also be used to
determine their cross-link density (v.) through the
Mooney-Rivlin equation (Equation 3) (13, 14), as well
as it contributes explaining further for a suitable
relationship of cross-link density and mole ratio of
[C=C]/[Ns] in the modified PUs. Precisely, the cross-

linking degree is calculated by plotting of a/(A = A?)
and 1/A (Figure 2B). The intercept of each curve on
the a/(A - A\?) plot regards the 2C; value, whereas its
slope corresponds to the 2C, value. The below
equations (Equations 1 - 3) show a relationship as
follows (15):

F = 2A(A - A?)(C; + CoA'Y) (Eg. 1)
C
—0—=2C, 42
A—A (Eq. 2)
C, C,
V,=— V,=
RT or PRT (Eq. 3)

where ¢ is identified by F/A (Force/Area), v. is a
physical cross-link density based on the stress-strain
test, A is a strain range of 30.0-150.0%, R is a gas
constant (8.314 J-mol*-K! at 25 °C), and T is an
absolute temperature. Herein, the v. values of original
and modified PUs are summarized in Table 2, their
cross-link density increase as the mole ratio of

[C=C]/[Ns] stoichiometry be varied from 0.01 to 0.10.
This is seen as a natural consequence of the cross-
linked PUs with increasing cross-link density. Overall,
the relationship of cross-link density and mole ratio of
[C=C]/[Ns] in the modified PUs are genuinely suitable
to the above-suggested mechanical properties.
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Table 2. Cross-link density and mechanical properties of the modified PUs.

Cross-link density Mechanical properties

Molar ratio of Ve Ve . Young's

PUs  "Ic=c]/[Ns] (mol/cm®)  (mol/g) Stress Strain modulus
4 4 (MPa) (%)
*10 *10 (MPa)
PO 0 0.175 0.131 0.361+0.016 320.8+26.9 0.254+0.013
P1 0.01 0.750 0.561 0.546+0.003 88.4+2.4 0.865+0.017
P2 0.03 2.051 1.508 0.756+0.057 45.1+3.7 2.024+0.010
P3 0.05 2.820 2.057 0.914+0.007 35.8+0.6 2.997+0.015
P4 0.10 5.221 3.842 1.681+0.198 36.6+5.2 5.453+0.197
CONCLUSION

In summary, BBS - a new crosslinker with terminal
alkyne group, has been synthesized successfully from
the esterification of anhydride (SA) and alcohol (BTO)
compounds incorporated with original PU well as the
formation of 1,2,3-triazole groups. Besides, the
original PU cross-linked with the above-synthesized
BBS has achieved a significant improvement in their
mechanical properties. Significantly, the stress and
Young's modulus of the modified PUs increase,
whereas their strain decreases on increasing the
content of the synthesized BBS to the original PU
matrix involving the increased rigid triazole networks.
Moreover, the cross-link densities of the modified PUs
increase with the BBS content through the Mooney-
Rivlin equation, as well as there is an enhancement in
the mechanical property of the original PU cross-
linked with BBS. Thereby, the different mole ratio of
[C=C]/[Ns] prepared in the present study can reveal
new approaches for the design and future application
of the original PU with alkyne compounds, as well as
their desired cross-link densities can be controlled
easily for powerful and selective reactions.
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Abstract: The condition for obtaining the TI3sAsS4 compound was investigated based on TINO3 and AsSs
compounds in hydrothermal conditions in the aquatic environment. It was found that Tl3AsSs compound
has been obtained from a mixture of the primary components (As,Ss and TINO3) in a ratio of 4:15 mol at
80 °C in the range of pH = 7 - 8. The individuality of the obtained TlI3AsS4 compound was confirmed by the
XRD method and DTA, and TG analyses. The thermally processed Tl3AsSs compound crystallizes in an
orthorhombic structure at 220 °C. Based on the results of TG analysis, the temperatures of the phase
transitions that occur during the oxidation of the compound were determined and the stoichiometric
composition of the compound was specified. The SEM results of the compound showed that the TI3AsS4
precipitate obtained from the solution at 80 °C is composed of aggregates of highly adherent nanoparticles
and the size of the nanoparticles varies from ~60 to 120 nm. The effect of pH of the medium and the
amount of the primary components on the yield of TIsAsSs was studied. It was determined that when T >
100 °C, (TI2S)x(As2S3)1-x (x=0.1-0.9) — containing sediments are obtained from different molar ratios of
the primary components (As2Ss and TINO3).
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INTRODUCTION

Thio-compounds created from thallium with arsenic
and glass-like alloys obtained based on them are
valuable functional materials of semiconductor,
photoelectric, acousto-optical properties, etc. The
phase equilibrium and glass formation in the TI-As-S
system, as well as the physicochemical properties of
the intermediate phases, have been studied in a
number of studies (1-7, 13-17, 19, 22). The
compounds and alloys in the system are mainly
obtained by the direct synthesis method.

The TI-As-S system was first studied by Prerichs,
and glass formation was observed in the

polythermal incision of As>Ss — Tl>S3 in the area of
15 and 50% (w) TI2S3 concentration (19). The
synthesis was performed in H2S flux in open quartz
ampoules.

Glass formation on the incision of As;S3 - TI,S was
studied by Goryunov, Kolomiych and Shilov (5, 6,
12). The glass formation was carried out by vacuum
synthesis method at a temperature of 900 °C,
cooling was carried out at a slow speed (1 deg/sec).
Glass formation was observed in areas of 50-70 mol
% TI2S concentration.

The boundaries of glass formation and properties in
the TI-As-S system were studied by Flashchen (3,4).

527


https://doi.org/10.18596/jotcsa.854210
mailto:huseyn.imanov1991@gmail.com
https://doi.org/10.18596/jotcsa.854210
https://doi.org/10.18596/jotcsa.854210
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
mailto:huseyn.imanov1991@gmail.com
https://orcid.org/0000-0002-6970-5645
mailto:huseynli72@list.ru
https://orcid.org/0000-0002-1028-2078

Imanov H, Huseynov G. JOTCSA. 2021; 8(2): 527-534.

The glasses were obtained by the method of direct
synthesis in quartz ampoules based on elemental
(TI, As, S) components. The cooling process was
conducted slowly. In the system, stratification was
observed in sulfur-rich areas. The melting
temperature of the glass was determined by the
dilatometric method. It was found that the melting
point decreases as the amount of Tl in the glass
increases.

The boundaries of glass formation in the TI-As-S
system have been repeatedly studied by Markova
(16). The glasses were obtained by vacuum
synthesis method based on elemental components
at 850 °C for 1 - 2 hours. Hardening is completed in
10 - 12 hours with slow cooling. Alloys riched with
Tl were hardened in air or water. It was found that
stratification was observed in alloys under such
conditions. During slow cooling, glasses are
obtained up to 15% Tl concentration areas. The
results of the (16) study are slightly different from
the results of Flashchen (3,4). The glass obtained
from the TI-As-S system is resistant to weather
conditions. It was found that when the amount of
TI2S in glass increases from 7.2 to 50 mol%, the
melting temperature decreases from 147 to 96 °C,
respectively (13, 14).

The phase equilibrium in the As,S3-TlLS system was
investigated and 4 chemical compounds (TI3AsSs3,
TlaAs,Ss, TleAsaSe and TIAsSS;) were found (2). The
phase diagram of this system was created by the
authors (13, 14). A long-term (400 hours) thermal
process was performed to crystallize glass-like
alloys. The TIAsS; triple compound observed in the
system melts congruent at 280 °C while the TI3AsS3
and TIAs3Ss compounds melt incongruent at 290
and 220 °C, respectively. It was found that the
As,S3-TIASS; system has formed a eutectic-type
phase diagram. Eutectic is in the area of ~70 mol%
As>Sz concentration and melts at 190 ©°C.
Stratification is observed in the TIAsS,-TlLS system
and the monotectic temperature is 300 °C. Between
TIAsS, and TIsAsSs compounds, eutectic is formed in
the 35 mol% compositions of As>Ss and the melting
point is 220 °C. Solid solutions based on TI>S were
obtained in the As>S3-Tl2S system (13, 14). TIAsS: is
found in nature as a lorandite mineral and
crystallizes in monoclinic syngony (21).

Recent literature shows that TI3AsS4, TIASS,,
TIsAsS3, TIAs3Ss, TIsAssS10, TloAssSis, TloAs3Si3,
TI3AsSe and TlgAs>Se compounds are available in the
TI-As-S system (1, 17).

The interaction between TI>S-As;S3 with the co-
precipitation method from aqueous solutions was
studied by the microscopic method in 1907 (9).
Homogeneous precipitates were obtained based on
TI* and As3* salts in acidic and alkaline solutions by
co-precipitation with H>S. It was found that only
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sediment which is composed of 62 mol% As.Sz is a
two-phase. According to the authors, solid solutions
are obtained up to 62 mol% As>S3 concentration
area in the As>S3-TIS system. TIzAsSs4 compounds
were obtained by the co-deposition method using
aqueous solutions of TI* and As>* salts and alkali
metal sulfides as sulfidation reagents (2). It was
found that the compound TI3AsSs melts
incongruently, its decomposition temperature is 250
°C.

In modern times, the production of a number of
binary and triple sulfides from aqueous solutions is
one of the most pressing issues, because the
compounds obtained in aqueous solutions are in the
form of nano- and microparticles. By controlling the
size and shape of particles of known materials, it is
possible to change their properties and identify new
areas of application. In this regard, the acquire of
very small-sized and new featured materials is of
great interest. The literature provides information
on the study of micromorphology of AgAsS,,
Ag3AsSs3, CuAsS: and CusAsSs compounds obtained
by hydrochemical and hydrothermal methods (7,8).

The aim was to study the interaction between TINO3
and As;Ss in the aquatic environment and to obtain
the TI3AsSs compound individually. The article
presents the results of the study of the conditions
for the acquisition of TI3AsSs in the aquatic
environment and some physical-chemical
properties.

EXPERIMENTAL SECTION

Chemicals

Arsenic(V) sulfide for this research was initially
obtained using chemicals sodium arsenate,
hydrochloric acid, hydrogen sulfide gas.
Furthermore, arsenic(V) sulfide which is obtained in
high purity and thallium nitrate were used to obtain
the thallium tetrathioarsenate compound. All
chemicals used in experimental studies were
provided as high purity products, and whole
reactions were conducted in ultra-clean water.
Besides, distilled water and ethanol were used to
wash the obtained precipitate. Moreover,
ammonium molybdate and hydrazine solutions were
used to analyze arsenic in sediment samples and
leachate. All of the chemicals used during this study
are of analytical grade.

Instrumental techniques

The following instruments were used for
measurement and characterization: X-ray
Diffraction (XRD) analysis of samples was performed
by a Bruker D2 Phaser XRD. Thermogravimetric
(TG) and differential thermal analysis (DTA) data
were recorded using the NETZSCH STA 449F3
instrument. Scanning Electron Microscopy (SEM)
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image for the investigation of the surface
morphology is taken by the HITACHI TM3000
microscope. Glassco 710.AG.01 magnetic
heater&stirrer (350 °C/1600 RPM) have been used
for heating and stirring reaction solution. The pH
measurements were carried out with an “aksunoH”
pH - 410 at room temperature. "KOK - 2 - YXJI
4.2" photo calorimeter was used to determine the
arsenic content of the initial reaction filtrate and the
precipitate obtained. KD (WBFY-201) professional
chemical microwave oven has been used for the
formation of sediment.

Synthesis of TIzAsS;s Compound

According to the known methodology, as an initial
component to obtain the TI3AsSs4 compound, the
As>Ss compound was obtained by mixing a 0.5 g
NaszAsO4 compound acidified with 10 N hydrochloric
acids and releasing H2S gas in a temperature range
of 0 - 10 °C for 2 hours (11). The system was
cooled with ice water. In this case, the following
reaction occurs:

2Na3AsO4 + 5H2S + 6HCI — AsySs + 6NaCl + 8H20
(1)

0.35 g of As,Ss and 1.12 g of TINO3 were mixed to
obtain the TI3AsSs compound in the aquatic
environment. The reaction mixture was stirred in a
magnetic stirrer for 3 hours, then the precipitate
was filtered, after which it first washed with distilled
water and then with ethanol. The sediment kept in a
microwave oven under hydrothermal conditions (80
°C) for 78 hours by adding ultra-clean water again.
The pH of the condition was kept in the range of 7 -
8. The equation of the reaction can be summarized
as follows:
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4As,Ss + 15TINO3 + 12H20 — 5TI3AsS4 + 3H3As04 +
15HNO3 (2)

After thermal processing, the sediment was filtered,

washed, and dried at 100 °C under vacuum (~101

Pa).

RESULTS AND DISCUSSION

Chemical Analysis

Obtaining the TIzAsS4+ compound was carried out
based on the results of a number of experimental
studies. The sample taken from the precipitate of
the TI3AsS4 compound was dissolved in concentrated
HNOs3 and completely evaporated. Upon completion
of the complete evaporation process, the volume of
the dry residue was clarified to 100 mL. A sample
was taken from the diluted solution and then
ammonium molybdate and hydrazine solution were
added to it. This solution was heated in a water bath
for 10 minutes. In this case, arsenomolybdate blue
has been formed. The amount of arsenic in the
sediment was determined by the colorimetric
method in a sample taken from the blue solution
(18). Besides, the amount of arsenic in the filtrate
after the initial reaction was determined by the
same method. The table below shows the results of
8 experiments (Table 1.). Chemical analysis
methods determined (20) that the amount of
precipitate obtained and the amount of As*> ion
transferred to the solution during the interaction of
the initial components taken in the amount
corresponding to the stoichiometric composition of
TI3AsS4 between pH = 7 and 8 corresponds well to
the reaction (2).

Table 1. The amount of obtained TIsAsS4 sediment and passed components to the solution during the

reactions.
Experiment As>Ss, g TINO3, g TI3AsS4 The amount of As*5
sediment, g ion transferred to
the solution, g
1 0.3500 1.1278 1.0251 0.0631
2 0.4011 1.2925 1.3199 0.0704
3 0.5002 1.6118 1.6325 0.0896
4 0.4922 1.5860 1.6095 0.0883
5 0.3944 1.2709 1.2703 0.0604
6 0.3539 1.1404 1.1315 0.0589
7 0.3098 0.9983 0.9968 0.0476
8 0.3321 1.0701 1.0658 0.0518
XRD Analysis orthorhombic structure (Space gr.: Pnma; lattice.

The obtained TIzAsSs sediment was thermally
processed at a temperature of 220 °C in a vacuum
(~ 102 Pa) for 2 hours and its composition was
checked by XRD. It was found that the sediment
consists of the TIsAsSs compound and has an

par.: @ = 0.9268 nm, b = 0.9334 nm, ¢ = 1.1123
nm, a = B = y = 90°. The values of the intensity
peaks in the diffractogram were well matched with
the results of other studies (1, 17, 22) (Fig. 1).

529



Imanov H, Huseynov G. JOTCSA. 2021; 8(2): 527-534.

RESEARCH ARTICLE

1.5e+004

1.0e+004

5.0e+003

0.0e+000 | nrmedrvemmdwmtmmmg ol “ WIS TN AN

intensity (cps)

100

50

2

|

[=]

10
|
10 20

| H L
30 40 50

2-theta (deg)
Figure 1. Diffractogram of the TI3AsS4 compound.

TG Analysis

A thermogravimetric (TG) analysis was performed to
determine the stoichiometric composition of the
obtained TI3AsS4 compound (Fig. 2). The heating
process was carried out in a flow of oxygen. As can
be seen from the thermogravimetric curve of the
compound, the decomposition of the compound
begins at 180 °C. Melting of the sulfur separated
from the sample occurs in the temperature range of
260-300 °C. The As;S3 compound formed in the
temperature range of 310-360 °C melts. The exact
decomposition of the TI3AsSs compound is
completed at 680 °C, and the maximum mass loss
in a 36 mg of sample is 3.61 mg. This is well
compatible with the stoichiometric composition of
the TIzAsS4 compound. Oxidation of decomposition
products occurs when was T > 680 °C and exact
oxidation ends at 810 °C. 1.91 mg of oxygen
combined with 32.39 mg of the decomposition
product. Complete decomposition of oxidation
products was observed at 900 °C. After TG analysis,
the X-ray results of the remaining residues showed
that the sample residue obtained in the temperature
range 180-300 °C contains TIsAsS3 + S compounds,
in the range of 300-680 °C contains TI3AsO3
compound, in the range of 690-810 °C contains
TI3AsO4 compound, finally, in the range of 810-900
°C contains TIsAsO3 compound. The reaction
equations based on the X-ray results can be written
as follows:

TI3AsS4—TIsAsS3+S (180-300 °C);
2TI5AsS3+90,2TIsAs03+6S0,  (300-680 °C);
2T15As03+0,2TI3As04 (690-810 °C);

2TI3As04— 2TI3AsO3+0: (810-900 °C).
DT Analysis

DT analysis of TIzAsS4 was conducted in an inert (N2
gas flow) environment. Thermal effects were
observed in the DTA curve of TI3AsS4 at 265 °C and
419.8 °C (Fig. 3). The weak thermal effect observed
at 265 °C can be considered as the attenuation or
polymorphic conversion temperature of TIzAsS4. The
thermal effect at 419.8 °C corresponds to its
melting point. The reason for the relatively low
melting point can be explained by the fact that the
compound is in nanoparticle form. It is known that
the melting point of nanoparticles of the same
substance is lower than the melting point of its
monocrystals (10).

SEM Imaging

The micromorphology of the TIsAsS4s compound
obtained at 80 °C was studied. The size and shape
effects of particles in an area of 10 micrometers
were determined. As can be seen from the SEM
image of the compound, the sediment from the
solution is composed of aggregates of highly
adhesive nanoparticles (Fig. 4). The size of
nanoparticles varies in the range of ~ 60 - 120 nm.
It has been found that the particle size increases as
the crystallization degree increases when the
temperature increases (T > 80 °C).
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Figure 2. Thermogram of the compound TI3AsSa.
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Figure 3. DTA curve of TI3AsS4 compound.
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Figure 4. SEM image of the TI3AsS4 compound.

Effect of the pH of the solution

Physical-chemical analysis methods (XRD, DTA)
have shown that the yield of TIzAsS4 depends on the
pH of the condition. Thus, there is no reaction
between the primary components (TINO3 and As3Ss)
between pH = 1 and 4. The reaction occurs weakly
between pH = 4 and 7 and becomes fast between
pH = 7 and 8. A mixture of thio- and oxysalts are
obtained when was pH > 8.

It was found that when was pH = 7 - 8, depending
on the amount of the primary components (As>Ss
and TINOs3), (TI2S)x(As2S3)ix (x=0.1-0.9) -
containing sediments were obtained in the solution.
It is known that when the temperature is T > 90 °C,
As>Ss decomposes by the reaction As;Ss — AsySs +
2S. When the temperature is T < 90 °C, TI3AsS4 is
obtained from the amount taken in the appropriate
ratio (4:15 mol) corresponding to reaction (2).

CONCLUSION

TIsAsS4 was obtained by hydrothermal method (T =
80 °C and pH = 7 - 8) based on TINOz and AsSs
compounds and formation conditions have been
studied. It was found that the reaction between
As>Ss and TINOs at 80 °C was completed within 3
hours. As>Ss decomposes when the synthesis
temperature was T > 100 °C and therefore a
mixture of thioarsenites (TIAsS,, TI3AsS3) was
obtained. The individuality of the obtained TI3AsS4
compound was confirmed by the XRD method. It
was found that the thermally processed TIzAsS4
compound crystallized in the orthorhombic structure
at 220 °C. It was determined by the TG analysis
method that the exact decomposition of the TIzAsS4
compound was completed at 680 °C. The
stoichiometric composition of the compound was
determined based on the decomposition and
oxidation products. The SEM results showed that the
TIsAsSs sediment obtained from the solution was

composed of aggregates of highly adhesive
nanoparticles. The complete formation of the
particles was completed in 78 hours at a
temperature of 80 °C. The effect of pH of the
medium and the amount of the primary components
on the yield of TIzAsS4 were studied. Between pH 7
and 8, TI3AsSs compound was obtained from a
mixture taken at a ratio of 4:15 mol, depending on
the amount of the primary components (As;Ss and
TINO3). When T > 100 °C, (TI2S)x(As2S3)1-x (x=0.1-
0.9) - containing sediments were obtained from
mixtures of different mole ratios.
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Abstract: In this study, new cyclotriphosphazene derivatives bearing 2-naphthylthio group were reported.
The reactions of hexachlorocyclotriphosphazene (1) with 2-naphthalenethiol (2) were carried out with NaH
base in tetrahydrofuran solution under inert (Ar) atmosphere in (1:2), (1:4) and (1:6) molar ratios. As a
(3), tetrakis (4) and hexakis (5) 2-naphthylthio substituted
cyclotriphosphazene derivatives formed and isolated. These new compounds were characterized with
31p{H} and 'H NMR spectroscopies. The molecular
structure of compound 3 was illuminated by single-crystal X-Ray diffraction technique. Furthermore, the
fluorescence properties of the newly designed and synthesis compounds (3-5) were examined.
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INTRODUCTION

Cyclophosphazenes are the most important
members of inorganic heterocyclic compounds (1-
9). The most well-known and studied derivatives of
cyclophosphazenes are trimer
(hexachlorocyclotriphosphazene) and tetramer
(octachlorocyclotetraphosphazene). Thanks to their
active phosphorus-chlorine bonds, they can be used
with many different groups and easily give chlorine
displacement reactions (10-16). Another reason
these compounds are preferred is to be used as the
starting material in the preparation of
polyphosphazenes which is the largest class of
known inorganic polymers (12). Also, they can be
used as ligand in coordination chemistry and
organometallic chemistry (10-14). Six-membered
trimer (PsN3) is more preferred and studied than
eight-membered tetramer (P4N4) because it is
planar, stable, rigid, and its product range is less

than tetramer (17-20). Thus, an easily
functionalized platform is created for the
preparation of compounds suitable for different and
new application areas such as biologically active
materials, liquid crystallinity, anticancer agents,
fluorescent chemosensors and organic light emitting
diodes (21-26).

In order to synthesize materials with intended
properties, one must know the reaction mechanism
(Snt and Sn?) by which nucleophiles proceed. This is
very important in controlling the progress of the
reaction. For example, some nucleophiles prefer the
non-geminal (Swn?) reaction pathway like alcohols
(27-30), while others move through the geminal
(Snt') reaction pathway like some primary amines
(31,32) and thiol groups (33,34). The replacement
of Cl atoms in P-Cl bonds of
hexachlorocyclotriphosphazene with thiolate groups
follow the geminal (Sn') reaction mechanism due to
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the low donor ability of the sulfur atom (35).
Therefore, geminal product formation is observed
(33,34,36). Reactions of cyclotriphosphazenes and
thiol group-containing nucleophiles are very rare in
the literature (33-37).

Considering the industrial and current uses of
luminescent compounds, aromatic groups such as
naphthalene are of interest to researchers due to
their fluorescence and colorimetric sensor features.
Since the cyclotriphosphazene skeleton alone does
not show fluorescence-like properties, it can allow
the synthesis of molecules with different and
tuneable properties depending on the number of
substitutions. Nucleophilic substitution studies and
fluorescence properties of 2-naphthylamine (38)

and 2-naphthol (39) derivatives with
hexachlorocyclotriphosphazene have been
previously  studied. Although 1-naphthylthio

cyclotriphosphazene derivatives were seen in the
literature (37), there is no report so far about 2-
naphthylthio cyclotriphosphazene derivatives. In
addition, the fluorescence properties of naphthylthio
derivatives have not been investigated before.

In this study, nucleophilic substitution reactions of
hexachlorocyclotriphosphazene (1) with 2-
naphthelenethio (2) in 1: 2, 1: 4 and 1: 6 mole
ratios were performed in order to determine their
product diversity and reaction pathways (Scheme
1). Compounds 3, 4 and 5 were isolated in pure,
and characterized by different characterization
methods such as mass analysis and nuclear
magnetic resonance  spectroscopy. Molecular
structure of compound 3 was confirmed by X-Ray
(single  crystal) diffraction  technique. And
therewithal, fluorescence properties of all these new
compounds (3-5) were investigated first time.

EXPERIMENTAL SECTION

Materials and Instrumentation

The reagents {hexachlorocyclotriphosphazene
(Aldrich) and 2-naphthalenethiol (Aldrich)} and
solvents {Dichloromethane, DCM, (Merck), n-
hexane (Merck), tetrahydrofuran, THF, (Merck)}
which are used for synthesis of compounds 3-5
were purchased commercially. Before using sodium
hydride (60% dispersion in mineral oil, Merck), the
oil was removed by washing with dry n-hexane.
Deuterated chloroform for NMR spectroscopy was
also received from Merck commercially. Column
chromatography was realized by using Merck,
Kieselgel 60, 230-400 mesh silica gel. Again, Merck
silica gel plates (Merck, Kieselgel 60, 0.25 mm
thickness) with F254 indicator were used for Thin
Layer Chromatography (TLC).

Vario MICRO Cube was wused for
analyses. Molecular masses were

Elementar
elemental
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measured by Bruker Daltonics Microflex MALDI-TOF
(Matrix-Assisted Laser Desorption/Ionization-Time-
Of-Flight) spectrometer and 1,8,9-
trihydroxyanthracene was used as a matrix. 'H and
31p NMR spectra were analyzed for all compounds in
CDClz on a Varian INOVA 500 MHz spectrometer.
Melting point analyses were performed by Stuart
SMP3 melting point apparatus. Varian Eclipse
spectrofluorometer and Shimadzu 2101 UV
spectrophotometer were used for recording
fluorescent and the electronic absorption spectra of
compounds 3-5 in the UV-Vis region. Measurements
were taken at 25 °C using 1 cm-wide quartz

cuvettes.
Single crystals were obtained at ambient
temperature. Appropriate single crystals of

compounds 3 and 5 were selected under a polarized
microscope. Then it was cleaned in perfluoro
polyether oil and taken to the goniometer to be
attached to the single crystal X-Ray diffraction
device. Although the data of both compounds were
collected, only the data of compound 3 could be
refined. Data were obtained with a Bruker APEX II
QUAZAR three-circle diffractometer using mono-
chromatized Molybdenum X-radiation (A=0.71073
R). Absorption correction was performed by the
multi-scan method implemented in SADABS (40)
and space groups were assigned using XPREP
implemented in APEXII (41). Structures were
identified using the direct methods procedure in
SHELXS-97 and refined by full-matrix least squares
on F? using SHELXL-97 (42). Aromatic C-bound H
atoms were positioned geometrically and refined
using a riding mode. Crystal structure validations
and geometrical calculations were performed using
PLATON software (43). MERCURY software (44) was
used for visualization of the cif file. The DIAMOND
(45) program was used for molecular drawing.
Crystallographic data with Cambridge
Crystallographic Data Centre reference number
2052687 for compound 3 has been deposited.

Synthesis of the compounds 3, 4 and 5

Reaction of hexachlorocyclotriphosphazene (1) with
2-naphthalenethiol (2) at a 1:2 molar ratio

Hexachlorocyclotriphosphazene [P3N3Cls] 1, (1.74 g,
5 mmol) was dissolved in 80 mL of THF in a 250 mL
three-necked reaction flask. 2-Naphthalenethiol
(1.60 g, 10 mmol) in 20 mL of dry THF was added
into the stirred solution. Then, the reaction mixture
was cooled on an ice bath and NaH (60% oil
suspension, 0.4 g, 10 mmol) in 20 mL of dry THF
was quickly added under an inert (Ar) atmosphere.
The reaction was continued during a day at ambient
temperature. At the end of the reaction, one new
product was observed by using TLC solvent system,
n-hexane-THF (30:1). The crude product was
subjected to column chromatography using same
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solvent system. Bis geminal naphthylthio compound
3 was eluted from the column. The colorless
crystals were obtained from n-hexane:DCM (3:1)
system.

Anal Calc. for 3; CyoH14Cl4sN3P3S2: 40.36 (C); 2.37
(H); 7.06 (N) %, M, 595.2 m/z.

Compound 3 (2.44 g, yield: 82%, m.p. 167 °C),
Found %: 40.66 (C), 2.59 (H), 6.98 (N), [M]*:
595.7 m/z (Figure S1). 'H NMR, in CDCl3 at 25 °C,
oppm; 8.17-7.54 ppm (m, 14H, Ar-H). 3P
NMR{'H}, CDCls, 25 °C, AX> spin system, d(ppm);
11.8 (d, 2xPCl;, 2J= 8.30 Hz) and 47.8 I[t,
P(SC10H7)2, 2Jax = 8.30 Hz].

Reaction of hexachlorocyclotriphosphazene (1) with
2-naphthalenethiol (2) at a 1:4 molar ratio

The general reaction medium and procedure is the
same as in the previous experimental part. In here,
hexachlorocyclotriphosphazene [P3N3Cle] 1, (1.74 g,
5 mmol), 2-naphthalenethiol (3.21 g, 20 mmol) and
NaH (60% oil suspension, 0.8 g, 20 mmol) were
used. Products were purified again by column
chromatography using n-hexane-THF (10:1) solvent
system. Firstly, bis geminal naphthylthio compound
3 (0.65 g, 21%) was eluted from the column and
secondly, tetrakis naphthylthio substituted
compound 4 was isolated as a white solid. Although
many solvent systems and crystallization techniques
were tried, suitable single crystals could not be
obtained.

Anal Calc. for 4; CaoH28CI2N3P3S4: C, 57.01; H, 3.35;
N, 4.99 %, M, 842.7 m/z.

RESEARCH ARTICLE

Compound 4 (2.78 g, yield: 65%, m.p. 156 °C),
Found: C, 57.41; H, 3.59; N, 4.68 %, [M]*, 842.1
m/z (Figure S2). 'H NMR, in CDCls at 25 °C, dppm;
7.99-7.49 ppm (m, 28H, Ar-H). 3P NMR{lH},
CDCl3, 25 ©°C, AxX spin system, &6(ppm); 17.9 [s,
PCl>] and 45.6 [s, 2xP(SCioH7)2].

Reaction of hexachlorocyclotriphosphazene (1) with
2-naphthalenethiol (2) at a 1:6 molar ratio

The general reaction medium and procedure is the
same as in the previous experimental parts. In here
hexachlorocyclotriphosphazene [P3N3Cle] 1, (0.44 g,
1.25 mmol), 2-naphthalenethiol (1.20 g, 7.5 mmol)
and NaH (60% oil suspension, 0.3 g, 7.5 mmol)
were used. Column chromatography solvent system
is n-hexane-THF (4:1). Firstly, tetrakis naphthylthio
compound 4 (0.29 g, 45%) was eluted from the
column and secondly, hexakis naphthylthio (full)
substituted compound 5 was isolated as a white
solid. Compound 5 was re-crystallized from n-
heptane:DCM (3:1) and obtained as colorless very
weak, thin and plate crystals.

Anal Calc. for 5; CsoH42N3P3Se: 66.10 (C); 3.88 (H);
3.85 (N) %, M, 1090.3 m/z.

Compound 5 (0.14 g, yield: 10%, m.p. 212 °C),
Found: C, 57.41; H, 3.59; N, 4.68 %, [M+H]",
1091.8 m/z (Figure S3). 'H NMR, in CDCls at 25 ©°C,
dppm; 7.80-7.28 ppm (m, 42H, Ar-H) 3P NMR{*H},
CDCl3, 25 °C, Az spin system, &(ppm); 43.3 [s,
3xP(SCioH7)2].
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Scheme 1: The synthesis and relative amounts of compounds 3, 4 and 5.
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RESULTS AND DISCUSSION

Structural Characterization

The reactions of hexachlorocyclotriphosphazene and
2-naphthalenethiol were performed under inert (Ar)
atmosphere using THF solvent in the presence of
NaH base. Reactions at three different molar ratios
(1: 2, 1: 4 and 1: 6) were performed to determine
the variety of products. As a result of the reactions;
geminal bis (3), tetrakis (4) and hexakis (5)
naphthylthio substituted cyclotriphosphazene

*compound 4
o *compound 5

“ unknown product
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derivatives were isolated. Formation and diversity of
product quantities were determined by detailed
examination of 3'P{H} NMR of the reaction mixture.
The structures of cyclotriphosphazene derivatives

were confirmed by elemental analysis, mass
spectroscopy (MALDI-TOF), 'H and 3P NMR
spectroscopies. The elemental analyses, mass

analysis results and the phosphorus chemical shifts
given

of each new compound in the

experimental section.

are

35 3

P ————
31 29

39 37
1 (ppm)
*compound 3 P
b) *compound 4 %
49 47 45 43 411 39 37 35 33 31 29 27 25 23 21 19 17
f1 (ppm) ®
% compound 3
a) -
20 47 44 41 38 32 29 26 23 20 17
1 (ppm)

Figure 1. Proton-decoupled 3P NMR spectra of the product of reaction of compound 1 with 2 a) 1:2 molar
ratio b) 1:4 molar ratio and c) 1:6 molar ratio, in THF solution; the reaction mixture was filtered, and the
solvent removed prior to dissolving in CDCl3 solution.

The examination of the 3'P{H} NMR of the reaction
mixture allowed for the assignment of the relative
amounts of each compound. The proton decoupled
31P NMR spectrum of the reaction mixture, which
was carried out at a 1: 2 mole ratio, was examined
(Figure 1a), it was observed that the one major
product (3), which had AX: spin system, with 94%
yield was formed. At the same time, a product
thought to be a trace amount of tetrakis compound
was seen in 3'P{H} NMR of the reaction mixture.
After purification, when evaluating the mass and
elemental analysis of compound 3, it was
determined two naphthylthio groups were attached
to the cyclotriphosphazene ring. It actually reveals
the geminal or non-geminal bonding possibilities of
naphthylthio groups to cyclotriphosphazene core. It

is known that the phosphorus atom in thiol group
substituted cyclotriphosphazene derivatives shifts to
high frequency (downfield) about between 43.0 and
48.0 ppm (32,37). Therefore, it was determined
that the group resonating at 48.0 ppm (the integral
value of the P atom is one) is naphthylthio
substituted phosphorus atom, and the group
resonating around 12.0 (the integral value of the P
atom is two) ppm belongs to the PCl> group. When
the spectrum as a whole is evaluated, it is
determined that structure is bis-geminal. It is seen
[P(SC10H7)2] group is split into three due to two PCl>
groups having the same chemical environment, and
double splitting of PCl> groups were assigned
because of phosphorus atom with naphthylthio
group (Figure 2a). Therefore, it is understood from
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this point that it follows the Sn! reaction mechanism
as expected. Also, the molecular structure of the bis

IX[P(SCgHA)4]

c)

RESEARCH ARTICLE

geminal compound 3 has been confirmed by single
crystal X-Ray diffraction.

2X[P(SCyoH7)s] 1l (ppm)
G A
P ,JL [PCL)
c_l  ll_s
b'] ""'P‘_‘__\_N/ —g
Cl S L
46.0 45.0 18.0 17.5
49 47 45 43 41 30 37 iz ] il 19 17 15 23 Il 19 17 15
l (ppm)
2X[PCL]
YL O

5 § g7
[P(SC1oH7):] W
N™ L]
o) I

a) - /N
48.0 475 cl

n 0 18 16 4 12 0 18 16 1l-i
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Figure 2. Proton-decoupled 3P NMR spectra of the a) compound 3 and b) compound 4 ¢) compound 5.

When the 3P NMR spectrum of the reaction mixture
was examined at 1: 4 molar ratios, it was seen that
two products with spin system AX; (27%), belongs
to compound 3, and A2X (71%) were formed (Figure
1b). When the integral values and locations of the
peak groups belonging to the A)X system were
evaluated, it was thought that the structure could
be a geminal tetrakis product (4). Mass and
elemental analyses also confirm this situation. In
the 3P NMR spectrum of compound 4, the peaks of
the PCl> group and the [P(SCioH7)2] group are not
split and they are in single peak form (Figure 2b)
(32). The Gaussian of the spectrum has been
carefully studied. It was observed that the groups

[P(SCi0H7)2] and [PCIl2] did not split again. When
31p{1H} NMR spectrum was taken in other d-solvent
(toluene-d8) may be peak splitting in this group can
be observed (32).

When the reaction was carried out at a ratio of 1: 6
moles, it was observed that in 3'P{H} NMR of the
reaction mixture, 12% of the hexakis (full)
substituted product (5) (Figure 1c), which had As
spin system (due to the chemical equivalent
phosphorus atoms) shown in Figure 2c, 52% of
geminal tetrakis product (4), which had AxX spin
system, and 36% of unknown products formed in
the reaction mixture (Figure 1c).
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Figure 3. 'H NMR spectrum of the compound 4.

The 'H NMR spectra of all three compounds (3-5)
are very similar. Aromatic protons in naphthyl
groups resonate in the range 7.28-8.17 ppm. Since
the protons in the synthesized compounds are all
aromatic protons, the spectra are quite similar to
each other. Therefore, only the *H NMR spectrum of
compound 4 is given as an example (Figure 3). *H
NMR spectra of compounds 3 and 5 were also given
supplementary material (Figure S4 and S5).

X-Ray Structure Analysis for Compound 3

The crystal structure of 3 was illuminated by single
crystal X-Ray diffraction. The molecular structure of
3 along with the atom-numbering scheme is shown
in Figure 4. The crystal structure of compound 5
was also approved by single crystal X-ray

Table 1. X-ray crystallographic

diffraction. But the crystal structure could not be
fully elucidated due to crystallographic problems.
Although different crystallization systems and
methods were tried, suitable crystals could not be
obtained. The X-Ray crystallographic data collection
and refinement parameters for compound 3 are
summarized in Table 1.

The crystal structure of compound 3 showed that it
contains a 6-membered cyclotriphosphazene (P3N3)
ring, substituted with two 2-naphtalenethio groups
on the same phosphorus atom (P1) (Figure 4).
Compound 3 has orthorhombic system, space group
Pccn, and molecule sits on inversion centre
[symmetry code (#): 1/2-x,3/2-y, z] (Table 1).

parameters for compound 3.

Compound 3
Empirical formula C20H14Cl4N3P3S2
Formula weight (g/mol) 595.17
Temperature (K) 296(2)
Crystal system orthorhombic
Space group Pccn

a(A) 6.9214(5)
b(A) 13.6686(8)
c(A) 26.4880(16)
a (°) 90

B (°) 90
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vy (°)

Volume (A3)

4

Density (calc, Mg/m?3)

Absorption Coefficient (mm1)

F(000)

Crystal size (mm?3)
Omax (°)

Reflections collected
Independent reflections
Rint (merging R value)
Parameter

R (F?>20F?)

wR (all data)
Goodness-of-fit on F?
®X max / min (eA-3)
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90

2505.9(3)

4

1.578

0.847

1200

0.18 x 0.20 x 0.31
25.00

32937

2207

0.0351

146

0.0377

0.1046

1.057

0.574 and -0.476

Table 2. Some bond and conformational parameters of compound 3

3 3
P1-N1 1.600(2) N1-P2-N2 119.52(13)
N1-P2 1.557(2) P1-N1-P2 122.31(14)
P2-N2 1.5771(17) N1-P1-N1 116.06(16)
P1-S1 2.0574(8) P2-N2-P2 120.2(2)
P2-Ci1 1.9794(13) N1-P1-S1 101.26(9)
P2-CI2 1.9977(12) N1-P1-S1 114.19(10)
S1-C1 1.778(2) N2-P2-Cl1 108.52(8)
P1-N1-P2-N2 3.4(2) N2-P2-Ci2 108.21(7)
N1-P2-N2-P2 -1.66(12) C1-S1-P1 103.59(8)
P2-N1-P1-N1 -1.72(13) S1-P1-S1 110.33(5)
Cl2-P2-N1-P1 -121.55(17) Cl1-P2-N1-P1 129.62(16)
S1-P1-N1-P2 -118.97(17) S1-P1-N1-P2 122.50(18)
Cl2-P2-N2-P2 123.58(6) Cl1-P2-N2-P2 -128.46(7)
P1-S1-C1-C2 61.1(2) P1-S1-C1-C10 -124.00(18)
Max. Deviation -0.020(2) (N1) Puckering Planar
for P3Ns ring amplitude,Q for

PsN3

There have been some changes in P-N bond lengths
and P-N-P bond angles as a result of the
replacement of 2-naphthylthio groups with CI
atoms. The P1-N1 bond length [1.600 (2) A] is
slightly greater than the bond length of P2-N2
[1.5771 (17) A] (Table 2). Also, the P1-S1 bond
length [2.0574(8) A] is slightly greater than the P-ClI
bond lengths [av.1.9885 A]. When the N-P-N angles
were examined, it was determined that the N1-P1-
N1 bond angle [116.06 (16) A] containing the P1
phosphorus atom (naphthylthio group substituted)
was smaller than the N1-P2-N2 bond angle [119.52
(13) A] (Table 2). In compound 3, 6-membered
cyclophosphazene ring is planar and the max.
deviations from the main plane is -0.020(2) (N1)
(Table 2). The found values are similar and

compatible with the bis geminal 1-naphthylthio
substituted cyclotriphosphazene compound (37), as
well as with other substituted cyclotriphosphazene
compounds (46-49). The crystal structures of bis
geminal 1-naphthalenethio cyclotriphosphazene
compound, which was previously synthesized (37),
and the compound 3 which was synthesized in this
study were compared. Crystal structures of bis
geminal 1- and 2-naphthylamino
cyclotriphosphazenes (37,38) were also examined in
CCDC (Cambridge Crystallographic Data Centre) in
order to investigate this difference, but it was seen
that there was not such a big difference as in thiol
groups. Interestingly, it was observed that the
naphthylthio groups in these two isomers
crystallized at very different positions (Figure 5).
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Figure 4. Molecular structure of compound 3 (ellipsoids were drawn 50% probability level). All hydrogen
atoms were omitted for clarity.

In the 1-naphthylthio group substituted
cyclotriphosphazene compound, the distance
between S-S was 3.150 A, while this value was
3.377 A in the 2-naphthylthio substituted
cyclotriphosphazene (3). Also, the S-P-S angle of
compound 3 (110.339°) is also greater than the S-P-
S (98.459) in the 1-naphthylthio isomer (Figure 5).
The different position of the naphthyl groups
naturally resulted in the differences between intra
and inter molecular interactions. While in 1-
naphthylthio cyclotriphosphazene compound, the N
atom and Cl atom in the P3Ns3 ring play a role in
intermolecular interactions (Figure 6a), in compound
3, the C, H and S groups on the naphthyl groups

are predominantly involved in the interactions
(Figure 6b). Crystal-packing give very important
and valuable information about the arrangement of
the molecules in the crystal. Therefore, in order to
investigate the contributions of the interactions of
aromatic rings on cyclotriphosphazene ring, crystal
packing of compound 3 was examined. The packing
of both isomers along the b axis is shown in Figure
6. Compound 3 has n-n interactions (Figure 6c) in
the crystalline structure ranging from 3.6725 (15) A
(Cg2-Cg2; Cg2 is the centroids of the C4-C9 ring) to
5.8031 (14) A (Cg2-Cg4; Cg2 and Cg4 are the
centroids of the C4-C9 and C1-C10 rings,
respectively).

542



Mutlu Balcr C. JOTCSA. 2021; 8(2): 535-552. RESEARCH ARTICLE

b)

Figure 5. Position of naphthylthio groups on main plane and representation of P-S and S-S distances a) 1-
naphthylthio groups (37) b) 2- naphthylthio groups.
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Figure 6: Representation of inter molecular interactions and the arrangement / packaging of molecules
along the b axis a) bis geminal 1-naphthylthio (38) b) bis geminal 2-naphthylthio cyclotriphosphazene (3)
c) n-n interactions in compound 3

Fluorescence Properties

The hexachlorocyclotriphosphazene can be used as
a suitable scaffold for optical materials because the
six membered (PN)s skeleton does not have any
absorption or emission properties in UV-Vis region
(46). In this work, after structural characterization
of 3, 4 and 5, it was examined the absorption and
emission properties of 2-naphthalenethiol-
substituted cyclotriphosphazene derivatives in
solution state by UV-Vis absorption and florescence
emission experiments.

Fluorescence studies of naphthol and naphthylamine
substituted cyclotriphosphazene (38,39) compounds
have been previously conducted in the literature.

However, there is no information about on
fluorescence studies of naphthylthio
cyclotriphosphazene derivatives. Electronic

absorbance and fluorescence measurements of
these new compounds (3-5) were carried out under
three different concentrations (1x10® M, 5x10°% M
and 1x10> M) in tetrahydrofuran (THF). UV
absorption bands in compound 3-5 were observed
in the range of 270-280 nm, except for small
changes in peak intensities. Fluorescence emission
peaks were observed around 310 nm. It was
determined that the fluorescence intensity was
approximately the same in the three compounds at
1x10°% M and 5x10® M THF. Fluorescence emission
spectra are given in Figure 7.
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Figure 7: Fluorescence emission spectra of compo

unds 3-5 in THF. (Concentration:1x10® mol dm™>; Ae:

270 nm).

It was determined that 2-naphthylthio
cyclotriphosphazene derivatives showed weak
fluorescence especially when compared to full
naphthylamine  substituted cyclotriphosphazene
derivative. When the fluorescence properties in
1x10> M THF were examined, emission bands

around 310 nm were observed again in all three
compounds. But there have been changes in
emission band strengths. Emission intensity was
determined as 3> 4> 5 (Figure 8). The reason for
the difference here may be self-quenching
depending on the increase in concentration.

250 A

200 A

150 4

Intensity (a. u.)
8

50 A

280 330

Wavelength (nm)

380 430 480

Figure 8: Fluorescence emission response of compounds 3-5 in THF solutions. (Concentration:1x10->mol
dm-3; Aex : 270 nm).
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CONCLUSION

In this study, three new cyclotriphosphazene
derivatives bearing with 2-naphthylthio groups (3-
5) were synthesized. Their structures have been
elucidated using various analysis methods ('H, 3P

NMR, MALDI-TOF and elemental analysis).
Moreover, the molecular structure of compound 3
was illuminated with single crystal X-Ray

diffractometer. The crystal structure of bis geminal
1-naphthylthio cyclotriphosphazene, which is the
binding isomer of each other and previously
synthesized, and the crystal structure of compound
3 in this study were compared with previous work in
the literature. While the naphthalene groups in
compound 3 are parallel to the cyclotriphosphazene
ring, in the 1-naphthylthio group, unlike this
structure, the naphthalene groups diverged from
each other and turned downward. Fluorescence
spectral properties of 3-5 compounds were studied
for the first time. It was determined that
cyclotriphosphazenes containing  2-naphthylthio
group gave fluorescence signal around 310 nm. This
study will provide a guide for future studies,
because of the examination of fluorescence
properties of 2-naphthylthio groups.

Appendix A. Supplementary Data

CCDC 2052687 contains the supplementary
crystallographic data for compound 3. This data can
be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html,
or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK;

fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk
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Preparation and characterization of Co-doped TiO: for efficient
photocatalytic degradation of Ibuprofen
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Abstract: Photocatalytic degradation of Ibuprofen (IBU) which is an anti-inflammatory drug was
investigated in aqueous solution by Co-doped TiO2 and bare TiOz synthesized by reflux route. The prepared
catalyst powders were fully characterized using X-ray diffraction (XRD), FT-IR spectroscopy, scanning
electron microscopy (SEM), BET surface areas, X-ray Fluorescence Spectroscopy (XRF), dynamic light
scattering (DLS). Efficiency of photocatalytic activity for synthesized Co-doped and bare TiO> was
evaluated for the degradation of IBU under UV-C and visible irradiation by investigating the effects of
cobalt doping percentage, amount of catalyst, irradiation time, initial IBU concentration, pH and also the
effect of organic and inorganic matrix. At optimum degradation conditions under UV-C light and visible
light, photocatalytic degradation rates were monitored using UV/Vis spectrophotometer, HPLC and Total
Organic Carbon (TOC) analysis. The results showed up the degradation of IBU was improved upon Co
doping. It was detected that complete removal was achieved within 240 min of irradiation under UV-C and
98% of IBU was decomposed under visible light in 300 min.
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INTRODUCTION Ibuprofen's direct and indirect use in everyday life

Marine pollution results from several causes, such
as wastewater discharge from industrial and
commercial sources, products that contain chemical
substances, and widespread usage of medical and
cosmetic products by human beings (1).
Pharmaceutical pollution has attracted particular
attention both due to limited information on its
effects on the environment and its possible deadly
impacts on wildlife, humans, and aquatic
ecosystems (2). One of the pharmaceuticals with a
wide range of usage is ibuprofen, an NSAID (a non-
steroidal anti-inflammatory drug) with low solubility
in water (0.021 mg/mL at 20 °C) but is quite
soluble in most organic solvents. Its usage areas
include the treatment of fever, pain and
inflammation, migraines, and rheumatoid arthritis.

can lead to leaching into groundwater and soil, just
like other pharmaceuticals. The elimination of
pharmaceuticals is important as drug degradation is
not widely included in traditional wastewater
treatment facilities (3).

The elimination of resistant toxic chemicals is
necessary to degrade pharmaceutical organic
pollutants found at different amounts in various
water sources and ensure quality drinking water is
available. To this end, various methods, including
chemical oxidation through chemical-physical and
biological processes, are used. Since persistent
organic pollutants (POPs), which have toxic impacts
on microorganisms, are resistant to known
environmental degradation processes, biological
processes fail to eliminate such pollutants in
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wastewater. For this reason, more effective
degradation techniques must be developed (4). The
process of chemical oxidation, which is not a cost-
effective method for the degradation of pollutants at
high concentrations, is not appropriate for
eliminating all organic pollutants. For this reason,
the removal or degradation of persistent organic
pollutants required the development of a number of
oxidative degradation processes. Degradation and
removal methods are classified into two groups:
Photochemical Advanced Oxidation Processes and
Ozonation Processes. Many studies conducted in
recent years on advanced oxidation techniques
aimed to achieve the degradation of persistent
organic  pollutants by using heterogeneous
semiconductor photocatalysts such as ZnO, FexOs,
TiO2. These studies focused especially on removing
textile dyes from wastewater. Free hydroxyl radicals
are formed by heterogeneous photocatalysis,
particularly the absorption of under 400 nm light.
The formed free radicals are later used in the
degradation of organic pollutants. With its high
photocatalytic activity, superior functionality, and
low cost, TiO2 has an important place in advanced
oxidation technology.

Nevertheless, the rapid electron-hole recombination
has a decreasing effect on the photocatalytic activity
of TiO2 (5). The introduction of extra components,
including metallic and non-metallic doping elements
into TiO2, would reduce the bandgap of TiO2 and
shift the light absorption ability to the visible region
(6). Furthermore, because of its large bandgap (3.2
eV), TiO2 has no activity under visible light. Various
methods have been used to make use of sunlight.
This can be achieved by doping transitional metal
ions such as Ni, Co, Fe, Cu, V, or non-metal doping
such as S, N (7,8,9,10). Hence, some of the major
concerns for enhancing the photocatalytic activity of
TiO2 include a decrease in the work function for
reaction, suitable bandgap to seize visible light, and
higher carrier mobility for lower rates of
recombination of electrons and holes. Co-doped TiO>
has drawn particular attention among these metals
because cobalt has electrical, catalytic, magnetic,
and optical characteristics. Therefore, it is widely
utilized in electromagnetic and photocatalysis
applications (11). In many studies, advanced
oxidation processes (AOP) have been used for the
degradation of NSAID. In order to increase these
degradation rates, the studies in which H>0; or O:
(by pumping) is added to the medium where
photocatalysts are found (12). However, in this
study, although H202 or O2 was not added to the
medium, quite high photoactivity was achieved with
the synthesized Co-TiO2. Many study in the
literature have mostly focused on the use of
commercial TiO2, known as Degussa P25 and
Hombikat UV-100, in suspension form. These
commercial catalysts have disadvantages such as
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having low surface area of 40-60 m?/g, being
excited by UV light and only 5% of the sun (13). In
the present study, the reflux technique was used to
synthesize  Co-doped TiO> for Ibuprofen's
photocatalytic degradation in aqueous solutions
under UV-A or UV-C light.

EXPERIMENTAL SECTION

Materials

Titanium isopropoxide (Ti(OPri)s) C12H2804Ti (97 wt.
%) was provided from Alfa Aesar. 2-propanol
(299.5 wt.%), ethanol (99 wt.%), cobalt acetate
tetrahydrate, methanol (HPLC grade), potassium
hydrogen phosphate, tannic acid, gallic acid, and
Ibuprofen (IBU) were provided by Sigma Aldrich.
Hydrochloric acid (37 wt.%) was purchased from
Riedel de Haén. Potassium nitrate, magnesium
chloride, sodium phosphate, calcium sulfate,
potassium carbonate, sodium hydroxide, and
potassium chloride were purchased by Merck.

Catalyst synthesis

Bare and Co-doped TiO2 nanoparticles (NPs) were
synthesis by a reflux method (14). Applied synthesis
stages are given in Figure 1. For the preparation of
bare TiO2 NPs, the processes were the same as the
method described below in the absence of doping
Co?* ion.

Characterization of the catalyst

The NPs were characterized by X-ray diffraction
(XRD) pattern recorded using the Rigaku RadB-
DMAX II diffractometer. The prepared NPs were
determined with Cu Ka (A = 1.5418 A) radiation at
room temperature to characterize the crystalline
phase of nanoparticles. Bragg angle is 26=25.3° in
the region. The crystallite size of nanoparticles was
determined from XRD peak of spacing according to
the Scherrer’s equation given below.

D:Kixﬂt (Eq. 1)

P YaxXcosQ

The adsorption-desorption isotherms using liquid
nitrogen (77 K) were acquired in a Micromeritics
Tristar 3030 model equipment to define the specific
surface area (Sser) and average pore diameter of all
synthesized samples. The NPs specific surface areas
and pore size distributions were determined by BET
(Brunauer-Emmett-Teller) methodology.

The morphology, size, and size distribution of
samples were investigated by Leo Evo 40 Model
scanning electron microscopy (SEM) equipped with
energy-dispersive X-ray spectroscopy (EDX) was
used. Hydrodynamic diameter, zeta potential, and
particle size distribution of the NPs were defined by
a Malvern Zetasizer Nano-ZS model using the
dynamic light scattering (DLS) method. Elemental
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analysis and chemical composition of NPs was
determined using PANalytical Axios™™* model
energy-dispersive  X-ray  spectroscopy. X-ray
Fluorescence Spectroscopy (XRF) was employed to
determine the atomic percentage of the Co?* with
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respect to titanium. The phase purity and
monitoring functional groups of NPs were defined by
Fourier-Transform Infrared (FT-IR) spectra. The
infrared spectra were acquired on an FT-IR
spectrometer (Spectrum 1000, Perkin Elmer).

Solution A
consists of
Ti(OPri)4 + 2-PrOH

Solution B
consists of
2-PrOH + H.O + HCI +
Co(CH3C00)2.4H20

Both solutions are
stirred for 15 min at
500 rpm

NS

Solution A is added
dropwise to the
solution B on the
magnetic stirrer

v

-

.

After stirring for 15 min, the
mixture was heat-treated on an
oil bath at 120 °C for 6 h

J

U4

The mixture was centrifuged to remove the solvents
from the medium and dried at 80 °C in a vacuum oven.
After the drying process, the sample was heat-treated

again at 120 °C.

Figure 1: The schema of synthesis of Co-doped TiO, NPs.

Evaluation of the photocatalytic performance
of IBU

To use in the degradation experiments for IBU, the
stock IBU solution was prepared at 100 mg/L in
ultrapure water and held in an ultrasonic bath for
complete dissolution. Deionized water used in all

experimental studies was provided from the Elga
Purelab distillation unit. All standard solutions were
diluted from the stock solution, and all solutions
were stored at -5°C in dark glass bottles for one
month. Photocatalytic degradation studies were
performed in an Erichsen 1500 model solar box unit
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with a Xe lamp (Erichsen, Germany) and controllers
for irradiation time and intensity of light. UV light
transmission was interrupted with a cut-off filter
(yellow filter), and photocatalytic studies were
performed under \visible light. At first, the
predetermined amount of catalyst was added into a
dilute solution of IBU in a 50 mL polystyrene
transparent beaker placed in the dark to ensure
adsorption-desorption equilibrium for 90 minutes at
room temperature. According to UV-Vis
spectrophotometric measurements, no significant
change in the IBU concentration in the solution was
observed when the adsorption-desorption
equilibrium was reached.

The solution was irradiated immediately. After
irradiation, the solution was filtered with a 0.45 pm
membrane filter. Degradation of IBU by photolysis
without catalysts was also irradiation under UV-C
light in the solar box. Change of the IBU
concentration in the solution during the degradation
process was measured by a UV-Vis
spectrophotometer (Varian Cary 50, Amax=224 nm
for IBU), and total organic carbon (TOC) in the
solution before and after the irradiation was
determined using a TOC analyzer (Teledyne Tekmar
TOC Torch).

To determine the experimental conditions for
degradation of IBU, the influence of the parameters
such as the amount of catalyst, percentage of Co-
doped TiO,, pH, irradiation time, and initial
concentration of IBU were investigated. The
degradation efficiency was calculated using the
following equation,

Cc.-C
Degradationefficiency(%)z(lcio)x100 (Eq. 2)
0
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where Co represents the first concentration, C; is the
residual concentration of after irradiation at the time
(t). The correlation of In Co/C: with irradiation time
(t) was used to determined degradation kinetics.

In order to define the effect of the matrix on the
photocatalytic degradation process, various anions
and cations, as well as organic substances such as
gallic and tannic acid, were added to the irradiation
medium. The concentration of IBU before and after
the photocatalytic degradation process was
determined using an Agilent 1100 series HPLC
equipped with a photodiode array detector and
Zorbax Eclipse XDB-Cis column. The mobile phase
consists of 20% MeOH and 80% KH>PO4 (pH:3)
mixture. Dynamic calibration range was 0.5-30
mg/L, LOD was 0.15 mg/L, and R2?=0.9992 by
HPLC-DAD for IBU. Every photocatalytic experiment
was done in triplicate.

RESULTS AND DISCUSSION

Characterization of bare and Co-doped TiO2
Figure 2 shows XRD diffraction patterns for reflux-
synthesized bare TiO2> and Co-doped TiO2, XRD
patterns exhibit strong diffraction peaks at 25.24°,
37.62°, 48.22° and 54.72° 26 indicating the
presence of TiO2 in the anatase phase, rutile and
brookite phases were not detected, no peaks
associated with separated cobalt oxide phases such
as Cos304 were detected. This could be either
explained by the fact that the Co2* ions have been
doped into the TiO; lattice since the Co?* ions (0.65
R) are smaller than that of Ti*+* (0.69 &) (15), or
due to the low concentration of cobalt ions to be
detected.
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Figure 2: XRD patterns of bare and Co-doped TiO2 catalysts.

According to the calculations obtained in the
Scherrer’s equation, the average crystallite size of
the bare TiOz, Co-doped TiO2> is much lower
compared to commercial Degussa P25. It was
estimated to be 9.3, 9.2, and 30 nm, respectively.
The specific surface area of bare and Co-doped TiO>
was determined by the Brunauer-Emmett-Teller
(BET) method. It was demonstrated that de Co-
doped titanium dioxide has a higher specific surface
area with 209 m?2/g compared to the bare titanium

dioxide and Degussa P25 with 198 and 56 m?/g,
respectively. The synthesized samples'
microstructure and external morphology can be
explained by the SEM characterization technique
presented in Figure 3. The particle shape shows
similarities and  irregular  blocks due to
agglomeration. These results were in good
agreement with the XRD pattern, which did not
show any clear cobalt oxide peaks in the composite.

A ety
Mag= 4000KX EMT=2000kV SignadA=SE1

WD= {imm

Figure 3: SEM images of bare TiO2 (a) and Co doped TiO2 (b).

To confirm the cobalt oxide concentration in the
synthesized materials, a full elemental analysis was
carried out after the synthesis. EDX results of
elemental analysis of Co-doped TiO: verified Ti, O,
Co, and Cl elements with elements contents of
31.76%, 65.61%, and 0.29% 2.34% (by weight),

respectively compared to bare TiO; that confirmed
the absence of cobalt ions. The chemical
composition of TiO2> samples was identified with X-
ray fluorescence (XRF) analysis. The XRF results are
summarized in Table 1.

557



Cadlar Yilmaz H et al. JOTCSA. 2021; 8(2): 553-566.

RESEARCH ARTICLE

Table 1: Results of XRF of the synthesized bare TiO, and Co-doped TiO, catalysts.

Bare TiO2 (wt. % )

Co-doped TiOz (wt. %)

TiO2 97.42
Co0304 -
Cl 2.37

97.03
0.2115
2.41

The XRF results were compatible with EDX results,
which approximately show the same cobalt oxide
ingredient into the TiO> matrix.

It is also significant the agreement between Cobalt
content measured by DLS presented in Figure 4 and
XRF for the bare and Co-doped TiO: indicating the
good dispersion of cobalt into TiO> matrix and the
similar dimension of agglomerates for Co-doped
TiOo.

Figure 5 exhibits the FT-IR spectra of the bare and
Co-doped TiO, samples. The broad and strong peaks
in the range of 400-1000 cm™ can be ascribed to
the Ti-O and Ti-O-Ti bonds in the sample. The peak
at 3000-3400 cm™ is attributed to the O-H
stretching vibration of Ti-OH and water that
corroborate hydroxyl groups' presence in the
modified TiO, catalysts. The broad absorption peak
observed at 1620 cm™ corresponds to water -OH
bending and C=C stretching.

60 |-
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40 |

30 |
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7 Co doped TiO;
1 Bare TiO

Size (nm)
295
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Figure 4: Particle size distributions of the catalysts according to DLS measurements.

In order to better understand the stability and
surface electrostatic charge of the suspended
materials, zeta potential values and isoelectric point
of bare and Co-doped TiO> were determined in
aqueous solution at different pH values, using a
Zetasizer apparatus. The results are presented in

Figure 6 and Table 2. If the systems have a zeta
potential higher than £30 mV in colloidal systems, it
is considered stable. As shown in Table 2 and Figure
6, the catalysts' zeta potential is nearly 35 mV up to
pH values of 4.
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Figure 5: FTIR spectra of bare TiO, and Co-doped TiO, catalysts.

Table 2: The native pH value, isoelectric point, and zeta potential of bare and Co doped TiO..

Catalyst Zeta potential (mV)  Medium pH  Isoelectric point, pH
Bare TiO> 35.3+£0.3 3.14 6.93
Co doped TiO> 34.23 £ 1.0 3.07 6.38
an b - 8- Codoped TiQ, |
lh.i:\ —s— Bare Ti0,
_,-P’y:'_\-h\.
g 20t g 1
= "
g "’ \
=) b
n_ b
= 11
E 20t ] 1
»—_
AD k- _HHHI i
2 2 g 8 10 12
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Figure 6: Zeta potentials at different pHs in the 10° M KCI medium of bare TiO..

Effects of parameters on the degradation of
IBU

Effect of adsorption and photolysis

Before irradiation, the mixture of catalyst and IBU
was soaked in the dark for 90 min at room
temperature to reach adsorption equilibrium on the
surface catalyst; no significant adsorption effects
were observed. The photolysis effect was also
investigated and solutions of IBU were irradiated
with  UV-C radiation at 240 min for the

photocatalytic test. After 180 min irradiation under
UV-C light, only 2.50% of IBU was degraded.

Effect of cobalt doping percentage

Several tests were performed to observe the effect
of cobalt doping percentage on the
photodegradation of IBU (Figure 7). The activities
were investigated in the range of 0.25-1.0%. It can
be observed that the degradation increases with
doping concentration from 0.25% (n/n) to achieve
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maximum degradation at 0.5% of cobalt doping, but
further cobalt concentration increase does not
improve degradation, a possible explanation resides
in the fact that when the dopants are excessive,
cobalt ions may not enter TiO: lattice but cover the
surface of TiO2 and form heterogeneity junction so
photocatalytic activity is reduced. Furthermore, as
the concentration of dopant increases, electron-hole
pairs captured overcome the barrier and recombine.
On the other hand, 0.5% Co concentration
considered as the suitable amount dopant since it
can capture photogenerated electrons and decrease
the rate of recombination of electron-hole and
therefore accelerate the photocatalytic reaction.
This result is quite comparable to other reports
(16,17) for sprayed Mo/TiO: films for similar doping
range.

100 =

&0 <

Degradation { %)
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Effect of photocatalyst dosage

The effect of the amount of catalyst on IBU
degradation was studied in the range 0.1-0.4 %
under pH 4.0, and the results are shown in Figure 8.
As seen, IBU degradation increase from 50.33% to
99.7% by increasing catalyst concentration from 0.1
to 0.4%, beyond which the effect is less
pronounced. Thus, a solid to liquid ratio of 0.4%
could be considered the optimum concentration of
catalyst for IBU degradation.

This improvement can be attributed to increasing
active sites on the catalyst surface and the light
penetration of photo activating light into the
solution. Consequently, the formation of electron-
hole pairs and reactive hydroxyl radicals on the
semiconductor's surface increased, which improved
the oxidation of IBU into other intermediates.

rf”/-

T
0,25

T
0,50

Doping % (ni)

Figure 7: Effect of Co doped on photocatalytic degradation of IBU (20 mg/L, 180 min UV-C irradiation, 670
w/m?).
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Figure 8: Effect of amount of catalyst on photocatalytic degradation of IBU (20 mg/L IBU, 180 min UV-C
irradation, 670 W/m?).
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Effect of irradiation time

The degradation profiles of IBU as a function of
irradiation time in the presence of Co-doped TiO: is
shown in Figure 9. The complete removal of the
drug with the initial concentration of 20 mg/L was
reached nearly within 240 min of irradiation. It was
observed that IBU photodegradation augmented
with longer irradiation time directly affects
degradation efficiency. After 240 min of irradiation,
99% of IBU was degraded by catalyst under UV
light.

In order to determine the kinetics  of
photodegradation, the correlation between In C/Co

100 =

Degradation %)
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and irradiation time was plotted (as inset in Figure
9). As can be seen, a good linear correlation existed
between In C/Co and irradiation time, and the
degradation reaction obeys the first-order reaction
kinetics.

Many authors have reported that the kinetic
behavior of photocatalytic reaction can be explained
by a modified Langmuir-Hinshelwood model (18).
At low concentration, the number of catalytic sites is
not a limiting factor, and the rate of degradation is
proportional to the substrate concentration, in
accordance with apparent first-order kinetics.

T T T T T
120 180 240

Irradiafion fme (min)

Figure 9: Effect of irradiation time on photocatalytic degradation of IBU (0.4% wt/v catalyst, 20 mg/L IBU,
pH: 4.0, UV-C irradation, 670 W/m?).

Effect of IBU concentration

The effect of the initial concentration on
photocatalytic degradation of IBU was studied for
six different concentrations of IBU. For this series of
experiments, 0.5% Co-doped TiO, was dispersed in
0.4% w/v added into 5, 10, 20, 40, 60, and 80
mg/L IBU solutions, respectively and irradiated
under UV-C light during 240 min. Figure 10
illustrates the degradation profile of IBU as a
function of the initial concentration. Even at high
concentrations of IBU, the photocatalyst activity is
high.

Effect of pH

pH is considered an important factor since it affects
the surface charge properties of the semiconductor.
To study the effect of initial pH on the degradation
of IBU with Co doped TiO2, experiments were
conducted by changing the pH in the range 2-10.

As shown in Figure 11, the degradation of IBU
strongly depended on the pH solution in the
oxidation process. Increased degradation of IBU was
observed up to pH 4.0, after which degradation was
significantly less effective. When the results are
evaluated, the optimum pH for degradation of IBU
in an aqueous solution is pH 4. TiO2 particles tend to
form agglomerates when dispersed in alkaline
aqueous media. When studied in acidic conditions,
agglomeration is reduced, thus increasing the
catalyst's effective surface area.

Effect of organic and inorganic water matrix

Wastewater may contain various pollutants; organic
solvents and inorganic substances are in general
present in industrial water. In order to determine
the effect of the organic matrix, gallic acid (170.12
g/mol) as low molecular weight and tannic acid
(1701.19 g/mol) as high molecular weight were
added as organic compounds commonly found in
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real waters. In this study, 0.5% Co-doped TiO> was
added to 20 mg/L of IBU solution, and the final
concentration of the above organic acids was added
to the solution as 10, 20, and 30 mg/L; the mixture
was maintained over 90 min in the dark to ensure
adsorption-desorption  equilibrium. Immediately
following this, the irradiation experiments were
carried out under UV-C light for 240 min. As seen in
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slightly affects the photocatalytic activity of Co-
doped TiO2 in the degradation of IBU. Thus, the
higher the organic compound concentration, the
more the deactivation effect, degradation
percentage of IBU decreases about 8.11% and
7.25% in the presence of 30 mg/L of tannic acid
and gallic acid considered as the large and small
molecular weight of organic compounds.

-—

Figure 12, the presence of organic compounds

100 -
50 -

o

g

= &0

= L

: \./

=

m

o 404

[2F)

O
20 J
:l L h L] L] h

i] 10 20 20

20

]

T B0 20

T
a0

Initial concentration of IBL (mail)

Figure 10: Effect of the initial concentration on photocatalytic degradation of IBU (0.4% wt/v catalyst, pH:
4.0, 240 min UV-C irradiation, 670 W/m?).
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Figure 11: Effect of pH on photocatalytic degradation of IBU (0.4% w/v catalyst, 20 mg/L IBU, 240 min
UV-C irradiation, 670 W/m?).

As can be deduced from Figure 13, the inorganic
matrix apparently caused a stronger deactivation
effect than the organic matrix. In the presence of
inorganic acting as hydroxyl radical scavengers,

competition for free radicals and blockage of
catalyst active sites by adsorption of anions such as
Cl-, PO43, NO*, S04, CO3% and cations such as
Mg?*, K*, Ca?*, and Na* to form a surrounding layer
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that may also be responsible for decreased
efficiency of catalyst directly affecting photocatalytic The optimal photocatalytic degradation conditions

efficiency. for IBU are summarized in Table 3.
Y
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Figure 12: Effect of organic matrix on photocatalytic degradation of IBU (0.4% w/v catalyst, 20 mg/L IBU,
240 min UV-C irradation, 670 W/m?).
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Figure 13: Effect of inorganic matrix on photocatalytic degradation of IBU (0.4% wt/v catalyst, 20 mg/L
IBU, 240 min UV-C irradation, 670 W/m?).

Table 3: The optimum conditions of photocatalytic degradations for IBU.

Conditions IBU
Initial concentration, mg/L 20
Adsorption-desorption 90
equilibrium ,min

Amount of catalyst, w/v 0.4
UV light intensity, W/m?2 670
pH 4.0
Illumination time (UV-C), min 240
Illumination time (Vis), min 300

Results of photocatalytic degradation of IBU of IBU degradation as a function of time is almost

The photocatalytic degradation of IBU was studied similar for different analytic techniques that confirm
by liquid chromatographic analysis, UV-Vis analysis, the wused methods' \viability. The maximum
and total organic carbon elimination. The evolution degradation rate was obtained at 224 min of
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irradiation time with an average degradation rate

with different methods of 99.43%.

Maximum IBU absorbance is observed at 224 nm,
and with increasing irradiation time from 60 to 240
min, the absorption decreased gradually to a value

RESEARCH ARTICLE

near blank (Figure 13). The same results were
confirmed by HPLC analysis presented in Figure 14
and performed with the same protocol of UV-Vis
analysis in order to compare the performance of
both analytical methods.

0.5

0.4

0.3

Abs

0.2

0.1

0.0

20 mg/L IBU (catalyst medium)
60 min irradiation

120 min irradiation

180 min irradiation

240 min irradiation

Blank (catalyst medium)

T
200 250

T T 1
300 350 400
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Figure 14: UV-Vis spectrum of the effect of irradiation time on photocatalytic activity of IBU.

The limitation of detection (LOD) and quantification
(LOQ) values for IBU degradation are 0.05 and 0.2
mg/L, respectively, according to HPLC analysis and
0.38 and 1.28 mg/L respectively, with the UV-Vis

spectrophotometric measurements. The values
enable us to evaluate the suitability of the used
analytical technique and compare both analytic
methods (Table 4).

s

Figure 15. HPLC chromatogram of the effect of UV-C irradiation time on photocatalytic activity

(---- 20

ppm IBU (catalyst medium), ----60 min irradiation, ----120 min irradiation, ----180 min irradiation, ----240
min irradiation, ----Blank (catalyst medium).
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Table 4: Results of IBU degradation according to different analysis methods.

Catalyst Degradation (X %= sd), n=3
UV/Vis Spect. analysis TOC analysis HPLC analysis
UV-C light, Vislight, UV-Clight, Vis light, UV-C light, Vis light,
240 min 300 min 240 min 300 min 240 min 300 min
Co-doped 100+£0.75 98.06+1.12 98.76%+2.15 97.04%+1.94 99.54+1.14 98.16+2.44
TiO2
TiO2 97.56+1.06 24.96%+1.99 91.07+£2.01 21.97+2.16 93.11+0.99 21.82+1.73
Degussa P25 96.42+2.04 22.25+0.58 90.95+2.26 17.03+2.66 95.47+0.85 19.78+2.13

CONCLUSION

Under UV-C light, the photocatalytic efficiency of
Co-doped TiO2 was found to be as efficient as bare
TiO2 and Degussa P25. Degradation percentage
does not present any significant difference between

all of them, achieving more than 98% of
degradation after 240 min. Under Vvisible
illumination, the degradation of IBU shows

noteworthy differences with what we observed
under UV-C illumination. First, the degradation ratio
of bare TiO2 and Degussa P25 decreases drastically
to 24.96% and 22.25% respectively, the low activity
of P25 could be explained by the low adsorption of
IBU particles on the surface of P25 due to its high
pore volume and pore diameter resulting with a
decrease in degradation ratio.

The results indicate that the photocatalytic activity
of TiOz in the visible range is greatly improved by
cobalt doping; firstly, Co-doped TiO> presents a BET
surface area of 209 m?/g that is fourfold the value
of the Degussa P25 (56 m?2/g) and higher than bare
TiO2 198 m?/g and since the photocatalytic activity
increases with increasing BET area which reveals
the higher activity. On the other hand, the presence
of cobalt can efficiently inhibit the agglomeration of
TiO; particle, so that Co-doped TiO> possesses more
active sites than bare TiO> and exhibits a higher
degradation ratio, it's at least factor 4.5 compared
to the other catalyst.

Photodegradation of IBU in aqueous solutions with
the catalysis of reflux-synthesized Co-doped TiO:
with nanocrystalline size (9 nm) was studied.
Anatase was the only crystalline phase.

Performance of synthesized bare and Co-doped TiO2
in photocatalytic degradation under UV-C and visible
irradiation was studied by investigating the effects
of cobalt doping percentage and catalyst irradiation
time, initial IBU concentration pH, and also the
effect of inorganic and organic water matrix. The
results showed that the degradation of IBU was
improved upon Co doping. It was observed that
0.5% Co doping TiO2 and 0.4% w/v sol could
degrade 20 mg/L of IBU within 240 min under UV-C
irradiation and 300 min visible irradiation at
pH=4.0. The degradation reaction of IBU basically
followed the first-order reaction kinetics. Effects of

the inorganic and organic matrix on the degradation
were examined, and it was found that the inorganic
matrix apparently caused a stronger deactivation
effect than the organic matrix. Thus, decreases in
IBU degradation was observed after 240 min of
treatment with 88% of degradation compared to the
absence of water matrix with degradation ratio who
reaches 93%, whereas organic matrix slightly
decreases the degradation ratio.

The results were compared with Degussa P25 TiO>2
at the same degradation conditions; it was found
that the synthesized Co-doped TiO> showed higher
photocatalytic activity than bare TiO> and Degussa
P25 under visible irradiation.
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Abstract: Hydrogen sulfide (H2S) is a biologically relevant gaseous molecule, which involves in a wide
variety of physiological and pathological processes. Thus, detection of H2S is highly valuable in order to
clarify its complex roles. In this study, a new benzothiazole-based donor-acceptor type H>S selective
chemodosimeter (HP-1) was synthesized and its H2S detection capabilities were investigated in aqueous
solutions. HP-1 exhibited a red-shifted absorption signal at 530 nm and a near-infrared (NIR)
fluorescence peak at 680 nm as a result of enhanced intramolecular charge transfer (ICT) in the
presence of HS, which enabled a selective and very rapid ratiometric fluorescent detection. HP-1 was
also showed to be highly sensitive toward H2S with a very low limit of detection value.
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INTRODUCTION

Hydrogen sulfide (H2S) is an important
gasotransmitter along with carbon monoxide and
nitric oxide in living cells, which is endogenously
produced from cysteine and cysteine derivatives in
reactions that are catalyzed by cystathionine B-
synthase (CBS), cystathionine y-lyase (CSE) and 3-
mercaptopyruvate sulfurtransferase (MST) (1-4).
H2S involves in fundamental signaling pathways
and consequently plays crucial roles in various
physiological processes such as cell growth,
neurotransmission, insulin secretion, regulation of
the redox balance, inflammation, angiogenesis and
apoptosis (3,5). However, mismanagement of
intracellular H2S level is directly associated with
the formation of serious health problems including
Alzheimer’s disease, Down syndrome, diabetes,

hepatic cirrhosis, and cardiovascular disorders (5-
8). It is also well-established that CSE and CBS
enzymes are overexpressed in certain cancer cells,
which makes H>S a significant marker for cancer
diagnosis (9,10). Thus, it is critical to detect and
track dynamic H>S fluxes with high selectivity and
sensitivity in their native environment.
Conventional detection approaches mostly rely on
electrochemical analyses, gas chromatography,
and metal-induced precipitation techniques, which
are limited mainly due to the low sensitivity and
lack of real-time imaging capability (11-13). To
that end, fluorescence imaging is a highly
promising tool as it offers spatial and temporal
resolution, high  selectivity/sensitivity, = non-
destructive nature, in situ detection, and cheap
instrumentation (14-16). In the design of H.S
selective fluorescent agents, the most popular
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approach is to employ reaction-based probes
(chemodosimeters) as a result of high reactivity of
H2S. Accordingly, plenty of chemodosimeters
utilizing a wide variety of reactions such as
reduction of azide or nitro to amine, nucleophilic
addition, thiolysis of m-dinitrophenyl ether and
cleavage of dinitrobenzenesulfonyl moiety have
been successfully reported so far in order to satisfy
selective optical detection (15-19). However,
majority of the reaction-based probes still suffer
from the emission signals below 650 nm, which
can be absorbed by biomolecules and results in
autofluorescence. On the other side, near-IR (NIR)
emitting probes are quite attractive as the NIR
signal does not interfere with the biological
fluorophores as well as allows deeper tissue
penetration (20). Thus, a great deal of effort has
been put to develop H:S-selective NIR
chemodosimeters, (15,20-23), however there are
still some challenges need to be addressed in order
to improve the impact of NIR probes such as slow
response rates, low fluorescence quantum yields
and small Stokes shifts.

Donor-rn-acceptor (D-n-A) dyes have attracted
great interest as fluorescent probes in recent years
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since they possess strong NIR emission signals and
large Stokes’ shifts in aqueous solutions, and they
can be easily obtained through a well-established
chemistry (24-27). In a typical design approach, a
phenol group, which acts as a donor, is attached to
acceptor moieties, which results in a r-conjugated
system. Deprotonation of the phenol in
physiological conditions or removing the cage
group on the phenol with an analyte of interest
yields a phenolate that initiates intramolecular
charge transfer (ICT) process by triggering the
donation of =n-electrons from phenolate to
conjugated acceptor units (24). This causes a
remarkable red-shift in the absorption signal of the
probe and generates a strong NIR emission, which
allows both ratiometric and OFF-ON type detection
(24). Benzothiazole is among the promising
acceptor units, which have been used successfully
in the design of D-n-A type chemodosimeters for
imaging of several analytes (23,28,29). In this
study, a HxS selective benzothiazole-based
chemodosimeter (HP-1) (Figure 1) was developed
as a (D-n-A) type probe and its H»S detection
capabilities were evaluated in detail by UV-Vis and
fluorescence spectroscopies in aqueous solutions.
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Figure 1. Structure of HP-1 and its activation mechanism in the presence of H>S.

EXPERIMENTAL

Chemicals and Apparatus

Reagents were purchased from Sigma-Aldrich or
Merck and used without further purification. All dry
solvents used in reactions were directly obtained
from the Mbraun MBSPS5 solvent drying system.
Sodium sulfide nonahydrate Na;S:9H,O was

purchased from Sigma-Aldrich and stored at 2-8
°C. Deuterated solvents were purchased from
Eurisotop and used as received. Column
chromatography was performed by using thick-
walled glass columns and silica gel (Merck 230-400
mesh). Thin layer chromatography (TLC Merck
Silica Gel 60 F254) was performed by using
commercially prepared 0.25 mm silica gel plates
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and visualization was provided by UV lamp. The
relative proportions of solvents in chromatography
solvent mixtures refer to the volume: volume ratio.

Instruments

'H and !3C NMR spectra were recorded on a Bruker
Avance III Ultrashield 500 MHz NMR spectrometer
using CDCI3 or dé-DMSO as the solvents. Chemical
shifts are reported in ppm. Coupling constants (J)
are reported in hertz (Hz), and the spin
multiplicities were specified by the following
symbols: s (singlet), d (doublet), t (triplet), and m
(multiplet). NMR spectra were processed with
MestReNova software. UV-Visible spectra were
acquired on a Shimadzu UV-3600 UV-Vis-NIR
spectrophotometer. Fluorescence spectra were
collected on an Agilent Cary Eclipse
spectrophotometer. Fluorescence quantum yield of
the samples were investigated by wusing a
fluorescence spectrometer (FLS 1000, Edinburgh
Instruments) with an integrating sphere accessory.
Mass spectra were recorded on Waters Synapt G1
High-Definition mass spectrometer.

Synthesis

1-azido-4-(bromomethyl)benzene (2) (30) and
compound (4) (23) were synthesized according to
literature reports (Figure 2).

Synthesis of HP-1

Compound 4 (50 mg, 0.12 mmol) was dissolved in
dry ACN (10 mL) and K2COs3 (636 mg, 4.6 mmol)
was added to the resulting solution. The solution
was stirred at room temperature for 15 minutes
and compound 2 (31 mg, 0.15 mmol) was added
to the reaction mixture. The reaction was stirred
overnight at room temperature. The crude mixture
was diluted with DCM (100 mL) and washed with
brine (100 mL). Organic layer was separated and
dried over NaxSOa4. The crude product was purified
by column chromatography on silica gel (n-
hexane/EtOAc, 2/1) to give yellow-white solid
(58% vyield, 38 mg). 'H NMR (500 MHz, CDCls,
ppm) & 8.02 (d, J = 8.1 Hz, 2H), 7.89 (d, J = 8.0
Hz, 2H), 7.74 (d, J = 16.3 Hz, 2H), 7.51 - 7.39
(m, 8H), 7.20 (s, 2H), 7.03 (d, J = 8.1 Hz, 2H),
4.87 (s, 2H), 3.89 (s, 3H). 3C NMR (126 MHz,
CDCl3, ppm) 0 166.9, 156.3, 153.9, 149.6, 140.5,
134.3, 132.7, 132.1, 130.9, 130.7, 126.4, 125.7,
124.2, 123.1, 121.6, 119.4, 112.8, 77.7, 55.7.
HRMS m/z calc. for C32H23Ns50,S;: 574.1293 [M+H]
+; found: 574.1371.

Photophysical measurements

Stock solution of HP-1 was prepared in DMF and
then diluted with PBS (pH 7.4) to final
concentrations before each measurement.
Na2S:9H20 stock solution was prepared in PBS (pH
7.4). 3 mL quartz cells were used, and the slit
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widths were set up as 10 nm for both emission and
excitation.

Fluorescence quantum yield calculation
Fluorescence quantum yield of the sample was
investigated by using a fluorescence
spectrometer with an integrating sphere
accessory. A continuous-wave xenon lamp was
used as the excitation source and the emitted
fluorescence was detected with a standard
photomultiplier (PMT-900) covering a
wavelength range of 200-900 nm. During the
measurements, the PMT was cooled down to -
20 °C by using a built-in housing to reduce the
undesired dark current noise.

For quantum yield measurement, an
integrating sphere was placed inside the
sample compartment of the spectrometer.
Internal cavity of the sphere was coated with a
PTFE-like material to enable a reflectance of
approximately >95% over the wavelength
range between 400 and 1500 nm (250 and
2500 nm). Prior to the experiments performed
with the sample, the blank spectrum was
measured by using the reference solvents (PBS
(pH 7.4, 50% DMF)). In order to cover a
scattering range, the emission scans were
started from 20 nm below the actual excitation
wavelength (510 nm) and finished at 900 nm.
Furthermore, the step size and the integration
time of the measurements were set to 1 nm
and 0.2 seconds, respectively. After all the
emission measurements of the samples and
references were complete, the quantum yield
of the sample was determined by using the
Fluoracle® software. The built-in analysis tool
calculated the quantum yield (QY) by following
Eqg. (1).

QY:];S_I;B (1)
B~ Vs

where E; (Eg) and Ss (Ss) are the selected areas for
the emitted and scattered signals of the sample
(blank).

Limit of detection (LOD) calculation
The limit of detection was calculated according to
formula given below, where m is the slope of the
emission intensity at 680 nm versus NazS
concentration graph and s is the standard
deviation of the 6 blank measurements. LOD was
calculated according to Eq. (2).

LOD = 3s/m (2)
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RESULTS AND DISCUSSION

In the design of HP-1, two benzothiazole acceptor
units were conjugated to donor p-methoxyphenol
core and a HxS-cleavable azido group was used as
a cage moiety to mask the phenol. Removal of the
cage group upon H3S-induced selective reduction
of azide to amine causes a red-shift in both
absorption and emission signals of HP-1, which
reveals a ratiometric fluorescence sensor for
detection of HxS (Figure 1). Synthesis of HP-1 was
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NaNO: to get 4-azidobenzylalcohol (1). Then (1)
was reacted with PBrs and the cage unit 4-
azidobenzyl bromide (2) was obtained. For the
probe core synthesis, commercially available 4-
methoxyphenol was formylated by running a Duff
reaction to give 2,6-diformyl-4-methoxyphenol
(3), which was then converted to (4) via
Knoevenagel condensation. Finally, the cage unit
(2) was attached to (4) in dry acetonitrile and
HP-1 was attained in a moderate yield. HP-1 was
characterized by 'H NMR, !3C NMR and high-

depicted in Figure 2. Initially, 4-aminobenzyl resolution mass spectrometry (HR-MS) (Figure S1-
alcohol was treated with NaNs in the presence of S3).
NH» N3 N3
1. NaNO,, HCI, 0 °C PBrg
2. NaNj CHCl3
HO HO Br
(1 (2)
COH OH 1. 2-methylbenzothiazole Q N OH N @
Ac,0, 145 °C \ |
HMTA, TFA o~ >0 S / ™ s
110°C 2. Pyridine, 115 °C
H,0, 100 °C
0 0 o]
(3) (4)
N3 (2
K2C03, MeCN, r.t.
Q7
e S Re
20
HP-1
Figure 2. Synthetic pathway for HP-1.
After completing the synthesis, the optical treating HP-1 (20 uM) with Na;S (200 uM),

responses of HP-1 to H>S were investigated with
UV-Vis and fluorescence spectrophotometers in
aqueous PBS solution (pH 7.4, 50% DMF) (Figures
3 and 4). In all the experiments, H.S was
generated in situ by adding NaS into a PBS
buffered solution (pH 7.4) as in the case of
literature examples (15). The pKa of HS is 7, thus
the NaxS solution in PBS at pH 7.4 contains HS-
and S? anions in addition to H2S, which, in fact,
mimics the speciation in the cellular environment
(15). HP-1 exhibited strong but short wavelength
absorption peak centered at 335 nm (€ = 23100 M~
'em™) as a result of blocked electron donation from
donor core to acceptor units (Figure 3a). Upon

absorption peak at 335 nm was slightly decreased
and a concomitant red-shifted peak appeared at
530 nm (g = 6600 M*cm™) with an isosbestic point
at 420 nm, which can be also detected by naked
eye as colorless HP-1 solution turned to pale pink
after the addition of NaxS. This result indicates that
HP-1 reacts readily with H>S and uncages the
phenol, which switches on the ICT process. A
gradual increase in the absorption signal at 530
nm was also determined when HP-1 was titrated
with increasing concentrations of NaxS (0-200 uM)
(Figure 3b, Figure S5a).
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In the case of fluorescence measurements, a
characteristic NIR emission signal at 680 nm
appeared gradually as the Na>S concentration (0-
200 uM) increased (up to 130-fold, ¢r = 11%)
upon excitation at newly formed absorption peak
at 530 nm (Figure 4 a,b, Figure S5b). When the
excitation wavelength was adjusted to 420 nm
(isosbestic point), emission peak of the parent HP-
1 at 470 nm was decreased and broad NIR
fluorescence signal was observed between 650-
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750 nm with a maximum at 680 nm (Figure 4c),
suggesting that HP-1 can act as a NIR ratiometric
probe. Both changes in absorption and emission
signals were accomplished in seconds, clearly
indicating that HP-1 works much faster than most
of the current H>S selective probes and can rapidly
detect H.S. It is also important to note that HP-1
exhibited a large Stokes’ shift (~150 nm) (Figure
4d), which is another critical parameter for a
fluorescent probe.
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Figure 3. (a) Absorption spectra of HP-1 (20
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Figure 4. (a) Emission spectra of HP-1 (20 uM) upon addition of increasing Na>S concentrations and (b)

the relationship between the emission intensities of

HP-1 (20 uM) at 680 nm and the concentration of

Na>S. Excitation wavelength is 530 nm. (c) Emission spectra of HP-1 (20 uM) before and after addition of
NazS (200 uM). Excitation wavelength is 420 nm. (d) The Stokes’ shift of HP-1 (20 uM) after addition of
NaxS (200 uM). Excitation wavelength is 530 nm. All experiments were done in PBS (pH 7.4, 50% DMF).

Next, the selectivity of HP-1 towards H;S was
checked by using biologically relevant nucleophilic
species including bio-thiols such as glutathione
(GSH), cysteine (Cys) and homocysteine (Hcy) as
well as different metal ions. No detectable change
was observed both in absorption and emission
spectra (Figure 5), proving the high selectivity of

)
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200+

100

Emission intensity at 680 nm (a.u

HP-1 for HS over other species. The sensitivity of
HP-1 was measured by calculating the limit of
detection (LOD) value and found to be as low as
0.64 uM. Finally, H2S-induced removal of the cage
group and the release of compound 4 was
confirmed by acquiring a high-resolution mass
spectrum (Figure S4).
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Figure 5. Emission intensities of HP-1 (20 uM) in the absence and presence of different analytes in PBS

(pH 7.4, 50% DMF). NaS concentration was 200 uM.

CONCLUSION

In summary, an easily accessible H.S-selective
benzothiazole-based chemodosimeter (HP-1) was

All other analyte concentrations were set to 1 mM.

synthesized and its molecular structure as well as
optical responses to H>S were characterized. Upon
addition of NaxS, HP-1 exhibited a 195 nm
bathochromic shift in the absorption signal and a
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noticeable concentration dependent increase in the
NIR emission at 680 nm as a result of enhanced
ICT process, which was triggered by the removal
of the azido cage group. Remarkably, all of these
changes in photophysical parameters were realized
in seconds with high sensitivity and selectivity
towards H>S.
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Abstract: The investigation of biological activities of natural products, particularly considering the
secondary metabolites, continuously receives attention. Urolithins, the bioavailable metabolites of
ellagitannins, were shown to possess enzyme inhibitor, antioxidant, and anti-inflammatory compounds in
scientific studies conducted in the last two decades. Regarding the limited number of studies related to
their antimicrobial activity, this study aimed to synthesize major urolithins (Urolithin A and B) concomitant
to their methyl ether derivatives and screen their antibacterial activity against some Gram positive and
Gram negative bacteria. In parallel to the antibacterial activity, the synergistic and antagonist properties of
the compounds were also analyzed in the presence of reference beta-lactam antibiotics. The results
displayed the improvable characteristics of urolithin scaffold to be employed in antibiotic drug design
studies. In addition, the antagonist effect of some compounds on the antibacterial action of standard
molecules also pointed out the compound specific activities of the title molecules.
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INTRODUCTION papaver somniferum alkaloids (e.g., morphine,
codeine) have been used in different preparations
Natural compounds, generally referred to as either for treatment of pain or abuse purposes for

secondary metabolites of living things, have always
attracted the curiosity of scientists to discover
alternative strategies for the treatment of many
states of disease (1,2). Indeed, there are many
natural product-based drugs still used today. This
type of research studies also guide to understand
the possible biological activities of secondary
metabolites, particularly in case of routine exposure
to them via different sources (2,3). For instance,

centuries, however, the motivation on research for
natural product chemistry, and biological activity
screening of natural products have led to the
discovery of opioid receptors and synthetic opioid
molecules throughout the 20th century (4). As
another example, the work of Alexander Fleming on
the discovery of beta-lactam antibiotics from mold
still has life-saving effects in the treatment of many
life-threatening infectious diseases (5).
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Urolithins, the hydroxyl substituted benzo[c]
chromen-6-one derivatives, have attracted attention
as natural compounds in the last two decades. In
fact, these compounds are metabolism products in
many mammalian species following exposure to
ellagitannins (6,7). Nuts, berries, and particularly
pomegranate are rich sources of ellagitannins. Many
mammalians like humans regularly eat these diets.
As seen in Figure 1, ellagitannins, the ester bond
connected gallic acid derivative macromolecules, are
subject to the gastrointestinal system microflora-

Ellagitannins —» OH

ellaglc acid
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catalyzed biotransformation reactions to yield out
urolithin molecules, mainly as mono-, di-, tri-, and
tetra-hydroxy substituted benzo [ ¢ ] chromen-6-
ones (8). The metabolism studies indicated that
ellagitannins and their metabolism precursor
molecule ellagic acid have negligible absorption
from the gastrointestinal tract (9). However, the
urolithins are bioavailable compounds. Indeed,
urolithins appear in systemic circulation in two to
three hours following the oral exposure to
ellagitannin rich diet, particularly pomegranate (10).

Urolithin D

-

Urolithin B

Urolithin A

Urolithin C

Figure 1: The formation of major urolithins, Urolithin A and B, through metabolism.

So far, many biological activities of ellagitannins
have been shown under in vivo conditions (11).
These were attributed to the urolithins, since a
systemic effect can be seen only for bioavailable
compounds. Among these activities, the
antimicrobial activity gathered limited attention,
since the main focus has been provided on
ellagitannins (12). In one study, it was shown that
urolithins A and B displayed antibacterial effects in
the colon against Yersinia enterocolitica (13).

From this perspective, within this study, we have
aimed to synthesize major urolithins (Urolithin A
and B) and their methyl ether metabolites, formed
through the catechol-O-methyl transferase activity.
The antibacterial activities of the title compounds
have been planned to be screened against several
bacterial strains [i.e., Escherichia coli,
Staphylococcus aureus, Enterococcus faecalis, and
methicillin resistant Staphylococcus aureus
(MRSA)]. Besides, the antagonist or synergistic
activities of the compounds with a beta-lactam
antibiotic have been aimed to be analyzed. To our
knowledge, this has been the first study conducted
on the total evaluation of urolithins in terms of their
antibacterial activities in different Gram(+) and
Gram(-) bacteria.

EXPERIMENTAL SECTION

Materials and instruments

All the chemicals and biologicals were purchased
from local chemical suppliers of Turkish Republic of
Northern Cyprus. They were wused without
purification unless otherwise stated. Thin layer
chromatography studies were performed using
Merck aluminum-packed silica gel plates to monitor
the reactions. Ethyl acetate - n-hexane (1:1, v/v)
was used as the mobile phase. Infrared spectra
were obtained through a Shimadzu FT-IR Prestige
spectrometer. Proton and carbon 13 NMR spectra of
the title compounds were obtained via a Bruker-400
NMR spectrometer. Tetramethylsilane (TMS) was
used as internal standard and deuterated
dimethylsulfoxide (DMSO-ds) was employed to
dissolve the samples. The chemical shifts were
reported in ppm. A Thermo Fisher Flash Smart
CHNS elemental analyzer was employed for
elemental analysis.

Chemistry

General synthesis protocols

Previously known procedures were followed for the
synthesis of the title molecules (Figure 2) (14).
Accordingly, the hydroxy substituted urolithin
analogues (i.e., Urolithin A and B), and 3-hydroxy-
8-methoxy-6H-benzo[c]chromen-6-one were
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synthesized through reacting 15 mmol of resorcinol
either with 5 mmol of 2-bromobenzoic acid (to
obtain Urolithin B), or 5 mmol of 2-bromo-5-
hydroxybenzoic acid (to obtain Urolithin A), or 5
mmol of 2-bromo-5-methoxybenzoic acid (to obtain
3-hydroxy-8-methoxy-6H-benzo[c]chromen-6-one)
in 18 mmol NaOH dissolved distilled water. The
mixtures were refluxed for 1 h and added 22% of
CuSO04 solution in 15 mL distilled water at the end of
the time. The products precipitated were filtered off
and washed with 0.01 N 50 mL hydrochloric acid
solution.

The alternative methoxy-substituted analogues (i.e.,
methyl ether of Urolithin B, and dimethyl ether of
Urolithin A) were synthesized respectively treating

0]
0]

Urolithin A (URO-A)
d @)

(0]
o

Urolithin A dimethyl ether (URO-ADM)
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Urolithin B and A with methyl iodide. Briefly, 5 mmol
of urolithin A or B was treated with 5.5 mmol of NaH
in DMF. Following stirring at rt for 3 min, the
solutions were added appropriate amount of methyl
iodide (i.e., 5.5 mmol methyl iodide to obtain the
methyl ether of Urolithin B, and 10.5 mmol methyl
iodide to obtain the dimethyl ether of Urolithin A).
After stirring at rt for 3h, the reaction mixtures were
poured into 50 mL of distilled water. The mixture
was extracted with 3 times of 30 mL of ethyl
acetate. Following the evaporation of collected
organic phases, the compounds were purified
through column chromatography employing ethyl
acetate - n-hexane (1:1) as the mobile phase.
Spectral characterizations of the molecules have
also been previously stated (14).

O
0]
HO OH
a
W
c Urolithin B (URO-B)

d
0]

el
o :
/

0 O Q O Urolithin A monomethyl ether (URO-AMM)

Wada
\

Urolithin B methyl ether (URO-BM)

Figure 2: The synthetic protocol followed. a: 2-Bromobenzoic acid, NaOH, H>0; b: 5-Hydroxy-2-
bromobenzoic acid, NaOH, H20; c: 5-Methoxy-2-bromobenzoic acid, NaOH, H>0; d: NaH, Methyl iodide,
DMF

Antibacterial Activity

Bacterial strains

The antibacterial activity of the compounds was
investigated against quality control strains of
American  Type  Culture Collection (ATCC).
Staphylococcus aureus ATCC 25923 (methicillin
susceptible) and Enterococcus faecalis ATCC 29212
were used as representatives of Gram(+) whereas
Escherichia coli ATCC 25922 was used as the
representative of Gram(-) bacteria. MRSA strain
that was isolated from the nose of a carrier and
identified as Staphylococcus aureus by Gram
characteristics, catalase and coagulase test was
included in the study. The methicillin resistance of
the strain was identified by disk diffusion method
using cefoxitin disk (30 pg) as suggested by
European Committee on Antimicrobial Susceptibility
Testing (EUCAST) (15).

Bacteria were inoculated on Mueller Hinton agar
(MHA) (Merck, Germany) by spread plate method
and incubated at 37 °C for 24 hours under aerobic
atmosphere. After incubation period, pure culture

was derived by sub-culturing the single colony of
each strain onto MHA and incubating under the
same conditions mentioned above. Each of four
strains was suspended in Mueller Hinton broth
(MHB) and the suspensions were adjusted to the
turbidity of 0.5 McFarland that are equivalent to the
microorganism density of 1.5 x 108 cfu/mL. The
inoculum of each strain was diluted using MHB to
give an inoculum of 1 x 106 cfu/mL.

Preparation of the compounds

32.77 g/L of each of the compounds was prepared
in dimethyl sulfoxide (DMSO), diluted 1:16 using
MHB to obtain the concentration of 2048 mg/L and
filtered using 0.45 um pore sized syringe filters.
Determination of Minimum
Concentrations (MICs)

The MICs of the compounds were investigated by
broth microdilution method (16). Briefly, 50 pL of
two fold diluted concentrations of the compounds
were mixed in individual wells of 96 round bottom
well plates with 50 pyL of inoculum containing 1 x
106 cfu/mL of each strain. The final concentrations

Inhibitory
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of the compounds ranged from 1024 mg/L to 2
mg/L and the final concentration of DMSO in each
well is < 3%. For each run, a well containing 50 pL
3% DMSO with 50 pL inoculum of the respective
strain was used as a positive control and a well
including 50 pL 1024 mg/L with 50 yL MHB (instead
of the bacterium) was used as a negative control.
Ampicillin  was used as internal control for
Enterococcus faecalis ATCC 29212 and Escherichia
coli ATCC 25922. On the other hand, penicillin G
was used internal control for Staphylococcus aureus
ATCC 25923 and MRSA. The microplates were
incubated at 37 °C under aerobic atmosphere for 16
hours. MIC was regarded as the minimum
concentration of the compound that inhibited the
growth of the strain.

Effects of the compounds on MIC values of
antibiotics

The effects of the compounds on ampicillin (Sigma-
Aldrich) against Escherichia coli ATCC 25922 and
Enterococcus faecalis ATCC 29212 and on penicillin
G (Sigma-Aldrich) against Staphylococcus aureus
ATCC 25923 and MRSA were investigated by broth
microdilution checkerboard method (17). The
compounds were prepared as described in the
preparation of compounds and the antibiotics were
prepared as suggested by the manufacturer. The
final concentrations of the antibiotics ranged from
eight times higher and sixteen times lower than
expected MICs. The concentrations of the
compounds eight times lower and higher than the
MICs calculated by microdilution method were
tested. 50 pL of the two fold increasing antibiotic
concentrations was mixed with equal volume of two
fold increasing concentrations of the compounds.
The final organism concentration was 3 x 10° - 5x
10° cfu/mL in each well. The individual MICs of the
antibiotics and the compounds were confirmed in
the first row and column, respectively, of the
microplate for each run. The plates were incubated
under aerobic atmosphere at 37 °C for 16-20 hours.

For the combination of the compound with the
antibiotic tested, summation of fractional inhibitory
concentration (2FIC) was calculated as the sum of
FIC of compound and FIC of antibiotic formula;

RESEARCH ARTICLE

where FIC of a compound is the ratio of MIC of a
compound in combination over the MIC of
compound alone, and the FIC of an antibiotic is the
MIC of antibiotic in combination divided by the MIC
of the antibiotic alone. The interaction between the
compound and the antibiotic was regarded as;
Synergism, where >FIC < 0.5, Indifference, where
0.5 < ZFIC < 4, and Antagonism, where SFIC >4,

RESULTS AND DISCUSSION

The antibacterial activities of the title compounds
have been assessed against several Gram(+) and
Gram(-) bacterial strains (i.e., Escherichia coli as
Gram(-), and Staphylococcus aureus, Enterococcus
faecalis, and MRSA as Gram(+) strains) and the MIC
values measured are shown in Table 1. Accordingly,
none of the urolithins displayed activity against the
Gram(-) strain Escherichia coli. Beside the inactivity
of URO-AMM, the rest four urolithin derivatives
displayed some activity against MRSA. In addition,
all the compounds displayed weak to moderate
activity against Enterococcus faecalis. On the other
hand, beside the weak activity of URO-A, none of
the compounds was found to be active against
Staphylococcus aureus. The MIC values of the title
molecules were also found weaker in comparison to
the activities of reference molecules, ampicillin and
penicillin G, against the strains employed in the
study. Among the compounds tested, URO-A has
been found as the only molecule that displays
activity against the strains tested. This outcome is
significant considering the fact that URO-A is one of
the major metabolites found in systemic circulation
following exposure to ellagitannin rich diet (18).
URO-B, another major metabolite, was found to be
inactive in general, beside its activity against
Enterococcus faecalis.

On one hand, the results obtained pointed out the
significance of URO-A molecule to be employed in
antibacterial drug design studies as a scaffold to be
developed to obtain more active antibacterial
compounds. On the other hand, as methyl ether
analogs typically exhibited weaker activities,
phenolic hydroxyls appear to be important
substitutions for the antibacterial activities obtained.
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Table 1: MIC values (mg / L) of the title urolithin derivatives.

Title compound E. coli S. aureus E. faecalis MRSA
URO-B > 512 > 512 32 256
URO-BM > 512 > 512 128 64
URO-A > 512 64 32 64
URO-ADM > 512 > 512 128 64
URO-AMM > 512 > 512 128 > 512
Ampicillin 4 NT 0.5 NT
Penicillin G NT 0.03 NT 8

NT: Not tested

One of the important research fields in the action of
antibacterials is the investigation of the effect of the
natural products on the antibacterial activity of
known and used antimicrobial agents (19,20). From
this perspective, the effect of title urolithin
compounds on the antimicrobial action of reference
molecules (i.e., ampicillin, penicillin G) against the
bacterial strains employed was tested. The results
obtained are shown in Table 2.

Accordingly, none of the compounds tested caused a
change on the MIC of ampicillin over Escherichia
coli. URO-AMM (i.e., the monomethyl ether of
Urolithin A) increased the MIC of penicillin G against
Staphylococcus aureus more than 4 fold. Therefore,
its action was characterized as antagonist on the
activity of penicillin G. Although URO-AMM doubled
the MIC of penicillin G against MRSA, since ZFIC
was less than 4, the net effect was evaluated as
indifferent.

One of the major urolithin metabolites, URO-B, also
displayed considerable effects. At one hand, it

lowered the MIC of ampicillin against Enterococcus
faecalis. Since XFIC was not less than 0.5, the
overall effect was assessed as indifference.
However, URO-B increased the MIC of penicillin G
for more than 4 fold against MRSA, and therefore,
its activity was found to be antagonist for the
activity of penicillin G over MRSA.

Besides, the URO-A, URO-BM, and URO-ADM have
been found not to have any effect on the MIC values
of ampicillin and penicillin on Staphylococcus aureus
and Enterococcus faecalis. On the other hand, URO-
BM and URO-ADM combination with penicillin G was
found to have two times higher MICs than the MIC
of penicillin G alone against MRSA. Since the >FIC
was less than 4, these activities were evaluated as
indifferent. Finally, the other major metabolite of
ellagitannin metabolism, URO-A, displayed almost
no activity in combination studies, beside its
negligible effect on the MIC of penicillin G against
MRSA.

Table 2: The effect of title urolithins on the MICs of reference molecules.

Reference Drug/Combination Bacterial strain / MIC SFIC
S. aureus

Penicillin G (alone) 0.03

Penicillin G + URO-AMM (64-512 mg/L) 0.125 >4
E. faecalis

Ampicillin (alone) 0.5

Ampicillin + URO-B (8-16 mg/L) 0.25 0.75-1

MRSA

Penicillin G (alone) 8

Penicillin G + URO-B (16-128 mg/L) 32 >4

Penicillin G + URO-BM (8-32 mg/L) 16 2

Penicillin G + URO-ADM (8-16 mg/L) 16 2

Penicillin G + URO-AMM (8-512 mg/L) 16 2

CONCLUSION

There are limited number of studies conducted on
the antibacterial activity of urolithins. From this
perspective, this study for the first time, analyzed
the antibacterial activity of major urolithins
(Urolithins A and B) concomitant to their methyl
ether derivatives against some Gram(+) and
Gram(-) strains. In general, it was found that the
antibacterial activity of urolithins was compound-

and the bacterial strain-specific. Furthermore, the
synergistic and antagonist activity results also
depicted that some urolithins (URO-B and URO-
AMM) might act as antagonist, since they were able
to lower the MIC of reference drugs more than four-
fold.

The study outcomes also warrant future research
studies. At first hand, the activities obtained against
Enterococcus faecalis and MRSA points out that the
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urolithin scaffold is improvable to design alternative
urolithin based antibacterial compounds. On the
other hand, depending on the exposure level to
ellagitannin-rich diet, particularly involving
pomegranate juice, the urolithins, formed through
metabolism and present in systemic circulation, can
interfere with antibacterial drug treatment. From
this perspective, the findings regarding the effects
of URO-B and URO-AMM might be enlarged in future
research studies to see the extrapolation of
antagonist effects to other beta lactam antibiotics.

REFERENCES

1. Koehn FE, Carter GT. The evolving role of natural
products in drug discovery. Nature reviews Drug discovery.
2005 Mar;4(3):206-20.

2. Ji HF, Li XJ, Zhang HY. Natural products and drug
discovery: can thousands of years of ancient medical
knowledge lead us to new and powerful drug combinations
in the fight against cancer and dementia?. EMBO reports.
2009 Mar;10(3):194-200.

3. Woll S, Kim SH, Greten HJ], Efferth T. Animal plant
warfare and secondary metabolite evolution. Natural
products and bioprospecting. 2013 Feb 1;3(1):1-7.

4. Pathan H, Williams J. Basic opioid pharmacology: an
update. British journal of pain. 2012 Feb;6(1):11-6.

5. Demain AL, Sanchez S. Microbial drug discovery: 80
years of progress. The Journal of antibiotics. 2009
Jan;62(1):5-16.

6. Gulcan HO, Unlu S, Esiringu i, Ercetin T, Sahin Y, Oz D,
Sahin MF. Design, synthesis and biological evaluation of
novel 6H-benzo [c] chromen-6-one, and 7, 8, 9, 10-
tetrahydro-benzo [c] chromen-6-one derivatives as
potential cholinesterase inhibitors. Bioorganic & medicinal
chemistry. 2014 Oct 1;22(19):5141-54.

7. Selma MV, Beltrdan D, Garcia-Villalba R, Espin JC,
Tomadas-Barberan FA. Description of urolithin production
capacity from ellagic acid of two human intestinal
Gordonibacter species. Food & function. 2014;5(8):1779-
84.

8. Gonzalez-Barrio R, Truchado P, Ito H, Espin JC, Tomas-
Barberan FA. UV and MS identification of urolithins and
nasutins, the bioavailable metabolites of ellagitannins and
ellagic acid in different mammals. Journal of Agricultural
and Food Chemistry. 2011 Feb 23;59(4):1152-62.

9. Landete JM. Ellagitannins, ellagic acid and their derived
metabolites: a review about source, metabolism, functions
and health. Food research international. 2011 Jun
1;44(5):1150-60.

RESEARCH ARTICLE

10. Seeram NP, Henning SM, Zhang Y, Suchard M, Li Z,
Heber D. Pomegranate juice ellagitannin metabolites are
present in human plasma and some persist in urine for up
to 48 hours. The Journal of nutrition. 2006 Oct
1;136(10):2481-5.

11. Lipinska L, Klewicka E, Séjka M. The structure,
occurrence and biological activity of ellagitannins: a
general review. Acta Scientiarum Polonorum Technologia
Alimentaria. 2014 Sep 30;13(3):289-99.

12. Ammar OM, Ilktac M, Gulcan HO. Urolithins and their
antimicrobial activity: A short review. EMU Journal of
Pharmaceutical Sciences. 2019;3(2):117-24.

13. Giménez-Bastida JA, Truchado P, Larrosa M, Espin JC,
Tomas-Barberan FA, Allende A, Garcia-Conesa MT.
Urolithins, ellagitannin metabolites produced by colon
microbiota, inhibit quorum sensing in  Yersinia
enterocolitica: phenotypic response and associated
molecular changes. Food chemistry. 2012 Jun
1;132(3):1465-74.

14. Noshadi B, Ercetin T, Luise C, Yuksel MY, Sippl W,
Sahin MF, Gazi M, Gulcan HO. Synthesis, Characterization,
Molecular Docking, and Biological Activities of Some
Natural and Synthetic Urolithin Analogs. Chemistry &
Biodiversity. 2020 Aug;17(8):€2000197.

15. The European Committee on Antimicrobial
Susceptibility Testing (EUCAST). Breakpoint tables for
interpretation of MICs and zone diameters. Version 11.0,
2021. http://www.eucast.org.

16. Leber A. Broth Microdilution Test. In: Clinical
Microbiology Procedures Handbook, Fourth Edition. ASM
Press, Washington, DC. 2016. pp. 5.2.1.1-5.2.2.10. doi:
10.1128/9781555818814.ch5.2.1.

17. Leber A. Synergism Testing: Broth Microdilution
Checkerboard and Broth Macrodilution Methods. In:
Clinical Microbiology Procedures Handbook, Fourth Edition.
ASM Press, Washington, DC. 2016. pp. 5.16.1-5.16.23.
doi: 10.1128/9781555818814.ch5.16.

18. Ishimoto H, Shibata M, Myojin Y, Ito H, Sugimoto Y,
Tai A, Hatano T. In vivo anti-inflammatory and antioxidant
properties of ellagitannin metabolite urolithin A. Bioorganic
& medicinal chemistry letters. 2011 Oct 1;21(19):5901-4.

19. Moghaddam KM, Iranshahi M, Yazdi MC, Shahverdi AR.
The combination effect of curcumin with different
antibiotics against Staphylococcus aureus. International
Journal of Green Pharmacy (IJGP). 2009;3(2).

20. Hemaiswarya S, Kruthiventi AK, Doble M. Synergism
between natural products and antibiotics against infectious
diseases. Phytomedicine. 2008 Aug 1;15(8):639-52.

584


http://www.eucast.org/

Korkmaz N, Karadag A. JOTCSA. 2021; 8(2): 585-592. RESEARCH ARTICLE

00006,

Journal of The Turkish Chemical Soci

SECTION: A (

TURKISH
CHEMICAL SOCIETY

{EMISTRY

Microwave Assisted Green Synthesis of Ag, Ag-0, and Ag20s
Nanoparticles

Nesrin KORKMAZ'* (", Ahmet KARADAG? ]

1Department of Basic Sciences and Health, Hemp Research Institute, Yozgat Bozok University, 66200,
Yozgat, Turkey.

2Department of Chemistry, Faculty of Arts and Sciences, Yozgat Bozok University, 66200, Yozgat, Turkey.

Abstract: In this study, nanoparticles containing Ag, Ag20, and Ag>03 mixture were synthesized by using
a microwave-assisted green synthesis method. For the reduction of Ag* to Ag®, Rhododendron ponticum
plant extract was used while the microwave synthesis method was used for the formation of silver oxides.
Nanoparticles synthesized under 90 °C, 450 W, and 30-minute microwave synthesis conditions were
characterized by UV-Vis, XRD, and STEM. As a result of characterization, Ag-NPs were found to show
maximum absorbance peak at 432 nm in the UV-Vis spectrum, crystallite size was 46 nm according to XRD
analysis, and nanoparticles showed in a spherical_homogeneous distribution by STEM analysis. Our results
showed that the phytochemicals in the plant extract of R. ponticum reduce Ag* ions to Ag-NPs and that the
mixture of silver and silver oxide can be synthesized quickly and easily with microwave heating support.
This study is important to increase the use of Ag>0 and Ag203 nanoparticles in industrial production and
medical applications. In particular, nanoparticles of silver and silver(I) oxide show great promise for
widespread usage in medical polymers and nanodrugs. Because in this study, toxic chemicals were not
used in the synthesis of silver oxide nanoparticles and it is a safe synthesis because there is no risk of
explosion.
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INTRODUCTION ions. The green synthesis method has been

developed as a product of this orientation (4-10).

Nanotechnology involves the adaptation of atomic
materials at the nanometer level to achieve the
desired shape and properties according to the field
of application (1). Recently, there has been an
increase in studies aimed at developing rapid,
inexpensive, and environmentally friendly methods
in  nanoparticle synthesis methods (2). These
studies focused on using everything from plants to
bacteria as a reducing agent in reducing noble metal

Compared with traditional methods; In addition to
being inexpensive, easily available, it does not
contain toxicity against human and ecological
systems (4,5,11). On the other hand, the
mechanism of action is not fully known, and shape
and size control has not been achieved in metal
nanoparticle synthesis.
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Similarly, many plant extracts have been used in
the synthesis of metal nanoparticles and similar
results have been obtained. Plant extracts such as
Artocarpus  hetrophyllus,  Azadirechta indica,
Callistemon lanceolatus, Centella asiatica, Lippia
citriodora, Fenugreek, Paeonia emodi, and Pinus
longifolia play an important role in reducing toxicity
during the reduction of metal ions (12-19). Studies
on Ag20 nanoparticles synthesized using these
plants are summarized in Table 1. Bio-synthesized
Ag-nanoparticles have many application areas such
as solar energy systems, coatings, Dbattery
production, sensors, medical devices, biological
studies, and biotagging (20-23).

Silver has three different oxidative forms: Ag-20,
AgO, and Ag20s. Silver oxides are widely used in the
production of medical devices, in the production of
zinc-mixed alkaline batteries (22,24). Although AgO
and Ag20 oxidative forms of silver are easily
obtained, the industrial production of Ag>0s3 is quite
difficult. Generally; although AgClO4 is frequently
used in the chemical synthesis method, the
presence of ClO4 ion is very harmful to both human
health and the environment. In addition, there is a
high risk of explosion during the synthesis.

In this study, Rhododendron ponticum plant, a
forest waste, was used as a reducing agent.
Although green synthesis has been used for
nanoparticle synthesis in the last two decades, the
microwave-assisted synthesis method has been
preferred for the first time for oxide formation. As a
result, the use of environmentally friendly, rapid
microwave synthesis method for oxide formation
adds innovation to this study.

Characterization of the synthesized silver and silver
oxide mixture was done by UV-Vis, X-Ray
diffractometry, and STEM (Scanning Transmission
Electron Microscopy) analysis. As a result of these,
by combining two different synthetic methods
(green synthesis method, microwave synthesis
method), it attracts attention with its ease of use
advantage compared to other studies in the
literature with a cheap, easy, healthy, and safe
synthesis method.

MATERIALS and METHODS

Plant selection and preparation

Located about 150 genera and 4.000 species of
shrubs in Turkey is a cosmopolitan family Ericaceae
including the small tree-like community (25). R.
ponticum is a species of this family. Turkey's Black
Sea coast, at the edge reach that level up to 2500
m altitude, lovers of the acidic growing conditions,
evergreen, is a perennial shrub species (26). R.
ponticum has been used as medicinal plants in
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treatments due to its pain-relieving properties
(tooth, back, joint and rheumatic pain) (27,28).

R. ponticum was collected and washed thoroughly
and dried in a non-direct sunlight environment. The
dried leaves of the plant are dried into a fine powder
with the help of a grinder and stored at +4 °C for
use in the synthesis process.

Silver and silver oxide synthesis

On the one hand, 20 mg of plant powder was mixed
in 20 mL of pure water at 70 °C for 6 hours, then
filtered. On the other hand, AgNOs solution was
prepared with a concentration of 1 mM. It was taken
from 10 mL of plant extract stock and 50 mL of
AgNOs solution and mixed in a beaker. The mixture
in the beaker was then placed in 20 mL of
microwave synthesizer containers and subjected to
experimental conditions of 30 min, 90 °C, 450 W.
As a result of the synthesis, particles settled to the
bottom of the containers were observed. The
collapsed part is washed several times with pure
water, then was centrifuged at 10.000 rpm for 20
min.

Physical characterization

To achieve physical characterization of silver
nanoparticles, we first determined the UV-Vis
spectrometric analysis (TERMO, Model Multiscanner
spectrophotometer) for obtaining the maximum
absorbent peak between 300 and 700 nm, then
powder X-ray analysis for calculating the average
silver nanoparticle size (Brand name-Panalytical,
Model-Empyrean Advance, made in the
Netherlands). It was then characterized by scanning
transmission electron microscopy (TESCAN, MAIA3
XMU) analysis, which is one of the most commonly
used methods to analyze the morphology and size
of the vacuum-dried sample.

RESULTS AND DISCUSSION

In this synthetic reaction, Ag* ions are reduced to
Ag® (AgNP formation) thanks to the phytochemicals
contained in the plant extract. Afterward, silver
oxide mixtures were obtained as a result of
exposure to microwaves of 90 °C and 450 W for 30
minutes.

Generally, it is very difficult to give a formation
mechanism for metal nanoparticles obtained by
green synthesis. While the reducing agent is clearly
known in the chemical synthesis method, it is not
known which phytochemicals in the plant have a
reducing effect in green synthesis. Scheme 1. will
be a reasonable representation for the AgNPs to be
obtained in this study.
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Table 1. Biosynthesis of Ag20 NPs using various plant extracts with size and

shape.

Plant’s name Morphology Size (nm) Characterization Techniques Refs.
Artocarpus hetrophyllus Spherical 14 XRD, UV-Vis, FTIR, DLS, TEM 12
Azadirechta indica Spherical and sheet 60-100 UV-Vis, FTIR, XRD, SEM, Zeta potential 13
Callistemon lanceolatus Spherical and hexagonal 3-30 UV-Vis, FTIR, XRD, SEM, HRTEM 14
Centella asiatica Spherical 11-12 XRD, UV-Vis, SEM, EDS, FTIR 15
Lippia citriodora Spherical 20 XRD, TEM, EDS, FTIR, TGA 16
Fenugreek Spherical 31.5 UV-Vis, FTIR, TEM, Zeta potential 17
Paeonia emodi Spherical 38.29 XRD, TEM, SEM, EDX, FTIR, UV-Vis 18
Pinus longifolia Spherical and sheet 1-100 UV-Vis, SEM 19
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o
Plant phytochemicals ————> Ag" ———> Ag (AgNPsand AgONPs)
Scheme 1. Mechanism of AgNPs and AgONPs synthesis.

Many attempts have been made in the microwave
synthesis system, especially for Ag203 synthesis. In
most of the trials, only Ag20 form nanoparticles
were synthesized at high temperatures. Ag>0-Ag>0s3
mixtures were obtained by subjecting only the plant
extract-AgNOs mixture solution to 450 W microwave
at 90 °C for 30 minutes. These optimized synthesis
conditions are of great importance for the
reproducibility of the experiment.

UV-Vis Absorption Analysis

UV-Vis analysis is the most widely used technique
for the determination of different materials such as
transition metal ions, organic compounds, and
biological molecules. The first evidence that the
synthesis reaction took place; it was understood
that the color of the colorless AgNO3 solution turned

brown by the addition of R. ponticum extract. After
this evidence, the primary characterization of silver
and silver oxide nanoparticles was done by UV-Vis
analysis. In the UV-visible spectrophotometric
observations of silver nanoparticles synthesized
using R. ponticum extract, a maximum absorbance
was observed at 432 nm (Figure 1). According to
previous papers, it can be said that the spectrum
values for Ag nanoparticles vary between 420-450
nm depending on the particle size, plant extraction
concentration, chemical environment, and dielectric
medium (20-23). For the nanoparticles that are
stable and monodisperse, the spectral peak is
narrower and sharp whereas for colloidal aggregates
(or agglomerates of AgNPs) a much broader peak,
usually the visible in the spectrum can be observed.

2.5

432 nm

Absorbance

Ag
Rhododendron ponticum e
NPs ( Agl+ Agz0 + AZ203 ) mm

T T
400 500

—

T ' T
600 700 800

Wavelength (nm)
Figure 1. UV-Vis absorption spectra.

XRD analysis

XRD analysis data of pure Ag® Ag.O, and Ag.0s3
nanoparticles in mixture form synthesized by
microwave synthesis method are shown in Figure 2.
As seen from the powder X-ray analysis data, six 26
values that were intensely seen from 20 to 80 were
seen. Evaluation of the powder X-ray analysis is
important to clearly learn the nature of the

nanoparticles formed. The standard 206 values for
silver nanoparticles given in the literature were
confirmed to be in the form of nanocrystals as a
result of overlapping with the 26 values (38.23°,
46.36°, 64.62° and 77.57°) we obtained as a result
of synthesis. It is also clearly seen that other peaks
other than 38.23° seen in the XRD spectrum are a
mixture of silver and silver oxides.

588



Korkmaz N, Karadag A. JOTCSA. 2021; 8(2): 585-592.

RESEARCH ARTICLE

16000 Ag
. glu% Agi0
14000 35.6% Agr0s
12000
= i
£ 10000 Ag,0,
c 7 Ag,0
L 8000 -
£ j
6000
Ag,O
4 9: Ag Ag
40004  Ag0, Ag ASO Ago,
_ g, N
| Ag
2000 Ag,0, ago| Ae:0  [lag o
i Ag,0, Ag,0
0 “I‘m‘I I ! T T I‘hI 1 I-LI 1 ! I-I 1 T 1
20 30 40 50 60 70 80 20 100 110
20 (degree)
Figure 2: XRD analysis of silver and silver oxide nanoparticles.
This study involving the synthesis of Ag D = (KA)/ (B cosb) (Eq. 1)

nanoparticles, Ag203 and Ag20 nanoparticles with
pure Ag nanoparticles were observed together.
Semaltianos et al. conducted a study involving silver
nanoparticle synthesis by laser ablation from the
material in pure water. As a result of the synthesis,
they observed Ag.03 nanoparticle mass in addition
to pure silver (29).

In another study, they suggested that the formation
of AgGONP was caused by the interaction of Ag atoms
with oxygen atoms or radicals during their
decomposition in water. They also stated that the
type of oxide formed depends on the partial
pressure of oxygen and temperature (30). Sajti et
al. stated that AgO formed at low partial oxygen
pressure, remained stable in the large temperature
range and Agsz04 and Ag203 formed at higher partial
pressures (31).

The Scherrer equation was used to calculate the
crystal size of nanoparticles composed of silver and
silver oxide mixtures.

In the equation, A is the X-ray wavelength, B is the
half-height width of the X-ray peak, the K shape
factor constant (0.9), and the angle 6 denotes the
reference peak width. As a result of this equation,
the crystal size of Ag-ONPs was calculated as 46
nm. It was noted that the result obtained was close
to the silver oxide values synthesized in the
literature as well as the results of the STEM analysis
(13,14,18,19,32).

STEM (SEM) study of the AgNPs and AgONPs
STEM images of the synthesized nanoparticles were
made to determine the particle size, shape, in short,
their morphology of the nanoparticles. Figure 3
shows that the synthesized particles are nano-
spheres and the particle size variation is widely
distributed. Also from the particle size distribution, it
indicates that the nanoparticle sizes generally vary
between 40 and 60 nm. As a result, it is possible to
say that the average of the particle size variation
coincides with the crystal size obtained as a result of
X-ray.

589



Korkmaz N, Karadag A. JOTCSA. 2021; 8(2): 585-592.

RESEARCH ARTICLE

SEM HV: 30.0 kV | SEM HV: 30.0 kV

SEM MAG: 200 kx 200 nm

Distribution (%)

i 3n an a0 [11)
Particle diameter (nm)

30

40

3n

n
10 I

o
Ll 10

SEM MAG: 500 kx

I [
B0 L)

T

Figure 3. STEM images of the nanoparticles synthesized by R. ponticum plant extracts.

CONCLUSION

Easy, fast, cheap, and non-toxic green synthesis
method was used in the synthesis of Ag.O and
Ag.0; nanoparticles. In this method, the synthetic
reaction was supported by the microwave method
using R. ponticum plant extract as a substrate. The
combination of two separate synthesis methods
allowed the rare synthesized Ag.Os; nanoparticles to
be obtained easily and safely. Silver oxide is a well-
known semiconductor metal oxide having vast
applications, in the field of electrochemical,
electronic, optical properties, oxidation catalysis,
sensors, fuel cells, photovoltaic cells, all-optical
switching devices, optical data storage systems, and
as a diagnostic biological probe, anticancer
chemotherapy, antibiotics, and cosmetics. In the
study the nanoparticles obtained were physically
(UV-Vis analysis, XRD analysis, and STEM analysis)
examined; the nanoparticles were found to exhibit a
homogeneity in shape and size, and the crystallite
size was 46 nm.

Microwave-assisted Ag,0-Ag.O; NPs are stable due
to the presence of vegetable capping agents such as
flavonoids, proteins, and phenols whose NPs are
resistant to agglomeration. Biomimetic synthesis of
Ag.0-Ag.0; NPs using plant extract and microwave
has many advantages such as non-harmfulness,
environmentally friendliness, sustainability,
biocompatibility, simplicity, and cost-effectiveness.
Because of these properties, it is concluded that

Ag.0 NPs will have an important and mandatory role
in most nanotechnology-based protocols.

In the future, if the biosynthetic experimental
conditions are optimized to control the size and
shape parameters of silver oxide NPs, photocatalytic
performance applications and growth towards more
biomedical fields are expected.
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Abstract: The oxovanadium(IV) template was formed with the reaction between vanadyl sulfate
pentahydrate, 2-hydroxybenzophenone-S-allylthiosemicarbazone, and 3-methoxysalicylaldehyde. The
synthesized template complex, along with the starting ligand, was subjected to UV-Vis, FTIR, ESI-mass,
and magnetic measurement. The square pyramidal structure was proven with the single-crystal X-ray
diffraction method. Stronger crystals were formed with - m interactions, which was also supported by
the corresponding peak in the mass spectrum. Electrochemical measurements was performed using a
conventional three-electrode cell with cyclic voltammetry (CV) method. CV results show that complex 2
gives one-electron reduction (VYO -V™O) couple and one-electron oxidation (VO -VYO) couple at the
vanadium center. The total antioxidant capacity of the template compound and the starting ligand was
performed by the CUPRAC method, yielding that the complex was more potent than the control
compound, ascorbic acid.

Keywords: Thiosemicarbazone, oxovanadium(IV), antioxidant capability, electrochemistry, X-ray
crystallography.
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INTRODUCTION
Complexes of vanadium have antimicrobial,
antibacterial, antitumoral, and catalytic activity

and insulin-enhancing effects. Vanadium has the
potential of displaying oxidation states of III, IV,
and V, and readily forming V-O bonds and binding
nitrogen and sulfur. Nitrogenase and
haloperoxidases are important vanadium-
containing enzymes (1-3).

Vanadium salts act as insulin-like behavior in the
cells and in diabetic animals, and this has been
known since the 80s. Frequently, diabetic patients

have abnormal levels of glucose and lipids in the
blood, and insulin treatment can normalize this
abnormality. It has been shown that, in animal
model systems and human beings, treatment with
vanadium complexes and vanadium salts could
alleviate the symptoms of diabetes (1, 4, 5). In
vivo insulin-like activity (6, 7) and in vitro insulin-
mimetic activities of oxovanadium(IV) complexes
with thiosemicarbazones are also reported (8, 9).

Thiosemicarbazones and related metal complexes
display important biological and therapeutic
properties, such as catalytic applications (10-12),
sensors (13), antioxidant (14, 15), cytotoxic (16,
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17), antidiabetic (18), antimalarial (19), antiviral
(20, 21), antimicrobial (17, 22), antifungal (23,
24), antibacterial (25, 26), anticancer (27), and
antitumoral (16, 28, 29) activities.

In this work, an oxovanadium(IV)
thiosemicarbazone (2) template structure was

prepared with 2-hydroxybenzophenone S-
allylthiosemicarbazone (1) and 3-
methoxysalicylaldehyde. The single crystals of
compound 2 were obtained, and cyclic

voltammetry (CV), thermogravimetric analysis
(TGA), and antioxidant efficiency (with the CUPRAC
method) were studied. It was found that
compound 2 was more active than compound 1.
Also, the crystalline structure revealed that there
were interactions of m- m and C- i nature in the X-
ray crystal determination.

EXPERIMENTAL

General Remarks

All chemicals were of reagent grade and they were
used as received. For elemental analyses, a
Thermo Finnigan Flash EA 1112 device and for
molar conductivity measurements, a Therma
conductivity meter was employed. Fourier
transform infrared spectral measurements were
performed with an Agilent Cary 630 FT-attenuated
total reflectance (ATR) spectrometer between 4000

and 600 cm. For antioxidant capacity
measurements, a Shimadzu brand UV-2600
spectrophotometer working in the ultraviolet-

visible range was used, and a matched pair of
quartz cuvettes with 10 mm path length were
equipped. All determinations were done at room
temperature.

For X-ray crystallography, data collection was
carried out with a Bruker brand, APEX2 CCD
diffractometer and data were reduced with Bruker
SAINT (30). Solving and refinement of the
structure were performed with SHELXT 2018/2 and
SHELXL-2018/3 (31, 32). Direct methods were
used for the solvation of the structure, which was
refined on F? using all the reflections.

Synthesis
2-hydroxybenzophenone-S-allylthiosemicarbazone
(1) was synthesized by applying slight
modifications to the literature procedure. Briefly,
the compound was stirred in ethanol to get rid of
sticky substances, and then 5% sodium hydrogen
carbonate solution was added and therefore the
synthetic yield was increased (14, 33).

Triethyl orthoformate (1.0 mL) and vanadyl sulfate
pentahydrate (1.0 mmol) in 5.0 mL of ethanol
were reacted overnight at room temperature. The
solution was treated with a mixture of compound 1
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(1.0 mmol) and 3-methoxysalicylaldehyde (1.0
mmol) in ethanol (5.0 mL). For a few days, the
mixture was kept at room temperature, and the
black-colored product obtained (2) was washed
with cold ethanol. The template complex yielded
the following experimental data which were
described below.

Oxovanadium(IV) complex (2): Black, m.p.
284.8-285.3 °C, yield 12%. Molar Conductivity
(DMSO, Q'cm?mol?t): 8.2. Anal. Calc. for

C25H23N30sSV (528.47 g/mol): C, 56.82; H, 4.39;
N, 7.95; S, 6.07. Found: C, 56.43; H, 4.55; N,
7.44; S, 5.79%. UV-Vis (CHCI3) [Amax (nm), log €
(dm3 cm ! mol-1)]: 239(5.03) 258(4.99) 333(4.83)
359(4.77) 434(4.52). IR (cm™): v(C=N!) 1608,
1601; v(C=N2?) 1574; v(N*=C) 1519; v(C,-0)
1149, 1104; v(N-N) 1025; v(V=0) 966, v(C-S)
746. MS m/z (%): [(M-H.0)+Na]* 533.1 (22.91),
[(2M+H20)+Na]* 1042.8 (100).

Cyclic Voltammetry

A conventional three-electrode cell system was
employed for the electrochemical measurements. A
glassy carbon electrode (GCE) having a diameter
of 3.0 mm was used as the working electrode. A
Ag/AgCl reference electrode and a platinum wire
counter electrode were also used to complete the
circuit. The working electrode, before each run,
was polished with an alumina slurry, obtained from
Buehler Micropolish, on a Buehler-102 mm
polishing pad and rinsed with distilled water.

The electrochemical measurements were
performed for compound (2) at 1.0 x 10° M
concentration in electrochemically pure dimethyl
sulfoxide, along with, as the supporting electrolyte,
0.1 M BusN*CIO4 (TBAP) under nitrogen
atmosphere.

CUPRAC study

To study the total antioxidant capacity of the
compounds, CUPRAC (CUPric Reducing Antioxidant
Capacity) was employed (34). Under identical
conditions, calculations of the molar absorption
coefficients were performed for every compound.
By taking the selected compound’s molar
absorptivity as a fraction of trolox, TEAC (trolox-
equivalent antioxidant capacity) values were
computed. Into a test tube were placed, in this
very order, copper(II) chloride dihydrate (1.0 mL,
10 mM), neocuproine (Nc; 1.0 mL, 7.5 mM), pH =
7 ammonium acetate buffer (1.0 mL, 1.0 M),
antioxidant sample solution (x mL), and distilled
water (1.1 - x mL). The total volume was 4.1 mL,
and after an incubation period of half an hour, the
absorbance at 450 nm was recorded against a
blank, which does not include the reagents. The
computation of TEAC coefficients was performed
with the following equation:

594



ilhan-Ceylan B. JOTCSA. 2021; 8(2): 593-608.

molar absor ptivity of the compound
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TEAC coefficient =

RESULT AND DISCUSSION

Synthesis

The yield of synthesis was poor; it was because
the complexation reaction was conducted at room
temperature, and suitable single crystals were
attempted to isolate, in a dark environment with
no stirring at all, for 3-4 days. Otherwise, X-ray-
suitable crystals could not be obtained. Template
condensations require the presence of a metal ion;
in our case, the oxovanadium(IV) ion was used to
conduct the complexation and provide the Schiff
base condensation of the N* thioamide moiety,
which is unable to react without a template
condensation. The template complexes, as well as
the reagents, are stable in the air, which increases
the application of them.

Molar Conductivity

Compound (2) had a molar conductivity of 8.2 Q!
cm? mol?® in a 103 M DMSO solution at room
temperature. This value is indicative of the non-
electrolytic nature of the complex; according to
references, this means the absence of anions (35-
37).

(Eq. 1)

molar absorptivity of trolox (1.67 x10* L mol 'em™")

Crystallographic Studies

The oxovanadium(IV) complex (2) crystallized in
the triclinic space group P-1 (2) with Zz = 2.
Compound 2's several properties are displayed in
Table 1 (bond lengths), Table 2 (bond angles) and
Table 3 (torsion angles) and Tables Sla (atomic
coordinates) and S2a (hydrogen bonds). Figures 1,
2, and 3 summarize structural refinement
parameters and principal crystalline data.

Figure 1: Perspective view of oxovanadium(IV)
complex (2) with atom numbering.

Figure 2: n- ©t stacking interactions for the oxovanadium(IV) complex (2).
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Table 1: Crystalline data and structure refinement for the oxovanadium(IV) complex (2).

Identification code Oxovanadium(IV) complex (2)
Empirical formula Cas Hxs N3 Os S V

Formula weight 530.45

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a = 9.5801(10) &, a= 100.737(10)°

b = 11.9561(14) A, p= 100.758(9)°
c=12.1053(14) &, y = 111.107(10)°
Volume 1221.2(3) A3
Z 2
Density (calculated) 1.443 mg/m?3
Absorption coefficient 0.536 mm-!
F(000) 546
Crystal size 0.16 x 0.11 x 0.08 mm?3
Theta range for data collection 3.339 to 27.779°.
Index ranges -8<=h<=11, -15<=k<=13, -13<=I<=15
Reflections collected 7210
Independent reflections 4774 [R(int) = 0.0344]
Completeness to theta = 25.242° 98.4 %
Max. and min. transmission 0.7457 and 0.5092
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 4774 /1 / 328
Goodness-of-fit on F2 1.024
Final R indices [I>2sigma(I)] R1 = 0.0785, wR2 = 0.1929
R indices (all data) R1 = 0.1335, wR2 = 0.2305
Extinction coefficient n/a
Largest diff. peak and hole 0.722 and -0.657 e.A-3

Table 2: Selected bond distances [A] and angles [°] for oxovanadium(IV) complex (2).

Atoms Distances [A] Atoms Angles [°]
V(1)-0(4) 1.603(4) 0(4)-V(1)-0(3) 111.6(2)
V(1)-0(3) 1.894(4) 0(4)-V(1)-0(2) 108.35(17)
V(1)-0(2) 1.947(3) 0(3)-V(1)-0(2) 87.82(15)
V(1)-N(3) 2.036(5) 0(4)-V(1)-N(3) 108.07(19)
V(1)-N(4) 2.043(4) 0(3)-V(1)-N(3) 139.47(17)
S(1)-C(9) 1.758(6) 0(2)-V(1)-N(3) 87.40(16)
S(1)-C(23) 1.787(7) 0(4)-V(1)-N(4) 103.90(18)
0(1)-C(2) 1.343(7) 0(3)-V(1)-N(4) 86.67(16)
0(1)-C(7) 1.423(6) 0(2)-V(1)-N(4) 147.02(18)
0(2)-C(1) 1.306(6) N(3)-V(1)-N(4) 76.12(17)
0(3)-C(16) 1.319(6) C(1)-0(2)-V(1) 128.9(3)
N(2)-C(9) 1.295(7) C(16)-0(3)-V(1) 127.1(3)
N(2)-N(4) 1.405(6) C(8)-N(3)-V(1) 126.1(4)
N(3)-C(8) 1.326(6) C(9)-N(3)-V(1) 112.9(4)
N(3)-C(9) 1.410(6) C(10)-N(4)-V(1) 128.0(4)
N(4)-C(10) 1.317(6) C(10)-N(4)-N(2) 114.5(4)

Symmetry transformations used to generate equivalent atoms.
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Table 3: Hydrogen bonds for oxovanadium(IV) complex (2) [& and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
C(4)-H(4)...0(4)#1 0.93 2.65 3.483(7)  149.3
C(8)-H(8)...0(4)#2 0.93 2.61 3.371(7)  139.4
C(18)-H(18)...0(3)#3 0.93 2.43 3.295(7)  153.8
0(5”a)-H(5A*a)...0(1) 0.85 2.41 2.988(14) 126.2
0(57a)-H(5A"a)...0(2) 0.85 2.58 3.354(13) 152.8
_O(5A”D)-H(5AAAD)...0(4) 0.85 2.39 2.991(13) 128.3

Symmetry transformations used to generate equivalent atoms:

#1x-1,y,z

Vanadium template complex forms two six- and
one five-membered rings. In the six-membered
rings, the bond angles are very close with O(3)-
V(1)—N£ ) being 86.67 A while 0(2)-V(1)-N(3) is
87.40 A. The five-membered ring has a N(3)-V(1)-
N(4) angle of 76.12°. When dealing with bond
distances, the shortest bond was 1.603 A for V(1)-
0O(4) while the longest bond was 2.043 A for V(1)-
N(4). Experimental results show that vanadium-
oxygen bonds are shorter than vanadium-nitrogen
bonds (38, 39). The previous publication could be
accessed for detailed crystalline data and related
comments about S-allyl thiosemicarbazone (1)
(14).

#2 -x+1,-y,-z+1

#3 -x+2,-y+1,-z+1

A disordered water molecule (O5 and O5A) is
present in the asymmetric unit and this was
computed over two positional site occupancies,
0.576 and 0.424, respectively. Moreover, the allyl
group C23-C24-C25 is quite a lot disordered and
the modeling of this disorder did not give better
refinement values; therefore it was left as it is.

The stacking-type m- m interactions forge a link for
compound 2. In these interactions, complexes’
aromatic rings are linked on adjacent parallel
planes containing the other complex’s ligand
portion. Figure 2 shows the m- m stacking for
compound 2. It is concluded that the m- m stacking
works in the stabilization of the structure (40).

Figure 3: The CH--:-O hydrogen bonds forming a 2D hydrogen bond network for (2).

Addison tau parameter (39) gives an indication of
the closeness of the structure, either to the ideal
square pyramidal or to the trigonal bipyramidal
geometry. Equation (1) was computed with O(2)-
V(1)-N(4) as B (147.02°) and O(3)-V(1)-N(3) as a
(139.47°) (Table 3) for compound (2) to find the
Addison tau parameter. Tau parameter being equal
to zero leads to the ideal square pyramidal

geometry, and the result is very close to zero (T
=0.13) (41).
(b= a)

60

(Eq. 2)

=

Electrochemistry

Cyclic voltammetry was performed, for getting
information about the electrochemical behavior of
the compound (2), within -1.4 to +1.4 V versus
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Ag/AgCl reference electrode in TBAP/DMSO
electrolyte system (Figure 4). In DMSO, complexes
containing different metal ions displayed excellent
behaviors of voltammetry, with redox processes of
the metal and ligand centers. To characterize all
the electrode processes, peak-to-peak separation
(Aep) and the ratio of anodic to cathodic peak
currents (Ipa / Ipc) were used. Table 4 lists the
electrochemical parameters from the CV at 0.1 V s~
! scan rate.

Cyclic voltammogram of the complex (2) in
electrochemically pure DMSO containing TBAP as
electrolyte demonstrated a wave at 0.56 V
(reversible) and another wave at -0.77 V
(irreversible) vs. Ag/AgCl reference electrode (43).

20 —

Current Density (1A/cm?)

vving

-10
\ \ \

-1 0 1
Potential (V vs. Ag/AgCl)

Current Density (uA/cm?)
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The cathodic redox couple is assignable to the VIVO
to VYO oxidation process at a scan rate of 100
mVs?t. AEp value of this redox couple was 80 mV
and the ipa/ipc value was almost unity, which is
indicative of the reversible character of this
process. An irreversible redox couple (AE,, 100 mV
and Ipa/Ipc, 0.20) was attributable to the reduction
of VIVO to VIO at -0.77 V. Although the AEp value
of the reduction couple seemed to be a quasi-
reversible redox process, the tiny Ipa/Ipc ratio (0.2)
explains the irreversibility (44). There is a shoulder
at -0.65 V and this value was mentioned of in a
previous report (38), which is possibly indicative of
an electrode/electrolyte interface adsorption
process (45, 46).

30 —

20 —

250 mVs-' i

-20 ‘ ‘

\ \
-1 0 1
Potential (V vs. Ag/AgCl)

Figure 4: CV of the oxovanadium(IV) complex (2) in 0.1 M TBAP/DMSO solution at 0.1 Vs scan rate
(left) and other different scan rates (right).

Table 4: Electrochemical parameters of 1.0 x 10-3M oxovanadium(IV) complex (2) in DMSO/TBAP at 0.1
Vs scan rate.

Peak Parameters

Complex Redox Process 2E1/2(V) bjpa/ ipc °AEp (mV)
2 VIVVO 0.56 1.1 80
VIV/IIIQ -0.77 0.2 100

@ E12 = (Epa + Epc)/2 Epa and Epc are the cathodic and anodic peak potentials, respectively.
bipa and ipc are the anodic and cathodic peak currents, respectively.

¢AE; is peak-to-peak separation (AE, = |Epa — Epc|).

Thermogravimetric data

Table 5, Figure 5, and Figure S1-S2 present the
TGA and DTG results for the starting compound (1)
and the vanadium complex (2) in detail. The
starting compound (1) underwent degradation in

two steps, and sulfur (S) remained intact. First,
allyl group (-CH2-CH=CH.) left, then 2-OH-(CeHs)2-
C=N-N=C-NH: degraded.
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The vanadium complex (2) underwent degradation
in two steps, and VO + S remained intact. First, -
CH>-CH=CH2 + O-CHs3 and coordinated water left
the compound, then 2-OH-(CsHs)2-C=N-N=C-N=C-
(CsHs) degraded. Both structures are stable at

80
= 604
S~
L
2 a0
20
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room temperature, and they degrade at high
temperatures (38, 47). Thermogravimetric analysis
shows that the oxovanadium(IV) complex (2) is
stable even in high temperatures.

——(1)Black
(2) Red

200

T T
400 600 800

Temperature (°C)

Figure 5: TGA-DTGA curves of S-allyl thiosemicarbazone (black, 1) and oxovanadium(IV) complex (red,

2).
Table 5: Thermogravimetric data for compound 1 and 2.
Compound | Step | Temperature DTG Weight loss Residue
Range (°C) (°C) (%)
Found
(Calcd.)
1 1st 153-223 171 13.07(13.18)
2nd 460-581 553 76.74(76.84) 10.19(10.27)
2 1st 240-321 279 17.13(17.05)
2nd 402-531 501 64.15(64.21) 18.79(18.72)

Electronic spectra

Ultraviolet-visible spectra were obtained between
200-900 nm in a chloroform solution. At 260 nm,
there was the starting material’'s (1) m-m*
transition. For the oxovanadium complex, this
transition was spotted at 266 nm. This is caused
by the presence of the benzophenone ring system.

The azomethine- and thioamide-originated n-m*
transitions were observed at 306 and 340 nm,
while in compound 2, these transitions were
observed at 338 and 361 nm. In addition, the
vanadium complex featured a ligand-to-metal
transition (LMCT) at 440 nm in the Figure 6. These
transitions support the square pyramidal structure
(42, 48).

(D

Absorbance

)

200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 70O

Wav elength (mm)
Figure 6: UV spectra of S-allyl-thiosemicarbazone (1), oxovanadium(IV) complex (2).
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Infrared spectra

The v(OH) stretching vibration for compound (1)
was observed at 3468 cml. Asymmetric NH:
vibration, symmetric NH: vibration, and NH:
deformation peaks were seen at 3329, 3284, and
1630 cm?, respectively. Azomethine (C=N!) and
(C=N?) vibrations were observed at 1600 and 1561
cm™, respectively. At the end of template reaction,
the OH, asymmetric NH>, and symmetric NH>
vibrations disappeared, as expected. In addition,
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v(N*=C) was observed at 1519 cm™ as a new
band, which confirmed the template synthesis.
v(V=0) band was seen at 966 cm. This could be
used as an indicator of template complexation.
Disappearance or appearance of the
aforementioned peaks serve as a confirming entity
of the template reaction and thus, the template
complex (2) in the Figure 7 (14, 38). The infrared
spectrum of compound (1) is available in the
supplementary material (Fig. S3).

T T
3000 2500

T T T
2000 1500 1000

Wavenumbers (cm'1)
Figure 7: FT-IR spectrum of the oxovanadium(IV) complex (2).

Mass Spectrometry

The electron spray ionization (ESI) mass spectrum
of compound 2 showed the molecular ion peak at
m/z 528.47, featuring a molecular formula of
C25H25N30sSV. In the spectrum, the molecular ion
peak relative ratio was 22.91 for 533.1 [(M-H20) +
Na]. The (M-H20) peak's ratio was 9.46 and the
position was at 511.1 [(2M-2H;0) + Na] peak
supported the m- m interaction in the molecule,
with a relative ratio of 100% and relative m/z of
1042.8. During the recording of the mass
spectrum, coordinated water molecule left the
complex (38). The detailed mass spectrum is
available in the supplementary material (Fig. S4).

Antioxidant efficiency

The antioxidant efficiency was referenced against
trolox, which is the water-soluble analog of Vitamin
E. CUPRAC method was applied in this

determination, and the results were reported as
pmol trolox equivalent per gram of sample. In the
determination, the redox chemistry of copper(Il)
to copper(I) in a neocuproine complex was
assayed and reported. The trolox-equivalent
antioxidant capacity (TEAC) value of the
oxovanadium(IV) complex (TEACcuprac = 3.10 %
0.01) was higher than the starting material, (1)
(TEACcurrac = 0.30 £ 0.01) and ascorbic acid
(TEACascorbic acia=1.00 * 0.01). Therefore, the
compound 2 could serve as a powerful antioxidant.

Benzophenone thiosemicarbazone-based
oxovanadium(1V) complexes have higher
antioxidant activities than those containing

naphthaldeyhde-based
complexes (14, 38, 49).

oxovanadium(IV)
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CONCLUSION

2-Hydroxybenzophenone S-allylthiosemicarbazone
(1) was reacted with vanadyl sulfate to obtain the

template complex (2), and UV-Vis, FTIR,
electrochemistry, and copper ion reducing
antioxidant capacity measurements were

conducted. The UV-Vis spectra showed n-n* and n-
* transitions for the ligand and LMCT peak for the
complex. FTIR was useful to point to the vibrations
present before complexation, and they disappeared
after the formation of the template structure.
Similarly, new bands were obtained after template
complex formation. Thermogravimetric analysis of
compounds 1 and 2 revealed that they were stable
at high temperatures. Mass spectra showed that
the - m and C- 1t interactions were present in the
complex.

Electrochemistry of the complex, supplied valuable
information for the redox chemistry of vanadium-
centered template; an oxidation couple from V'V to
VV were clearly identified. A further reduction from
VYV to VI was also recorded. Oxidation of the
ligand was not observed.

Copper ion reducing antioxidant capacity
experiment showed that the complex 2 is a potent
antioxidant and its trolox-equivalent antioxidant
capacity is at least three times more powerful than
ascorbic acid. A less positive oxidation potential is
a requirement for a powerful reducing agent, as
shown by electrochemical measurements.
Oxovanadium(IV) complex (2) has this
requirement and it is a better reducing agent.
CUPRAC results are confirmed by a high ligand-
based reduction potential and complex 2 s
suitable as an antioxidant agent (14).
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thiosemicarbazone: Synthesis, crystal structure, antioxidant activity
and electrochemistry
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Figure S1: TGA-DTGA curves of S-allyl-thiosemicarbazone (1).
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Figure S2: TGA-DTGA curves of oxovanadium(IV) complex (2).
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Table S1: Anisotropic displacement parameters (Azx 103) for the oxovanadium (IV) complex. The
anisotropic displacement factor exponent takes the form: -2n2[ h2 a*2Uull + ... + 2 h k a* b* U12]

it 22 33 23 u13 u12
V(1) 32(1) 51(1) 47(1) 18(1) 2(1) 13(1)
S(1) 56(1) 88(1) 53(1) 35(1) 10(1) 20(1)
o(1) 45(2) 94(3) 59(3) 35(2) 1(2) 21(2)
0(2) 36(2) 70(2) 50(2) 28(2) 7(2) 17(2)
0(3) 38(2) 61(2) 64(3) 32(2) 6(2) 15(2)
0(4) 45(2) 55(2) 60(2) 12(2) 6(2) 17(2)
N(2) 36(2) 54(3) 49(3) 18(2) 3(2) 11(2)
N(3) 39(2) 44(2) 46(3) 17(2) -2(2) 11(2)
N(4) 35(2) 48(3) 46(3) 16(2) 5(2) 9(2)
c(1) 34(3) 44(3) 54(3) 10(3) 3(2) 11(2)
c(2) 37(3) 53(3) 54(3) 18(3) 7(2) 17(2)
c(3) 36(3) 60(3) 66(4) 24(3) 0(3) 15(3)
c(4) 36(3) 60(4) 85(5) 30(3) 15(3) 18(3)
c(5) 45(3) 58(3) 66(4) 31(3) 17(3) 21(3)
c(6) 42(3) 48(3) 55(3) 17(3) 13(3) 19(2)
c(7) 59(4) 116(6) 68(4) 41(4) -10(3) 27(4)
c(8) 45(3) 48(3) 46(3) 21(2) 10(2) 15(2)
c(9) 44(3) 45(3) 48(3) 12(2) 3(2) 14(2)
c(10) 35(3) 40(3) 51(3) 12(2) 5(2) 10(2)
c(11) 35(3) 52(3) 47(3) 9(3) 0(2) 10(2)
c(12) 36(3) 98(5) 53(4) 24(3) 2(3) 18(3)
c(13) 38(3) 113(6) 62(4) 24(4) 12(3) 6(3)
c(14) 50(3) 74(4) 62(4) 26(3) 15(3) 11(3)
c(15) 45(3) 57(3) 55(4) 22(3) 6(3) 15(3)
C(16) 37(3) 38(3) 51(3) 9(2) 2(2) 12(2)
c(17) 38(3) 50(3) 45(3) 14(2) 3(2) 16(2)
c(18) 41(3) 54(3) 53(3) 17(3) 2(3) 8(3)
c(19) 51(3) 72(4) 53(4) 12(3) -2(3) 7(3)
c(20) 53(4) 101(5) 55(4) 29(4) -2(3) 34(4)
c(21) 67(4) 83(5) 69(4) 34(4) 10(3) 42(4)
c(22) 51(3) 56(3) 63(4) 22(3) 8(3) 19(3)
c(23) 81(5) 109(6) 58(4) 40(4) 8(4) 33(4)
C(24) 1900(80) 2030(80)  430(40) -400(70) -400(70) 1960(80)
c(25) 880(60) 360(20) 80(9) 79(13) -21(19) 410(30)
o(5) 163(12) 169(12) 124(10) 55(8) 55(9) 78(9)
0(5A) 111(11) 147(12) 83(9) 8(8) 33(8) 81(10)

Table S2: Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 10 3) for the
oxovanadium (IV) complex.

X y z U(eq) X y z U(eq)
H(3) 440 1192 1980 67 H(20) 15143 3873 9072 84
H(4) -141 464 3541 72 H(21) 13267 1921 8056 83
H(5) 1778 510 5002 65 H(22) 11175 1691 6579 70
H(7A) 2474 2435 94 129 H(23A) 8286 1110 8894 100
H(7B) 1418 2489 931 129 H(23B) 9212 2079 8319 100
H(7C) 1314 1198 250 129 H(24) 8786 2524 10334 1584
H(8) 4430 1220 5983 57 H(25A) 9519 3652 8618 626
H(12) 13339 4184 5204 79 H(25B) 10880 3869 9693 626
H(13) 14149 5014 3779 95 H(25C) 9621 4383 9869 626
H(14) 12397 5241 2341 78 H(5A) 5313 1723 1094 217
H(15) 9812 4453 2242 65 H(5B) 6371 1605 488 217
H(18) 12929 5400 7095 65 H(5AA) 6626 121 1356 162
H(19) 14924 5609 8654 81 H(5BB) 7215 1048 872 162
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Abstract: Due to its high visibility, high resistance, and toxic effects, colored substances in the textile and
other dyeing industries waste-water cause great damage to biological organisms and ecology. Therefore,
current research efforts to develop high selectivity, specificity, and efficient water treatment technologies
are very intense, and molecularly imprinting methods (MIM) constitute a category of functional materials
to meet these criteria. Polymethylmethacrylate-chitosan molecularly imprinted composite (PMMAC-MIC)
and non-imprinted composite (PMMAC-NIC) were successfully prepared by MIM. Dye adsorption
performance of MIC and NIC composites was investigated by comparison. The obtained adsorbents were
characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), field-emission
scanning electron microscopy (FE-SEM), differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and zeta potential techniques. The kinetics of adsorption followed a pseudo-first-order
model while the Langmuir adsorption isotherm provided the best fit. The maximum adsorption capacity of
dye was found as 93.78 mg/g for PMMAC-MIC and 17.70 mg/g for PMMAC-NIC at 298 K temperature, the
initial dye concentration was 100 mg/L. Thermodynamic parameters indicated that the removal of dye
from PMMAC-MIC was endothermic and spontaneous. Besides, the regeneration of composite was recycled
four times.
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INTRODUCTION cationic textile dye that is widely used because of its

antifungal,
However,

effect on antimicrobial,
and antibacterial effects.

strong

With the development of industrialization, the use of antiparasitic,

dyes, which endangers the living organisms, in  due to its acute and persistent toxicity, this dyestuff
textile and other dyeing sectors e.g. plastic, paper, exposes aquatic and territorial organisms to
foods, pulp, color photographs, cosmetics has been  mutagenic, teratogenic, and carcinogenic effects

(2). At this point, drinking water industries focus
their efforts on the development of new

increasing in recent years. As a result of textile
wastes being released, the waters are rapidly

exposed to pollution day by day (1). Also, dyes are

technologies to remove various persistent pollutants

the most dangerous pollutants in wastewater from  water sources. Many physical and
because of their permanence and high hazardous physicochemical methods such as
properties. Malachite green (MG) is an important coagulation/flocculation, chemical oxidation,
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ozonation, ultra-filtration, membrane, and photo-
separation processes have been developed for the
removal of dyes from aqueous solution (3).
However, adsorption is a highly effective and low-
cost preferred technique for removing dyestuff from
contaminated water. A recent study focuses on both
efficient composites and recognized methods (4).

The molecular imprinting method (MIM) for dyes is
mainly used as adsorbents for solid-phase
extraction due to their high selectivity in complex
samples. MIM ensures cost-effective and easy-
handling for the selective removal of certain water
pollutants. Owing to these pressure holes, the
target pollutant molecules are adsorbed very easily
since they are defined according to the structure of
the template molecule (5). Recently, the imprinting

method has been of great interest in the
development of chromatographic adsorbents,
sensors, membranes, enzymes, and receptor
mimetics.

Chitosan is one of the most abundant biological
substances (natural polysaccharides) in nature. It
has great biological and chemical properties as non-
toxicity, low-cost, intelligent, biocompatible,
biodegradable, and hydroxyl and amine functional
groups on its structure. All these important features
make chitosan a very interesting ingredient that can
be preferred in removing dyes from the aqueous
wastewater system (6,7). A lot of dye-imprinted
chitosan have shown great promise for preparing
materials and recognition of target dyes in the past
regarding the economic feasibility and
environmental importance of it. Because of the easy

dissolution in acidic media (pH<6.0), weak
mechanical strength, and low surface area of
chitosan, innovative physical and chemical
modifications like crosslinked or composite

formation can be developed to overcome these
limitations. Thus, higher adsorption capacity and
better mechanical properties can be achieved by
different composite material formations. The
preference of polymethylmethacrylate (PMMA) in
this study is that it can easily interact with chitosan
by forming hydrogen bonds, and it is a common
polymer that has high mechanical strength and
good acid fastness that will increase the strength
and stability of the composite.

There are many studies reported in the literature
about the MIM method for the adsorption of dyes
with composites based on chitosan. For example,
Deng et al.,, (8) prepared the Lewis acid-
functionalized-crosslinked chitosan as a sorbent for
active brilliant red (X-3B) dye. Crosslinked-chitosan
and B-cyclodextrin were used as an adsorbent for
Remazol Red (9). Epichlorohydrin and
glutaraldehyde magnetic chitosan were prepared for
the adsorption of chalcone dye (10). Chitosan-TiO:
nanocomposite was prepared for the selective and
quantitative removal of Rose Bengal dye (11). The

RESEARCH ARTICLE

adsorption performance of Acid Blue 113 was

investigated by cross-linked polyacrylamide
grafted /chitosan hydrogels (12). In another
previous study, zeolitic imidazolate framework

/chitosan/polyvinyl alcohol composite membrane
adsorbents were performed for the removal of
malachite green dye (13). Lulu et al. have prepared
a chitosan/magnetite and used alizarin red as
template dye (14).

The main purpose of this study is to synthesize the
polymethylmethacrylate-chitosan composite to join
the selectivity advantages of MIM and investigate
the removal of malachite green (MG) dye using the
molecular imprinting method with a comparison with
the non-imprinting method. In the adsorption
studies, kinetic studies were carried out by using
pseudo-first and pseudo-second kinetic models with
the effects of initial dye concentration, pH, and
temperature. Besides, thermodynamic parameters
were predicted by using Langmuir and Freundlich
isotherms. The regeneration feature was made to
provide an economic contribution to the study. Also,
the selectivity experiment for PMMAC-MIC-MG was
analyzed with methylene blue (MB) as a cationic dye
and reactive orange 25 (RO16), acid blue 25 (AB25)
as anionic dyes.

MATERIALS AND METHODS

Materials and Chemicals

The methylmethacrylate (MMA, Mw:100.12 g/mol),
ethylene glycol dimethacrylate (EGDMA, My: 198.22
g/mol), ammonium persulfate (APS, Mw: 228
g/mol), malachite green oxalate (MG, Cs2Hs4N4O12,
Mw: 927 g/mol) and chitosan (C, medium molecular
weight) were supplied by Sigma-Aldrich.

Synthesis of PMMAC-MIC and PMMAC-NIC
Composites

In the initial process of preparing the PMMAC-MIC,
briefly, 200 mg of chitosan was dissolved by 1%, 30
mL acetic acid in a flask for 2 hours. Then, 49.35
mg of MG, 0.42 mL of MMA was dissolved in 10 mL
of ethanol and 0.4 mL of EGDMA was added. After
the substances were dissolved in ethanol
completely, then it was poured into chitosan
solution. Later, 148 mg APS was transferred into the
mixture and then stirred for 4 h at 80 °C. The
obtained solution was added dropwise into 0.1 M
HCl and filtered to remove the MG ions. Finally, the
unreacted materials were removed by washing the
composite with distilled water and ethanol, and the
resulting composite particles were dried at about
90-100 °C. The nonimprinted composite (PMMAC-
NIC) was prepared in the same way, but without the
addition of MG during preparation.

Characterization of Composites

To examine the characterization of composite, FTIR
analysis of PMMAC-MIC and PMMAC-NIC, Perkin-
Elmer Spectrum 100 model ATR-FTIR apparatus
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(wavenumber range: 4000-400 cm) was used.
XRD patterns of the composites were examined by
Rigaku Ultima-IV model device. FE-SEM was used
for the investigation of the morphological structure
of composites with the model Quanta 400F
apparatus. Thermal behavior of composites was
employed by DSC measurements on a DSC250 TA
instrument with 10 °C min! heating rate under a
nitrogen atmosphere and TGA on SDT650 model
with the analyzes performing in the range from 25
to 950 °C, the heating rate of 10 °C 1/min, nitrogen
atmosphere with a flow rate of 100 mL/min. The
Zeta potential was analyzed by a Zetasizer (Malvern
Nano ZS90 Zetasizer).

Adsorption Experiments

The adsorption ability of PMMAC-MIC and PMMAC-
NIC was investigated by batch adsorption technique.
The contact time, effect of pH and temperature,
kinetics and isotherms of adsorption were studied.
For the preparation of the stock dye solution, 100
mg of MG dye was dissolved in 1 L of distilled water.
To make batch experiments, 10 mg of composites
were shaken with a 20 mL dye solution with a
shaking speed of 120 rpm (GFL 1083) and pH (5) at
298 K for 300 min. The concentration of dye
solution was examined by PG T80+ model UV-Vis
spectrophotometer at 617 nm. The adsorption
capacity and percent adsorption were calculated
with the below equations (Eq. 1,2), respectively
(15).

q:(co_ce>*z (Eq. 1)

m

% adsorptionzcoc;C

€ %100 (Ea.2)
(0]

Where g (mg/g) presents the adsorption capacity,
Co and Ce (mg/L) are the initial and equilibrium
concentrations of MG, V (L) refers to the volume of

(a) (b)
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the solution, and m (mg) is the amount of the
composites. Experimental studies were made in 2

repetitions and error bars were shown in the
figures.

Regeneration Studies

Some of the conditions for the composite

regeneration mentioned in the literature (16) were
carried out with a little modification as follows: 20
mL, 100 mg/L MG dye solution was contacted with
10 mg of PMMAC-MIC composite for 180 min at 298
K and pH 8. The composite particles were filtered
and the amount of adsorbed dye was analyzed by a
UV-spectrophotometer (617 nm). The charged
adsorbent was completely washed with distilled
water, filtered, and transferred to a flask involving
the 0.1 M HCI desorbing agent and shaken for 180
min at 298 K. This study was repeated four times.
The amount of desorbed MG dye was calculated by
the following equation (Eqg. 3):

amt. desorbed from ads
Dyeads. %= %100
e ads. 7o amt desorbed onto ads

(Eqg. 3)

Selectivity Experiments

To investigate the selectivity of the MG dye, a
cationic dye MB and two anionic dyes RO16, AB25
were used (structures are shown in Figure 1).
Besides, the percentages of binding of these dyes
were investigated by comparison with the MG dye
and plotted graphically. For the experimental
studies, 20 mL of the initial concentration of 50
mg/L of each dyestuff was prepared and poured into
a 100 mL flask, 10 mg of adsorbent was then added
to each flask and shaken at 120 rpm in the shaking
water bath for 180 minutes. The final supernatants
of MB, RO16, AB25 dyes were performed by a UV-
Vis spectrophotometer at the maximum absorption
wavelengths at 664 nm, 505 nm, 610 nm,
respectively.

OH OH OH
0 0 0
HO 0
Ho Ho %%@fo”
NH, NH; NH,
n

(©)

611



Yildirim A, Acay H, Baran A. JOTCSA. 2021; 8(2): 609-622. RESEARCH ARTICLE

(d) (e) (f)

0 Ak ve9e
o §—"0-5-01 N
I I g\
0 0 Na' O NH, ©
(9) (h)

Figure 1: Chemical structures of (a) ammonium persulfate (APS), (b) methyl methacrylate (MMA), (c)
chitosan, (d) ethylene glycol dimethacrylate (EGDMA), (e) malachite green (MG), (f) methylene blue (MB),
(g) reactive orange 25 (R0O16), (h) acid blue 25 (AB25).

RESULTS AND DISCUSSION

Characterization

FTIR analysis

FTIR spectra of PMMAC-MIC, PMMAC-NIC
composites are illustrated in Figure 2a. As can be
seen from Figure 2a, there are peaks at 2988, 2951,
2988, and 2952 cm~! in the PMMAC-NIC and
PMMAC-MIC spectrum corresponding to the
stretching vibration peak of the saturated C-H
stretching vibration, respectively (17-20). The peak
in the PMMAC-NIC spectrum at 1724 cm™ and in the
PMMAC-MIC spectrum at 1722 cm™ demonstrated
the carbonyl group of the ester group of PMMA.

It is probable that there is no peak related to the
characteristic bands of the MG dye (template) in the

PMMAC-MIC spectra as the peak belongs to the
aromatic ring at 1560-1580 cm™ which demonstrate
the purification of MIC composite from MG template
dye molucules (Figure 2a) (21). The peaks observed
at 1449, 1451, and 1387 cm~! are bending
vibrations of CH> and CHs also, the peak at 1144,
1142; 750, 752; 962, and 953 cm~! correspond to
the vibration of CO; CH2; CC stretching in the
spectra of PMMAC-NIC and PMMAC-MIC,
respectively (22). As a result, it can be
demonstrated that differences between peaks in the
PMMAC-NIC and PMMAC-MIC FTIR spectra may also
be based on the spaces between the functional
groups caused by the removal of MG dye molecules
from the structure by the imprinting method.
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Figure 2: FTIR spectra of PMMAC-MIC and PMMAC-NIC (a), XRD patterns of PMMAC-MIC (b) PMMAC-NIC
(c), SEM images of PMMAC-MIC (d), PMMAC-NIC (e).

XRD analysis

The XRD patterns that indicate the crystallinity of
composites of PMMAC-NIC and PMMAC-MIC were
depicted in Figure 2b and 2c (23). The characteristic
peaks of chitosan 2-theta degree were recorded at
21.10°, 20.9° for PMMAC-MIC and PMMAC-NIC,
respectively. The XRD patterns revealed the
successful differences between PMMAC-MIC and
PMMA-NIC which may be caused by the removal of
dye template molecules. The crystallite sizes of the
PMMAC-MIC and PMMA-NIC were found at 9.50 nm
and 11.0 nm, respectively as the results obtained
from XRD analysis.

SEM analysis of composites

The morphologies of PMMAC-NIC and PMMAC-MIC
were studied by scanning electron microscope. The
results of SEM images are depicted in Figure 2d and
2e. It can be observed in Figure 2d and 2e, the
surface morphology of the PMMA-MIC composite is
different from the PMMA-NIC composite. The SEM
image of the MIC composite is predicted to be more
rough, orderly, and stable than that of the NIC

composite, which may be caused by voids created
by removing imprinted MG dye molecules on its
surface (24,25). Besides, it is predicted that the
SEM image of the MIC composite was more porous
than that of the NIC composite and that this
porosity of the MIC composite may account for
better adsorption capacity for MG dye.

DSC analysis

DSC profiles of PMMAC-MIC and PMMA-NIC are
depicted in Figure 3a and 3b. DSC was used to
determine the phase behavior and thermal
transitions of PMMAC-MIC and PMMAC-NIC (Figure
3a and 3b). According to the results, the
endothermic peak of PMMAC-NIC was located at
87.95 °C (Figure 3a). PMMAC-MIC composite
indicated three endothermic peaks at 59.92 °C,
230.95 °C, and 293.68 °C, respectively which
suggests that the surface modification was formed
and the thermal stability was improved by
increasing the temperature (supporting the
increasing thermal resistance) after the imprinting
process (Figure 3b) (26).
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Figure 3: DSC thermogram of (a) PMMAC-NIC (b) PMMAC-MIC, TGA analysis of (¢) PMMAC-NIC (d)
PMMAC-MIC, size distribution of (e) PMMA-NIC, (f) PMMA-MIC.

TGA analysis of the composites

The thermal stability and degradation profile of the
composites were assessed by thermogravimetric
analysis (27). Figure 3c and 3d exhibited the TGA
curves of the PMMAC-NIC, PMMAC-MIC that
exhibited the amount of mass loss and its percent of
PMMAC-NIC, PMMAC-MIC were 3.704 mg, 3.987mg,
and 91.259%, 97.741%, respectively. Below 200 °C
the mass losses have pertained to the polar groups
or moisture in the composites (28). The mass losses
between 0-100 °C indicated the evaporation of
moisture in the samples (29). The results showed
that the thermal stability of the MIC composite was
better than NIC adsorbent slightly due to the
addition of dye adsorbed, which also confirmed the
successful imprinting of dye ions. A similar result
has been found by Lewandowska et al., (30) in
which the SBF-treated chitosan composite was
investigated (Sohni et al., 2019).

Zeta potential analysis

Zeta potential measurement is used to describe the
charge performance of the nanoparticle surface
(31). Figure 3e and 3f show the size distribution of
PMMA-NIC and PMMA-MIC, respectively. The particle
size obtained of the PMMA-NIC particles is about
860.3 nm while the PMMA-MIC particle 449.0 nm.
The positive Zeta potential value of both the MIC
(40.3 mV) and the NIC (30.2 mV) composite
indicates that the surface of both composites is
predominantly loaded with a positive charge. Also,
the fact that both PMMA-NIC (0.777) and PMMA-MIC
(0.473) composites have PDI values greater than
0.2, explains that the composite surfaces are
heterogeneous.

Effect of pH and Point of Zero Charge (Ppzc)

pH has an absolute impression on the adsorption
capacity as it changes the surface properties of the
composite due to the ionization of the degree of dye
molecules for the adsorption process. Figure 4a
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illustrates that the percent adsorption capacity of
MG dye on PMMAC-MIC adsorbent increased by
raise of pH in the range of 2-8. At low pH, since the
zero-point charge of the adsorbent was found to be
6.3 (pH < pHzpc, Figure 4b), the surface of the
adsorbent becomes positively charged and
protonation occurs on the surface of the adsorbent
with the functional groups. Nonetheless, the
electrostatic contradiction between cationic dye
molecules and positively charged adsorbent is
formed and so, the adsorption capacity of MG dye is
reduced. In contrast, at the higher pH, above zero-
point charge (pH > pHzpc), the adsorbent surface

becomes negatively chargeable leading to
electrostatic interaction between adsorbent and
cationic dye, resulting from an increase in

adsorption capacity.

Effect of Contact Time and Initial
Concentrations

The adsorption of MG dye by PMMAC-MIC and
PMMAC-NIC is shown in Figure 4c. In the beginning,
adsorption rapidly increases and reaches equilibrium
at 180 min for both NIC and MIC composites.
Initially, the adsorption was rapid due to the
availability of abundant vacant adsorption sites,
then the adsorption slowed down as they reached
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saturation. As seen in Figure 4c, the adsorption
capacity of PMMAC-MIC (93.78 mg/g) was much
higher than PMMAC-NIC (17.70 mg/g). This was
verifying the enhancement of suitable coordinations
between the MIC and MG dye.

To investigate the effect of the initial dye
concentration, three initial MG dye concentrations
(Co=50, 75, 100 mg/L) were used at pH 8.
Adsorption of both PMMAC-MIC and PMMAC-NIC
increased when initial MG dye concentration
increased. When initial dye concentration increased
from 50 mg/L to 100 mg/L, the adsorption capacity
was increased from 59.70 mg/g to 93.78 mg/g and
from 10.26 mg/g to 17.70 mg/g for MIC and NIC
composites, respectively. These results prove that
the adsorption mechanism depends on the initial
concentration of dyestuff and the formation of many
suitable centers on the surface of the templated
adsorbent (PMMAC-MIC). Thus, the molecular
imprinting adsorbent (PMMAC-MIC) could be an
excellent adsorbent for the removal of MG dye from
aqueous solutions comparing with the non-
imprinting adsorbent (PMMAC-NIC). Besides, as can
be seen in Table 1, it can be interpreted that the
synthesized composite is quite suitable for MG dye
removal compared to previous studies.

2,50

1,50

0,50

-0,50

pHf-pHi

1 2 3 4 5 6 7 8 9 10 11

98

92

86

q(mg/g)

80

74

1 2 3 4

number of cycles

(d)

616



Yildirim A, Acay H, Baran A. JOTCSA. 2021; 8(2): 609-622.

RESEARCH ARTICLE

100 — |
)
én 80
=
60
40
20
0
MG

MB RO17

(e)

AB26

Figure 4: Effect of (a) pH (b) point of zero charge (c) contact time (d) regeneration (e)
selectivity on MG dye adsorption.

Table 1: Adsorption capacities of various adsorbent in the literature about the MIM method for dye

adsorption.
Adsorbent Dye Co ge (Mmg/g) References
(mg/L)
Lewis acid-crosslinked chitosan Active brilliant 200 161.1 (8)
red
Crosslinked-chitosan Remazol red 70 14.3 (9)
Epichlorohydrin and glutaraldehyde- Chalcone dye 100 51.71 and (10)
magnetic chitosan 39.23
Chitosan-TiO2 nanocomposite Rose bengal 64 79.36 (11)
Cross-linked polyacrylamide Acid blue 113 300 286 (12)
grafted /chitosan hydrogels
Zeolitic imidazolate framework Malachite green 29.66 62.2 (13)
/chitosan/polyvinyl alcohol
composite
Chitosan-magnetite Alizarin red 100 40.12 (14)
Styrene-Methacrylate based Malachite green 500 200.00 (32)
polymethacrylic acid Malachite green 250 303.03 (33)
PMMAC-MIC Malachite green 100 93.78 This study
Adsorption Kinetics t 1 1
The kinetics of adsorption of dye onto adsorbents = 2+_t (Eg. 5)
can be represented by the pseudo-first-order 4 k,q, 9

(Figure 5a) and pseudo-second-order (Figure 5b)

kinetic models by the following equations,
respectively (Eq.4,5) (34).
logq,—k,
log(q,—q,)]=——>—txt (Ea-4)
8la.-a)=— 553

Where ge (mg/g), g (mg/g) are the amount of
adsorbed dye at equilibrium and time; k:; (1/min)
and k2 (g/mg min) represent the rate constants of
pseudo-first-order and pseudo-second-order,
respectively, while t is time.

While the pseudo-first-order kinetic model defines
the first stage in adsorption, the pseudo-second,
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order kinetic model which defines the rate control
mechanism is compatible with chemisorption. As is
seen from Table 2, correlation coefficients (R?) of
the pseudo-first-order model were higher than the
pseudo-second model (R?>0.980), so the best fit
model has been chosen based on the pseudo-first-
order kinetic model for adsorption of MG dye onto
PMMAC-MIC composite. Also, calculated ge values
obtained from the pseudo-first-order were closer to
the experimental ge (gexp) values, which supports
that the adsorption of the MG dye onto the PMMAC-

RESEARCH ARTICLE

MIC adsorbent is more compatible with the pseudo-
first-order model. The studies of noxious textile
dyes adsorption onto amorphous carbon nanotubes
(35) and malachite green on graphene oxide
adsorption (36) have indicated similar results.
According to Table 2, based on the initial
concentration, the rate constant (k:) increase can
be predicted generally by the physisorption system
in MG dye adsorption onto PMMAC-MIC and PMMAC-
NIC adsorbent surfaces.

Table 2: Kinetic data for the adsorption of MG dye onto PMMAC-MIC

Pseudo first order

Pseudo second order

Gexp de ki de k>
(mg/9) (ma/q) (1/min) R? (mg/qg) (g/mgmin) R?

59.70 65.9 0.014 0.9802 111.1 0.608 0.9381
78.84 89.8 0.017 0.9806 120.5 1.044 0.9383
93.78 97.3 0.019 0.9968 140.8 1.246 0.9693

Adsorption Isotherms and Thermodynamic
Parameters

The Langmuir and Freundlich isotherm models were
used to describe the distribution of adsorbed dye
molecules between the adsorbents and the liquid
solutions at equilibrium conditions (37). The
Langmuir isotherm model is the most widely used
isotherm  equation related to monolayered
adsorption of dye molecules on the surface of the
adsorbent. Langmuir isotherm model is expressed
by the following equation (Figure 5c) (Eq. 6):

c. 1 1

- + (Eq. 6)
qe Qmax X KL Qmax

xC,

Where ge is the amount of MG dye adsorbed at
equilibrium, Ce is the equilibrium concentration in
the aqueous solution of MG dye, K. is the Langmuir
constant (L/mg) and Qmax is the maximum
monolayer adsorption capacity.

The dimensionless separation factor, R. indicates
whether the adsorption process is favorable or not is
a significant parameter of the Langmuir isotherm
model. The R, can be represented by the following
equation (Eq 7).

1
= (Eq. 7)
R, (1+KL

XC,

The adsorption process is unfavorable while the
value of R.>1, favorable when 0<R;<1, irreversible
or linear when R.=0 or R, = 1, respectively (38).

Freundlich isotherm model assumes molecules form
multilayers on the adsorbent surface with adsorbed
dye molecules interaction and is identified by the
following equation (Figure 5d) (Eq 8) (39).

1
qe:KFX(& (Eq. 8)

n

Where Kr and 1/n are constants depicting the
adsorption capacity and adsorption intensity,
respectively.

Adsorption isotherm studies were carried out at
different temperatures T7: 298, 308, 318 K, six
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different initial dye concentrations C,: 25, 50, 75,
100, 125 mg/L, equilibrium time of 180 min, pH: 5
by PMMAC-MIC adsorbent for MG dye. According to
Table 3, the adsorption of MG dye by PMMAC-MIC is
better described by Langmuir isotherm as
correlation coefficients (R?>0.99) were higher
compared to Freundlich throughout the ranges of
initial dye concentration. The value of K, was
decreased with rising temperature which showed
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that the intensity of adsorption was improved at
lower temperatures. Besides, the maximum
Langmuir adsorption capacity that was decreased
with increasing temperature was 166.67 mg/g at
298 K (Table 3). Due to the R; values of PMMAC-
MIC adsorbent at different temperatures were
between 0 and 1, the adsorption of MG dye on the
PMMAC-MIC is favorable. The same result was
reported in a previously conducted study (40).
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Figure 5: (a) Pseudo-first-order, (b) pseudo-second-order kinetic studies; (c) Langmuir, (d) Freundlich
adsorption isotherms of MG dye on PMMAC-MIC.

Table 3: Isotherm data for the adsorption of MG dye onto PMMAC-MIC.

Langmuir isotherm

Freundlich isotherm

T (K) Qmax KL R 1//7 Kr
(mg/9) (L/mQg) ‘ R? (ma/qg) (mg/g) (L/mg)»  R?
298 166.67 0.027 0.121 0.9969 0.57 9.87 0.9832
308 156.85 0.023 0.122 0.9951 0.60 7.64 0.9880
318 155.25 0.016 0.123 0.9963 0.67 5.09 0.9875
Free energy (AG°), enthalpy (AH°), and entropy
(AS°) of adsorption which are known as T(K) AG (kJ/mol) AH (kJ/mol) AS (kJ/molK)
thermodynamic parameters were calculated to 298 -8.02
investigate the temperature effect on the adsorption 308 7.81
of MG dye by the PMMAC-MIC composite. The : 22.36 93.94
following equation is used for the calculation of 318 -7.21
thermodynamic parameters (Eq. 9,10).
0 0 Due to the values of AG are between 20 and O
logK,=—AH (2.303><R)><T+AS (2.303><R) (Eq. 9) kJ/mol, the adsorption mechanism is called
0 physisorption (while 80-400 kJ/mol is
AG =RXTXInK, (Eqa. 10) chemisorption) (41).
Where K is the equilibrium constant ratio of Regeneration of the Composite
adsorbate on the adsorbent, R (8.314 J/mol K) is In the case of the regeneration experiments, HCI
the molar gas constant and T (K) is the eluent was used for desorption and reused to adsorb
temperature. the MG dye with four adsorption cycles. Figure 4d

The adsorption experiments were conducted at
three temperatures (298, 308, 318 K) and the plot
of InK. vs. 1/T using the first above equation was
drawn (not shown). Also, slope and intercept of the
linear plot give values of AH°/R and AS°/R,
respectively. Table 4 represented the calculated
results of the thermodynamic parameters. According
to Table 4, negative values of AG°, the positive
value of AH°, and the positive value of AS°
demonstrate the spontaneous, endothermic, and
favorable adsorption reaction of MG dye on the
surface of the PMMAC-MIC adsorbent, respectively.
Table 4: Thermodynamic parameters of MG dye
adsorption onto PMMAC-MIC._

shows that the adsorption capacity of MG was 93.80
mg/g in the first cycle and was 82.20 mg/g after
four cycles on PMMAC-MIC adsorbent. This slight
reduction indicates that the PMMAC-MIC composite
is stable and can be reutilized several times with
good productivity in adsorption capacity for MG dye.

Selectivity Analysis

PMMAC-MIC composite was researched for the
selective binding with MG dye. Hence, the
adsorption performance of MB, RO16, and AB25
dyes was performed for reusability of PMMAC-MIC
adsorbent towards MG dye as utilized in Figure 4e.
It was seen that MG dye showed the best binding
performance and adsorption capacity, 93.78 mg/g
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while the adsorption capacity was 36.11 mg/g,
15.20 mg/g, and 12.55 mg/g for RO16, MB, and
AB25, respectively. As a result, the imprinting
method selectively detects the MG dye, thereby
effectively improving its adsorption performance
through selective bonding points.

CONCLUSION

It was found that PMMAC-MIC composite obtained
by the imprinting method increased MG adsorption
capacity. The average particle size of PMMAC-MIC
and PMMAC-NIC was obtained by Zeta potential as
449.0 nm and 860.3 nm, respectively. Also, the
results from the XRD analysis revealed that the
crystalline size of PMMAC-MIC and PMMA-NIC was
9.50 nm and 11.0 nm, respectively. According to
the adsorption performance, reusability has been
determined four times. DSC and TGA analyses
showed that the thermal stability of MIC was better
than NIC confirming the successful imprinting dye
ions. The adsorption of MG dye was described well
with pseudo-first-order kinetic model, suggesting
that physical adsorption processes by quite a low
surface coverage. According to calculations of
thermodynamic parameters, the adsorption
mechanism can be called a spontaneous reaction
resulting from negative AG° values. Due to the
small value of AG® (7.2-8.1 kJ/mol< 80 kJ/mol), the
adsorption reaction can be described as
physisorption. The positive value of AH®° indicated
endothermic adsorption; therefore, higher
temperatures will facilitate the adsorption of MG dye
by PMMAC-MIC adsorbent interface while the
positive value of AS® verified the favorability. The
results represented the monolayer adsorption
process and the maximum monolayer adsorption
capacity was found as 93.78 mg/g. Indeed,
regeneration experiments indicated that the
molecular imprinting method for MG adsorption is
very suitable for adsorption and PMMAC-MIC can be
used as an efficient and selective adsorbent for the
treatment of dyes from aqueous solutions when
compared to the previous studies. Due to this
favorable performance for MG, it is promising that
this imprinting composite may be applied to remove
other dyes. Also, this study is expected to improve
chromatographic adsorbents, sensors, membranes,
enzyme, and receptor mimetic areas by molecular
imprinting method, with the development of higher
capacity adsorbents.
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Abstract: A novel unsymmetrically substituted zinc phthalocyanine (ZnPc) containing six hexylthio units
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purified using chromatographic methods with the help of high solubility differences of phthalonitrile
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INTRODUCTION

Phthalocyanines (Pcs) can be functionalized for a
variety of applications, from medicine to technology
(1-5). They are also used as second-generation
photosensitizers for the photodynamic therapy
(PDT) of cancers and for inactivation of bacteria and
viruses due to strong absorption in the red-visible
region and high efficiency in producing reactive
oxygen species (6, 7). The photochemical and
physicochemical properties of Pcs can be altered by
changing the substituents in the peripheral and non-
peripheral positions or by inserting different metal
ions in the central cavity (8, 9). Both peripherally
and non-peripherally substituted Pcs have already
been investigated as photosensitizers for PDT
applications because the substituents affect the
physicochemical properties of Pcs and the possibility
of using them in vivo and in vitro studies (10, 11).

Due to their unique photophysical and
photochemical properties, Pc compounds can be
applied in medical and industrial product

development. For suitable applications, the design

of phthalocyanines with desired properties can be
accomplished by varying the central metal atoms
and the substituents of Pc molecules. The most
important problem encountered in the application of
unsubstituted Pc is its low solubility in common
organic solvents and in water. To improve the
solubility of the Pc compound, long alkyne chains or
bulky groups can be attached at the peripheral or
non-peripheral positions of the macrocycle (8, 9, 12,
13).

Synthesis of Pcs for medical purposes is an
important subject of research because it is preferred
that the designed molecules do not show
aggregation and have a lipophilic-hydrophilic
balance. Aggregation of Pcs can be also prevented
by peripheral, non-peripheral, or axial substitution
of different groups (12, 13). One of these groups is
morpholine  (1,4-tetrahydro-oxazine), of great
industrial importance and a wide range of
applications. Morpholine and its derivatives are used
as solvents, corrosion inhibitors, rubber additives,
antioxidants, as well as in the production of drugs
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and herbicides. Morpholine derivatives are also of
interest as they show biological activities such as
anti-inflammatory, analgesic, antidepressant, and
antitumor (14-17).

It has been found that the substitution of
morpholine groups into the Pc structure modulates
the physicochemical properties and amphiphilic
nature of Pcs, thereby facilitating their potential
applications in biology and medicine (18). Recently,
zinc phthalocyanines conjugated with biotinylated

graphene quantum dots (GQDs) have been
synthesized by Nyokong et al.,, and their
photophysicochemical properties, and in Vvitro

photodynamic activities have been studied. It was
reported that cationic ZnPc conjugated with the
biotin functionalized GQDs exhibited a relatively
better performance (19). In another study published
in 2019, tetra-substituted Pcs and their cationic
derivatives with morpholine groups at the peripheral
and non-peripheral positions were synthesized, and
their photodynamic antimicrobial chemotherapy
activities were examined, and it was determined
that cationic Pcs showed better photodynamic
antimicrobial activity (20). In 2017, nonperipherally
octasubstituted magnesium Pc (MgPc), and its
cationic derivative carrying N-methyl
morpholiniumethoxy groups were synthesized, and
their photocytotoxicity against bacteria, fungi, and
cancer cells were investigated. This work showed
that quarternized MgPc has excellent photodynamic
activity against planktonic cells of both Gram-
negative and Gram-positive bacteria (21). These
studies show that morpholine groups positively
change the biological activity of Pcs (22). In
addition, axially morpholine-disubstituted silicon
phthalocyanines exhibited better antifungal
photodynamic activity and DNA/BSA binding (23-
25).

Symmetrical and  unsymmetrical morpholine
substituted Pcs, synthesis, and investigation of their
electrochemical and physicochemical properties
were carried out by our group in previous years (26,
27). In addition, the symmetric octasubstituted Pcs
derivative containing hexylthio groups was
synthesized beforehand in the literature, and its
photophysical and thermal properties were
investigated (12). Here, we studied the synthesis
and characterization of a novel unsymmetrically
substituted zinc phthalocyanine (ZnPc) containing
six hexylthio units and a morpholinoethoxy group at
peripheral positions. The photophysical properties of
this new compound were investigated by
fluorescence measurements and compared with its
octakis hexylthio substituted derivative in the
literature (12). Hexylthio group was chosen for the
electron donor property of the sulfur atom and its
effect on the electronic properties of Pcs was
investigated. In addition, morpholine groups also
improve the biological properties of Pcs (18-22).
Therefore, in the study the effect of the combination
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of morpholine group with hexylthio groups, which
shifts the Q band absorption to the red, on the
photophysical properties of phthalocyanine was also
investigated.

EXPERIMENTAL SECTION

Materials and apparatus

An Agilent VNMRS 500 MHz spectrometer was used
to determine the 'H-NMR spectrum of the
synthesized complex. The FT-IR spectrum of the
complex was recorded by using a Perkin-Elmer
Spectrum One FT-IR UATR spectrometer. The UV-
Vis spectrum of the compound was obtained using a

Scinco  LabProPlus UV/Vis spectrophotometer.
Fluorescence spectra were obtained on Perkin-Elmer
LS55 fluorescence spectrophotometer. Bruker

Microflex LT MALDI-TOF MS spectrometer was used
to record the mass spectrum.

4,5-bis(hexylthio)phthalonitrile (1) (28) and 4-(2-
morpholinoethoxy)phthalonitrile  (2) (29) were
synthesized as given in the literature. The chemicals
and solvents used for the synthesis and purification
of compounds 1 and 2 were also obtained from
Sigma-Aldrich, Germany.

Preparation

Synthesis of 2,3,9,10,16,17-Hexakis(hexylthio)-23-
(2-morpholinoethoxy)) phthalocyaninatozinc(II) (3):
100 mg (0.28 mmol) of compound 1, 23.8 mg (0.09

mmol) compound 2, 17.0 mg (0.09 mmol)
Zn(CH3COO)2 and a catalytic amount of 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) were

refluxed in dry n-hexanol under nitrogen (N2)
atmosphere for 24 hours. The mixture of reaction
first cooled down to room temperature then
precipitated by pouring it into ice-water, and the
solid product was washed with methanol (MeOH).
Purification of the green compound was carried out
by column chromatography on silica gel with
dichloromethane (DCM): MeOH (25:1) and then
with THF:n-hexane (1:1) as eluent. The compound
was finally purified by thin layer chromatography
using 25: 1 DCM: n-hexane mixture. Solubility:
Soluble in dimethylformamide (DMF), DCM,
dimethylsulfoxide (DMSO) and THF. C74HooN9O2SeZn
(1404.41g/mol) Yield: 21 mg, (16 %). FT-IR
(Umax/cm™): 3071 (Ar-C-H), 2953 (Aliph. -C-H),
1240 (C-N), 1100 (C-O-C). UV-Vis Amax (nm) THF:
363, 699. 'H-NMR (500 MHz, CDCl3): &, ppm 7.63-
7.52 (6H, m, Ar-H), 6.97 (2H, s, Ar-H), 6.61 (1H, s,
Ar-H), 4.74-4.69 (2H, brs, OCHz), 3.88-3.87 (4H, t,
OCH2, morpholine), 3.19 (2H, brs, NCHz), 2.83 (4H,
t, NCH2, morpholine), 2.05-2.02 (12H, t, SCH)),
1.73-1.69 (12H, m, S-C-CHy), 1.50-1.42 (36H, m,
C-C-CHy), 1.01-0.92 (18H, t, CHz). 3C-NMR (500
MHz, CDCl3): &, ppm 186.30, 151.51, 149.33,
149.11, 148.89, 144.63, 144.35, 135.88, 135.63,
135.43, 135.24, 130.84, 129.45, 128.76, 128.22,
125.47, 123.31, 123.11, 122.91, 119.53, 68.12,
67.09, 58.12, 54.37, 34.22, 31.65, 30.30, 29.39,
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22.66, 14.14. Anal. Calc. for C74H99N9O2S6Zn
(1404.41 g/mol) %: C, 63.29; H, 7.11; N, 8.98
Found: C, 63.65; H, 7.34: N, 8.61. MS (MALDI-
TOF): m/z 1404.5 [M]*.

Photophysical parameters

Fluorescence quantum yield and fluorescence
lifetime:

The fluorescence quantum vyield (®f) was
determined by using a comparative method. The
equation used in the comparative method is as
follows, and ZnPc in DMF solution was used as
standard. (®r = 0.17) (30, 31):

FAgyn’
R — L (Eq. 1)
Fsq ANy
In Eq. 1, F and Fs«a denote areas under the

fluorescent emission curves of compound 3 and its
standard, respectively. The absorbances of standard
solution and compound 3 are expressed as Astwd and
A, respectively. nswa and n indicate the refractive
indices of solvents (nomr = 1.496, ntvr =1.4072).

Fluorescence lifetime (7¢) indicates the meantime of
the substance in the excited state prior to
fluorescence and is calculated by the
PhotochemCAD program using the Strickler-Berg
equation. As an expected result of Eq. 2, the
fluorescence quantum vyield (®f) and the
fluorescence lifetime (T¢) are directly proportional.
In addition, the natural radiative lifetime (1.) was
calculated using Eq. 2. (30, 31):

Tp

b=t (Ea. 2)

Fluorescent quenching by 1,4-benzoquinone
Fluorescent quenching experiments were done by
adding the different concentrations of BQ solutions
up to 0.040 M to the fixed concentration solution of
compound 3. As a result of fluorescent quenching
experiments, an energy transfer took place between
compound 3 and BQ. Fluorescence spectra of
compound 3 were recorded after each BQ addition.
The change in the fluorescence spectra of compound
3 was evaluated to be consistent with the kinetic
mechanism of the Stern-Volmer (SV) equation (Eq
3) (32):

I

-0 (Eqg. 3)
I

=1+K, [BQ]

Io is the fluorescence intensity of the fluorophore
before the quencher is added, while I is the
fluorescence intensity in the presence of the
quencher. The concentration of the quencher is
represented by [BQ] and the Stern-Volmer constant
by Ksy found in the graph from [BQ] to Io/I. The
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bimolecular quenching constant (kg) is calculated
from Eq. (4) (33):

Kg =k, X7 (Eq. 4)

RESULT AND DISCUSSION

Synthesis and spectroscopic characterization

Basically, three different methods are used for the
synthesis of unsymmetrical Pcs. These are
polymeric support method (34, 35), ring-expansion
of sub-phthalocyanine (SubPc) (36, 37) and
statistical condensation of phthalonitriles (two
different phthalonitrile derivative, A and B) (38-40),
respectively. In order to use the polymeric support
method, the Pc must have a group that can be
attached to the polymer. In the ring-expansion
method, the SubPc is first synthesized in the Az
structure, and then the ring expansion is made.
Here, the statistical condensation method was used
to prepare the AsB type unsymmetrical Pc. Pc
derivatives containing mostly As and As:B were
synthesized as a result of cyclotetramerization of
two different phthalonitrile compounds whose
reactivities were close to each other. While the
solubility of the phthalonitrile derivative (1)
containing the hexylthio group is too high, the low
solubility of compound 2 facilitated the isolation of
the unsymmetric Pc. Targeted AsB Pc was isolated
by sequential chromatographic purification methods.

Compound 1 and compound 2 were used as starting
materials to obtain compound 3. Compound 1 was
synthesized as a result of the base-catalyzed
aromatic displacement reaction of hexanethiol with
4,5-dichlorophthalonitrile. The reaction was
accomplished in dry DMF, with the addition of K>COs
at 60 °C for 8 h, and the product was purified by
crystallization in MeOH. Compound 2 was obtained,

under conditions similar to the synthesis of
compound 1, by the reaction of 4-nitro
phthalonitrile  with  2-morpholinoethanol.  The

reaction was completed at 50 °C for 72 hours using
dry DMF and K;COs under nitrogen atmosphere.
Column chromatography was wused for the
purification of the white product (silica gel, 1:1
chloroform (CHCI3):acetone). Cyclotetramerization
of the phthalonitrile derivatives 1 and 2 with
anhydrous Zn(CH3COO). and DBU in n-hexanol at
160 °C over a 24-hour period at an appropriate
ratio led to the formation of the desired compound 3
(Scheme 1). A number of chromatographic methods
were used to purify the raw product. 25: 1 DCM:
MeOH followed by 1: 1 THF: hexane solution
mixtures were used as the mobile phase in column
chromatography. Finally, pure compound (3) was
obtained by thin-layer chromatography using a 25:
1 DCM: hexane mixture as eluent. Compound 3
dissolves in THF, DCM, DMSO, and DMF with a
reaction yield of 16%.
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Scheme 1: Synthetic route to unsymmetric ZnPc (3): ZnClz, DBU, n-hexanol, 24 h, reflux.

The novel unsymmetric Pc compound (3) was
characterized by using NMR, FT-IR, UV-Vis and
mass spectroscopic methods. In the FT-IR
spectrum, aromatic and aliphatic C-H vibrations
were observed at 3071 cm™ and 2953 cm, C-N
and C-O-C vibrations were observed at 1240 and
1100 cm?, respectively. The 'H NMR spectrum of 3
in CDCl3 indicated the Pc protons between 7.63-6.61
ppm, the aliphatic protons of morpholine group at
4.74 (O-CHz), 3. 88 (O-CH2), 3.19 (N-CH2), and
2.83 ppm (N-CH>), respectively. The SCH2, SCCHa,
and CHs protons were observed at 2.05, 1.73-1.42,
and 1.02 ppm, respectively. The 3C NMR spectrum
of 3 is compatible with the structure. While the
carbons of the phthalocyanine ring were observed
between 186-119 ppm, aliphatic carbons were
detected between 68-14 ppm. The molecular ion
peak observed at m/z = 1404.5 [M]* for compound
3 confirms the proposed structure.

The simplest Pc unit is the 18-m electron system
giving electronic spectra with two absorption
regions. These are the B band in the UV region at
about 300-400 nm and the Q band in the visible
region ranging between 600-700 nm, both

correlating to m-m* transitions. UV-Vis spectrum of 3
recorded in THF exhibits an intense single Q band
absorption at 699 nm and B band at 363 nm. The
spectrum shows the typical pattern of metallo-
phthalocyanine complexes (29, 30). When the
electronic absorption spectrum of 3 is compared
with its derivatives in the literature, the Q band of 3
was shifted to 5 nm blue according to
octakis(hexylthio)-substituted ZnPc and 22 nm red
according to tetrakis(morpholinoetoxy)-substituted
ZnPc.

Upon excitation at 615 nm, fluorescence
measurements and fluorescent quenching tests of
compound 3 were carried out in THF. The
fluorescent emission, excitation, and absorption
spectra of compound 3 are as in Figure 1. The
fluorescence emission of 3 was found to be at 719
nm. The Stokes shift value calculated as 20 nm for
compound 3 is consistent with the Stokes shift of
Pcs calculated as 20-30 nm (41). The absorption
and excitation spectra of 3 were similar and also
observed as a mirror image of the fluorescent
spectrum (30, 31).
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Figure 1: Absorption (red), excitation (blue) and emission (green) spectra of 3 in THF (4 x 10 M).

The  fluorescence quantum vyield (®f) of
unsubstituted ZnPc is 0.17 in DMF and was used as
a reference in calculating the ®f value of compound
3. The ®f value of 3 in the THF has been
determined as 0.21, and this value is greater than
the ®fF value of the reference ZnPc (30, 31, 42).
According to the literature, Dinger and coworkers
synthesized symmetric and unsymmetric Pcs
bearing dipentoxymalonyl, chloro, and hexylthio
units. They studied their photophysical properties
and reported that the unsymmetric Pc (®r = 0.13)
exhibited a greater fluorescence quantum yield in

CHClIs than the symmetric analog (®r = 0.072) (12).
In this study, the fluorescence quantum vyield of
morpholine substituted unsymmetric Pc (3) was
found to be greater than the value of the symmetric
and unsymmetric derivatives in the literature (12).

The natural radiation life (7o) and fluorescence life
(Te) of compound 3 were determined as 6.34 ns and
1.33 ns, respectively. When the calculated values
were compared with the values of the unsubstituted
ZnPc (To = 6.05, kr = 1.03 ns), it was found that
compound 3 have higher T, and kr values (30, 31).
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Figure 2: Fluorescent emission spectral changes of 3 (4 x 10°® M) in THF in which different concentrations
of hydroquinone in THF was added as quencher. [BQ] = 0.000, 0.008, 0.016, 0.024, 0.032, 0.040 M.
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Figure 3: Stern-Volmer plot of 3 for BQ ([BQ] = 0.000, 0.008, 0.016, 0.024, 0.032, 0.040 M).

Fluorescent quenching studies of compound 3 were
done by adding benzoquinone at different
concentrations in THF, and it was observed that it
complied with Stren-Volmer kinetics. The emission
plots recorded after adding different concentrations
of BQ to compound 3 are given in Figure 2. As the
concentration of the BQ increases, the intensity of
the emission peak appears to decrease. In addition,
as seen in Figure 3, as a result of the diffusion-
controlled quenching mechanism, the slope is linear,
and the Ksv value was calculated as 47.89 M (32,
33). kq (bimolecular quenching constant) value of
compound 3 was calculated as 3.60x101° s't, The
Ksv and kq values of compound 3 are smaller than
the reference unsubstituted ZnPc (Ksy = 57.60 M1,
kg = 5.59x1010 s°'1),

CONCLUSION

It is reported from studies in the literature that
morpholine groups positively change the biological
activity of phthalocyanines. In addition, due to the
electron donor feature of the sulfur atom, the
hexylthio groups shift the Q band of
phthalocyanines to the near IR region. Therefore,
the synthesis of zinc phthalocyanine carrying
hexylthio and morpholinoethoxy groups was thought
to be a suitable candidate for biological applications.
In this study, a novel peripherally substituted
unsymmetric ZnPc (3) containing six hexylthio
units, and a morpholine group was synthesized. The
compound's characterization was  successfully
performed using various spectroscopic methods and
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supported the accuracy of the proposed structure.
Photophysical measurements of 3 were examined in
THF. The fluorescence quantum vyield and
fluorescence lifetime for 3 were calculated and
compared with the unsubstituted reference ZnPc,
and octakis hexylthio substituted ZnPc and found to
be greater than both unsubstituted and octa-
substituted ZnPcs. Fluorescence quenching studies
for compound 3 were performed in THF and with the
addition of various concentrations of BQ. Ksy and kq
values were calculated as a result of the
fluorescence quenching studies. In comparison with
unsubstituted zinc phthalocyanine, compound 3
showed lower Ksv and kq values. Compound 3 is a
good candidate for biological applications due to its
absorption in the near IR region and its higher
fluorescence quantum vyield than its derivatives in
the literature.
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Abstract: Pathogenic microorganisms develop incessant resistance toward antibiotics through various
cellular defense mechanisms, thereby creating a search for chemotherapeutic alternatives, the potentials
of which metal complexes of small-molecule drugs offer. In this study, Cu(II) and Co(II) complexes of
mixed piperaquine and diclofenac were synthesized and characterized via magnetic moment determination,
elemental analysis, FTIR, UV-Visible, 1D 'H NMR, 13C NMR spectroscopy and powder XRD, then evaluated
for biological activities in silico and in vitro. The results provide evidence of coordination of the metal ions
to ligands through N, COO and Cl groups with proposed octahedral geometry, low spin, paramagnetic,
polycrystalline complexes. The physicochemical and pharmacokinetic parameters predicted in silico support
bio-functionality and safety of the complexes. The complexes demonstrate strong inhibition against
bacterial strains especially Staphylococcus aureus in vitro. Specifically, Cu(II) complex at 1% w/w inhibited
a zone of 100 mm which is in multi-folds of the effects of piperaquine and diclofenac with 32 and 25 mm
respectively, and better than ciprofloxacin with 92 mm. On DPPH assay, both complexes display better
antioxidant potentials with respective ICso of 165.09 and 382.7 pg/mL compared to ascorbic acid with
7526 pg/mL. Thus, the complexes represent therapeutic models for overcoming antibacterial resistance
upon further study.
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INTRODUCTION profiles of the ligands become enhanced as well as

Coordination chemistry between transition metal
ions and various bioactive organic ligands have been
employed to prepare several metal-organic chemical

frameworks  with enhanced pharmacological
properties than the parent ligands. Upon
coordination to metal ions, the systematic

bioavailability, solubility, inertness for substitution,
planar biocompatibility and other pharmaceutical

the lipophilicity of the metal ions (1-3).- The
interesting medicinal profiles of these metal-based
biomaterials stimulate the innovative design of
various complex analogues for biological
applications. A number of these hybrids are already
approved or in clinical trials as anticancer/anti-
pathogenic  chemotherapeutics. Notably, the
platinum-based anticancer drugs, Ga-68- and In-
111-based complexes for radioimaging,
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radiolabeling and therapy, gold-based Auranofin for
treating rheumatoid arthritis, bismuth(III) ion-
inclined bis(maltolato)oxovanadium(IV) with
enhanced bioavailability and ability to reduce blood
glucose in a clinical trial of diabetes, bismuth
subcitrate and bismuth subsalicitrate (Pepto-Bismol)
for treating peptic ulcers (4,5). Due to its
coordination-induced action on bile acids and the
disruption of charged cell walls of bacteria, the
latter was proposed for further medicinal
applications as an antacid and antibacterial agent.
Some other new Bi(Ill)-containing bioactive
complexes are continually under evaluation for
antifungal, anticancer and antibacterial applicability

(4).

Pathogenic microorganisms, especially bacteria,
rapidly develop several defense mechanisms against
antibiotics. These include the formation of biofilm,
cell wall, encase efflux pumps, regulation of genetic
and other intracellular materials (6). The intensive
application of antibiotics over a long period and
frequent exposure to non-lethal concentration also
contribute to the incessant resistance of bacteria
towards small-molecule drugs with specifically
“bullet target” mode of action, which has, in turn,
poses a great threat to the global healthcare (7),
and thereby make a search for innovative
therapeutic designs to overcome these healthcare

challenge becomes imperative. Consequently,
several conjugates involving antimalarial and
antimicrobial ligands have been designed with
improved combinatorial pharmacology (8).
However, metal complex polymers inclusively
exhibit a multi-target mechanism that favours
several cellular processes, leading to their

pleiotropic effects on the drug-resistant bacterial
cells, thus become promising agents under the
United Nation (UN) sustainable developmental goal
3.3 for prevention and treatment of communicable
diseases (9). Some of these agents have been
designed using organic small-drug molecules such
as sulfadoxine, sulfisoxazole, quinazoline,
pyrimethamine, quinoline, pyrazolone,
phenylhydrazine etc with improved pharmacological
profiles due to favourable pharmacophoric moieties
of ligands (singly/mixed) in coordination to metal
ions such as Co(II), Cu(II), Mn(II), and Zn(II) (10-
15). However, none has been reported of mixed
ligands involving piperaquine (Pip) and sodium
diclofenac (NaD). In our previous studies, we have
demonstrated impressive antioxidant and
bactericidal activities of Cu(II), Zn(II), and Co(II)
complexes consisting of piperaquine, acetaminophen
and acetylsalicylic acid as mixed ligands (16).

RESEARCH ARTICLE

Therefore, this study aims at the preparation of
coordination compounds consisting of Co(II) and
Cu(II) ions in complex with sodium NaD and Pip as
mixed ligands using solvent-based inorganic
synthetic approach, characterization and evaluation
of antioxidant and antibacterial activity in vitro as
well as some in silico biological studies, while
adopting some reported protocols (10,14-18) with
modifications.

MATERIALS AND METHOD
Materials

The materials were used as commercially obtained
without further purification. These include copper(II)

chloride hexahydrate (CuCl..6H20), cobalt(II)
chloride hexahydrate (CoCl..6H20), distilled H20,
ethanol, methanol, acetone, dimethyl sulfoxide

(DMSO0), lactic acid, acetic anhydride, and silica gel-
coated thin layer chromatographic (TLC) plate from
Sigma Aldrich, England. The ligands, Pip and NaD
were obtained from Zhuhai Rundu Pharmaceuticals,
China and Tuyil Pharmaceutical, Nigeria,
respectively.

Synthesis of Copper(II) Complex of Mixed
Piperaquine and Diclofenac

The Cu(II) complex of mixed Pip and NaD ligands
was prepared by reacting a 0.002 mol of CuCl,.6H.0
previously dissolved in 20 mL of distilled H20 with
0.002 mol Pip in 20 of mL hot distilled water and
subsequently adding a solution containing 0.002 mol
NaD in 20 mL of methanol. The mixture was
refluxed for 2 hours and 30 minutes after which the
resulting stable precipitates formed (Scheme 1)
were filtered, washed with hot water, then cold
water twice to remove unreacted ligands and kept in
a desiccator with CaSO4 for 24 hours. The progress
of the reaction was monitored using TLC. Yield: 3.62
g (38%); M.P. 231 - 232 °C; UV (DMSO) Amax
(nm): 248, 342, 704; FTIR (KBr) v max (cm™) 3323
(H20), 1592 (COO)asy, 1380 (COO)sym, 741, 662
(CCl), 504, 562 (Cu-O/N); *H NMR (ds-DMSO, 400
MHz) 6.27 (d, J = 7.2 Hz), 6.86 (d), 7.05 (d), 7.18
(d), 7.51 (d, 8.4 Hz), 7.66 (d, J= 9.6 Hz), 8.21(br,
s), 3.45 (br), 3.21 (br), 3.16 (s), 2.06 (br, s),
3.91(br), 1.20 (s) ppm. *C-NMR (de-DMSO, ~100
MHz) 49.1, 49.4, 51.4, 53.7, 116.4, 121.3, 124.4,
126.1, 127.1, 128.1, 129.6, 130.4, 131.4, 137.5,
143.1 ppm. Anal. Calcd. Mass fractions of elements,
wW/%, for Ca3zHs3ClsCuN;Os (M, = 1073) are C 48.17,
H 4.98, Cu 5.93, N 9.14; Found: C 47.21, H 5.35,
Cu 6.14, N 9.80.

634



Ayipo YO et al. JOTCSA: 2021; 8(2): 633-650.

N | 2N
S N/\ ,/\N% +
a k/N\/\/N\) -

COOH
Cl
Ccu?* Cl
—_—

Reflux, H,0, 60°C, CH;OH

RESEARCH ARTICLE

Z
N N
N\/\/N\)

HAW
e

Cl.4H,0

Scheme 1: Proposed reaction pattern between mixed piperaquine/diclofenac and Cu(II) ion.

Synthesis of Cobalt(II) Complex of Mixed
Piperaquine and Diclofenac

The Co(II) complex of mixed Pip and NaD was
synthesized by refluxing 0.002 mol of NaD
previously dissolved in 20 mL methanol with 0.002
mol of Pip dissolved in 20 mL hot water and 0.002
mol of CoCl>..6H>0 under constant stirring for 5
hours and 30 minutes after which a stable pink
precipitate was formed (Scheme 2). The precipitates
were filtered, washed with hot water, then twice
with cold water and dried in a desiccator for 24
hours. The progress of the reaction was monitored
using TLC. Yield: 4.12 g (47%); M.P. 230 - 234 °C;

UV (DMSO) Amax (nm): 232, 450, 662; IR (KBr) Vmax
(cm™) 3323 (H20), 1590 (COO0)asy, 1380 (COO)sym,
741, 662 (CCl), 520, 574 (Co-O/N); 'H NMR (de-
DMSO, 400 MHz) 2.07 (s), 3.17 (s), 3.71 (s), 6.28
(d, J= 8.4Hz), 6.86 (t), 7.06 (t), 7.16 (s), 7.19 (d,
J=8.0Hz), 7.50 (d, J-=8.00Hz), 7.20 (d, J=8.8 Hz)
ppm. 3C-NMR (ds-DMSO, ~100 MHz) 49.3, 116.5,
121.5, 125.9, 128.2, 129.8, 130.4, 131.5, 137.5,
143.2. Q= 125.9, 130.4, 139.5, 143.2 ppm. Anal.
Calcd. Mass fractions of elements, w/%, for
C43Hs51ClsCoN7O7 (M- = 1050) are C 49.21, H 4.90,
Co 5.62, N 9.34; Found: C 48.16, H 4.85, Co 5.81,
N 9.48.

~ N7 I 7
- N N
NZ Z N N COOH N
N l ' \©/\ cl N\/\/N\)
NTY PN cl
a I\/ N N N\) Reflux, H,0, 60°C, CH;0H Cl.3H,0

Cl

H,0 — > CO ~——0H,
| / \
N
\©/\coo
cl

Scheme 2: Proposed reaction pattern between mixed piperaquine/diclofenac and Co(II) ion.

Characterization

The melting point of the synthesized complexes was
recorded on a Gallenkamp melting point apparatus.
Solubility tests of the ligands and the complexes
were carried out using acetone, dilute lactic acid,
distilled water, methanol and dimethyl sulfoxide
while the ionic properties of the ligands and their
corresponding metal complexes were measured
using a conductivity meter CDM 210, MeterLab
model. The functional groups in the ligands and the
complexes as well as the coordination-induced shifts
in spectral bands were identified by loading their
disc-powder on FTIR (Shimadzu, Japan) with a scan
range of 400-4000 cm™! wavenumber, resolution of
4 cm using KBr pellets as blank. The electronic
(UV-Visible) spectra of the complexes in solution
were run in the range 190-900 nm on a Perkin
Elmer 202 spectrophotometer with the samples
placed in quartz cuvettes of 1 cm path length and
DMSO was wused as a blank. The magnetic
susceptibility of the metal chelates was determined
on a Gouy balance at room temperature using
Hg[Co(SCN)4] with the corrections of diamagnetic
on Pascal’s constants.

Powder X-ray Diffraction Spectroscopy

D8 Advance diffractometer, with the measurement
of continuous 0-0 scan in a locked coupled-mode
having a tube of Cu-Ka radiation (AKai=1.5406A)
and detector of LynxEye (Position sensitive
detector) was employed for the powder X-ray
diffraction analysis at iThemba Scientific Lab., South
Africa. The diffractograms were studied to identify
the powdered-crystal structures and morphology of
the complexes while the value for 26 for Miller
indices estimation was determined using the Bragg’s
law (Eqg. 1) (19,20):

A=2d,,;sinf (Eq. 1)

Where A = X-ray wavelength (Cu = 1.5406 A), d =
interplanar distance and 6 = diffraction angle.

The crystalline domain sizes indicated by the
broadening of the peak especially when the sizes of
the crystal become small were estimated
theoretically using the Scherrer equation (Eq. 2)
(21):
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kA

= (Eq. 2)
[ cosf

Where D = crystalline domain size, k = Scherrer

constant usually given as 0.9 and B = peak width at

half of its height

1H NMR, 33C NMR and DEPT-135 NMR
Spectroscopy
The Nuclear magnetic resonance (NMR)

spectroscopy NMR spectra of the complexes were
recorded at 25 °C on a Bruker Avance 400 MHz NMR
spectrometer (Germany), with deuterated Dimethyl
sulfoxide (DMSO) used as a solvent. Chemical shifts
of 'H (dH) and *3C (38C) and DEPT (3C) were
determined in ppm, relative to tetramethylsilane as
reference.

Elemental Analyses

The percentage by mass of some major elements in
the complexes such as C, H, N and Cu/Co (M) was
determined using the Vario ElI Cube Elemental

mass of anhydrous complex

_mass of hydrated complex
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Analyzer at the Central Analytical
Stellenbosch University, South Africa.

Facilities,

Preliminary Test for Water Molecule and
Chloride Ion

The presence of water of crystallization within or
outside the coordination sphere of each complex
was assessed using cobalt chloride paper. The color
change of the paper from blue to pink indicates
positive test. For the chloride ion outside the
coordination sphere, aqueous AgNOz and NH4OH
were used for confirmation on the solution of each
complex while a white precipitate soluble in excess
NH4OH indicate the presence of uncoordinated ClI-

on.

Determination of Water of Crystallization

The presence of some water of crystallization in the
complexes is confirmed by heating the sample to a
constant weight, testing the gas evolved with
cobalt(Il) chloride paper, anhydrous copper (II)
sulfate. The amount of water of crystallization was
determined using the Eq. 3 below.

(Eq. 3)

molecular mass of anhydrous complex molecular mass of hydrated complex

Biological activity

In silico predictions of biological activity and ADMET
properties

The broad spectrum of biological activities resulting
from the interactions of the synthesized complexes
with various enzymes/proteins responsible for bio-
functions was predicted using the cheminformatics
and bioinformatics interface of Molinspiration server
(https://molinspiration.com/cgi-bin/properties) by
the input of SMILES file in each case. The Java tools
incorporated within the server supports
computational analysis through the algorithm of
active training sets generation from which the
cumulative bioactivity of the target molecules is
predicted through probable fragments. Each sample
was scored for likeliness in activity through various
inhibition mechanisms on G protein-coupled
receptor (GPCR), kinase, nuclear receptor, and
enzyme as well as ability to modulate ion channel.

The physicochemical and pharmacokinetics profiles
of the complexes were predicted in terms of
adsorption, distribution, metabolism, excretion and
toxicity (ADMET) using the web-based Swiss ADME
computational tools by inputting the SMILES file of
each complex (17,22). The properties further reveal
the drug-likeness of the molecules under study.

Antioxidant properties

The sample of each complex and the standard,
ascorbic acid was weighed into the sample bottle, 9
mL of the solvent was added to each sample to
make a solution of 100, 200, 300, 400 and 500
pg/mL. Each solution was then partitioned into three
(3 mL each) for triplicate tests and transferred into

the test tube. A 0.0039 g of DPPH was weighed into
a reagent bottle and 100 mL of the ethanol was
added and 3 mL of DPPH solution was added into
each test tube containing the test sample. The setup
in test tubes was kept in a dark room for thirty
minutes after which absorbance was read at 517 nm
wavelength. The ICsp, which stands for the
concentration of fraction required for 50%
scavenging activity, was calculated from the dose-
inhibition linear regression equation (egn. 4) for
each complex.

( Abscontrol — Abs sample)

%100
Abs

%inhibition=

control

(4)

Antibacterial Screening

The solutions of the ligands and the synthesized
complexes were tested against strains of some
gram-positive and gram-negative bacteria,
Pneumonia aeruginosa, Escherichia coli and
Staphylococcus aureus to determine and compare
their potential bactericidal activities by measuring
their inhibition zones around the inoculated
organism wells, adopting agar dilution techniques as
well as the standard recommendation of Clinical and
Laboratory Standards Institute, 29t Edition (16,23).

RESULTS AND DISCUSSION

Some physicochemical properties such as solubility,
melting point, and color of the ligands and the
corresponding metal complexes are presented in
Table 1. The complexes, ligands and metal salts
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were mostly insoluble in organic solvents of acetone
and methanol but all are soluble in DMSO, possibly
due to its high polarity and donor strength (14)
which enhance its ionic interaction with the samples
in solution. The ionic nature of the complexes as
shown by the conductivity results could be traced to
the presence of electropositive metal ions in their
structures compared to the parent ligands. The
melting points of the complexes are lower when
compared to the salts/ligands and the sharpness
could imply a good purity of the complexes (24).
The significant changes in the melting points, as
well as colors between the ligands and their
respective metal complexes, indicate a change in
the atomic structures, possibly due to chemical
coordination. Invariably, this could affect new
electronic transitions and the ligand-metal lattice
structures (12,25) as we observed in the
subsequent characterization results.

The Infra-Red spectroscopy data of the ligands and
the metal complexes are presented in Table 2,
Figures 1 & 2. The spectra of the ligands and metal
complexes were studied and compared to identify
the mode and sites of metal-ligand chelation. The
band at 3259 cm™ which could be assigned to the
N-H group of NaD ligand disappeared in the two
complexes. Similarly, the stretching bands at 3286
and 3433 cm™! attributable to the two asymmetric
piperazinyl and imine N-groups of the Pip ligand
have significantly undergone bathochromic and
hypsochromic shifts respectively in the complexes,
indicating the possibility of their participation in
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coordination. More so, the spectral bands of 1398
and 1575 cm? which are assignable to the
symmetric and asymmetric COO group in the NaD
ligand have shifted to a higher and lower
wavenumber of 1592/1590 and 1380/1380 in the
Cu(Il) and Co(II) complexes respectively with a
significant difference. The difference in the
asymmetric and symmetric stretching vibration of
the COO groups, A = v(COO)asy - v(COO)sym gave a
value of 212 and 210 cm for Cu(II) and Co(II)
complex respectively, indicating the contribution of
the COO of NaD to coordination as a monodentate
ligand (15) with the A value of 177 cm™ which
agrees with the ionic value of NaD. These also
support the possibility of bidentate-chelation
between NaD to both Cu(II) and Co(II) ions through
the NH and COO (25,26). In a similar pattern, Pip, a
nitrogen-based ligand, shows coordination to the
metal ions through the amine N and the Cl as
evidenced by the disappearance of the band 3286
cm attributable to the amine N with A value of 147
cm?, and also the hypsochromic shift of C-Cl band
at 650 cm™ in the ligand to 662 cm™ in the metal
complexes, indicating the possibility of coordination
through the CI group. These rationally suggest the
ligand to act as a bidentate ligand (16). The
complexes show weak/medium bands in the range
504 - 662 cm! which are tentatively assigned to M-
N/O/CI stretching vibrations and also contributing to
the evidence of coordination. The spectra bands at
3433 and 3323 in both ligands and the complexes
indicate H.0-metal chelation (Figures 1 & 2) (27).

Table 2: Major IR bands of the ligands and their complexes.

Ligands/ v (NH)asy o} v (COO)asy v A v (MO/N)
Complexes (NH)symcm!- (NH) (COO0)sym cm1- (ccl) cm?! cm™
cmi- cm™

NaD 3259 1507 1575 747 177 --
1398

Pip 3433 1503 - 650 147 -

3286

[Cu(NaD)(Pip)] 3323 1506 1592 741 212 504, 562
1380 662 614

[Co(NaD)(Pip)] 3323 1506 1590 741 210 tor 520, 574,
1380 662 €00 611
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Table 1: Some physicochemical parameters of the ligands and metal complexes.

Complexes/ Cond. (21cm™?) Solubility M.P. (°C) Color
Ligands/Metals

D. H20 LA AES DMSO Me>CO MeOH

NaD - NS S PS S PS S 289-290°C  White
Pip - PS S+A PS S PS NS 250-252°C  White
CuCl2.6H20 ND S S NS S NS NS 486-490°C  Blue
CoCl2.6H20 ND S S S S S NS 735-737°C  Brick Red
[Cu(NaD)(Pip)] 1.6 x 10 PS+A NS PS+A S NS S+A  231-232°C  Blue
[Co(Pip)(NaD)] 2.1 x 10 NS NS NS S NS PS+A  230-234°C  Brown

S = Soluble, NS = Not soluble, PS = Partially soluble, A =Heat, AES= Aqua ethanolic solution LA= Lactic acid,
D.H,O=Distilled water, DMSO= Dimethyl sulfoxide, MeOH = Methanol, Me,CO = Acetone, ND = Not determined.
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Figure 1: FTIR Image of [Cu(NaD)(Pip)].
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Figure 2: FTIR Image of [Co(NaD)(Pip)].

The electronic spectra, magnetic moment, and
elemental analysis results of the synthesized metal
complexes are reported in Table 3. The Cu(II) and
Co(II) complexes have a low spin of d° and d’
configurations respectively with the highest filled
orbital as 2tyg (Xy, xz, yz). Thus, the ground state
is paramagnetic and labelled 2E; and “Tig
respectively. The electronic spectra of the ligands
in DMSO exhibited transition at 202 nm - 379 nm
which were assigned to intra-ligand transitions (n
- o*, n - n* and n - n*). The UV-Visible spectra
of the [Cu(Pip)(NaD)] show a single broad
absorption band at 704 nm assignable to 2Eg — 2Tag
transition, while [Co(Pip)(NaD)] had three bands
within the visible region, 450, 539, and 662 nm
assignable to “Tig(F) — “T2g(F), *T1g(F) — “*Axg(F)
and “T14(F) — 4T14(P) transitions respectively, thus,
suggesting the formation of octahedral geometry
with hybridizations of sp3d? and dsp3d for [Cu(Pip)
(NaD)] and [Co(Pip)(NaD)] respectively
(17,28,29). The magnetic susceptibility
measurement revealed that the Cu(II)- and Co(II)-

containing complexes have effective magnetic
moments of 1.53 and 1.47 B.M. respectively,
further strengthening the octahedral geometry
suggested for the complexes arising from their
unpaired electrons (17,30,31). The presence of the
ligands in the complexes as proposed (Schemes 1
& 2) was supported with good consistency between
the CHNS elemental analysis results
(Supplementary file) and the suggested molecular
formulas.

The preliminary assay by heating indicates the
presence of water of crystallization in the
complexes when each sample was gently heated to
a constant weight of 3.38 and 3.91 g for Cu(II)
and Co(II) complex, respectively. This was further
confirmed by testing the evolved gases with cobalt
chloride paper which changed from blue to pink
color. The estimates using Eq. 3 support the
proposal of 4 and 3 molecules water of
crystallization in one molecule of their respective
complexes. Although, a more accurate analysis
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such as the thermogravimetric analysis (TGA) is
required for further confirmation. In a similar
preliminary test, a white precipitate was observed
upon the addition of aqueous AgNOs to the solution
of each complex. The precipitates became dissolved
when excess NH4OH was added, tentatively
indicating the presence of ClI- outside the
coordination sphere.

1H NMR, 3C NMR and DEPT-135 NMR
Spectroscopy

The 'HNMR spectrum (Figure 3A) of [Cu(Pip)(NaD)]
whose formation was reported at the synthesis
section (Scheme 1), was run in deuterated DMSO.
From the NaD moiety, the signals at 8.21 and 3.45
ppm are both singlets and can be assigned to
nitrogen proton between the aromatic rings and
methylene proton situated between carbonyl carbon
and aromatic ring which might have shifted them
further upfield. In the aromatic region, the signals
at 7.18 (s) and the doublet 7.66 ppm (d, J= 9.6 Hz)
can be assigned to other unsubstituted benzene
rings of the NaD ligand. The chemical shifts were
rather downfield compared to neighboring benzene
which is doubly substituted with chlorine atoms. On
the Pip moiety, the chemical shifts at 6.27 ppm (d, J
= 7.2 Hz) and 7.51 ppm (d, J = 8.4 Hz) could be
rationally assigned to the unsubstituted benzene
rings while the downfield signals at 1.20, 2.06, 3.16
and 3.21 ppm are assignable to the shielded CH»>
groups of the piperazinyl moieties. The '3C-NMR
(Figure 3B) in the same vein shows 21 carbon
atoms as expected of both Pip and NaD in the
aromatic carbons (116.1 - 143.1) ppm. However,
the reduced intensities of signals at 49.1, 49.4, 51.5
and 53.7 ppm can be ascribed to the methylene of
the two ligands contained in the aliphatic region.
Thus, the two ligands are represented in the
complex accordingly.

From the nuclear magnetic resonance spectroscopy
values obtained for [Co(Pip)(NaD)] using DMSO,
both ligands were adequately represented. More
study of the NaD moiety (Scheme 2) reveals two
conspicuous singlets at 3.17 and 3.71 ppm (Figure
3C), corresponding to the protons adjacent to the
carbonyl carbon and the amino proton in between
the benzene rings respectively. Downfield the
aromatic region, the only singlet at 7.16 ppm is due
to an aromatic proton adjacent to the chloro-
substituted carbon in the Pip ring. Since there are
four doublets overall, the more deshielded protons
would be those close to the chlorine atom in the
diclofenac moiety. This is because of the electron-
withdrawing ability of chlorine atoms, thereby
shifting the protons further downfield at 7.50 ppm.
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Similarly, the doublet on the chloro substituted ring
on the Pip would also feel this effect and their
neighborhood with chlorine. This has also caused
the protons deshielded although not as the previous
one. Therefore, the signal at 7.20 ppm can be
reasonably assigned to them. Other signals at 7.19
and 6.25 ppm are assignable to the doublet of the
remaining rings in Pip and NaD moiety respectively.
Also, the triplets at 6.86 ppm and 7.06 ppm from
the spectra can be unambiguously assigned to
signals of the two rings of the NaD ligand. The
difference in values is due to the proximity of
protons to an electron-withdrawing entity (7.06
ppm) and others for electron donor substituents
attach to the resonating rings.

The 13C-NMR (Figure 3D) supports the above
assignment and further corroborated by DEPT-135
values. When intensities of the signals are carefully
observed, the total number of carbon atoms from
the spectra matches the two ligands which further
explain their involvement in the coordination. The
DEPT-135 (Figures 3E & 3F) also revealed
quaternary carbons between 130.4 - 143.2 ppm
(15,25).

Some copper(II) complexes reported exhibit
paramagnetism in relevance to their electronic
configurations which allow a dyx?,2 - dx, transition
and this supports various biomedical applications
including imaging, on-site delivery and antimicrobial
effects (32). Suggestively, the broad, almost
unreadable signals between 3.45 - 3.91 ppm and
3.17 - 3.89 ppm in Cu(Il) and Co(II) complex,
respectively (Figure 3A & 3C) could have rationally
resulted from the effects of the unpaired electron
spin exerted on the nuclear spin relaxation,
depending strongly on the spatial distance of the
paramagnetic centre to the nucleus and the nature
of the paramagnetic center itself. The pseudo-
contact shifts possibly induced by the interaction
between nucleus spin and the magnetic dipole
produced by the spinning of unpaired electrons. It
could be suggested that the nucleus of atoms bond
directly to the paramagnetic center (33,34) and
further supports the argument for paramagnetic
complex formation in both cases as previously
proposed from the electronic configuration, possible
hybridization, electronic transition and magnetic
moments. The essential application mostly relevant
to this study is their DNA cleaving ability peculiar to
Cu(II) and Co(II) ions (35), which further supports
the bactericidal activity of their complexes.
Nonetheless, electron paramagnetic resonance
(EPR) is necessarily required for further validation of
this biologically important hypothesis.
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Figure 3: Nuclear magnetic spectra of the complexes (A) *H NMR of [Cu(Pip)(NaD)] (B) *3C NMR of
[Cu(Pip)(NaD)] (C) 'H NMR of [Co(Pip)(NaD)] (D) 3C NMR of [Co(Pip)(NaD)] (E) DEPT-135 NMR of [Cu(Pip)
(NaD)] (F) DEPT-135 NMR of [Co(Pip)(NaD)]
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Table 3: Results of Electronic Transition and Elemental Analysis.

Compounds Amax V) Transition Heff (B.M) Elemental % Calculated (Found)
(nm)  (em™) C H N M
NaD 270 42553 n- n* -
364 25381 n - n*
Pip 202 49505 n - g* -
379 26385 n - n*
[Cu(Pip)(NaD)] 704 14205 2Eg — 2Tog 1.53 5.93 (6.14)
342 29240 n - n*
= X
248 40323 n-n 48.17 (47.21) 4.98 (5.35) 9.14 (9.80)
[Co(Pip)(NaD)] 662 15106 4T1g(F) — *4T29(F) 1.47
539 18553 4T1g(F) - *Axg(F) 5.62 (5.81)
450 22222 4T1g(F) - 4T14(P)
232 43103 n - n* 49.21 (48.16) 4.90 (4.85) 9.34 (9.48)




Powder X-ray Diffraction

The XRD data presented in Tables 4 & 5 revealed
the diffraction patterns of the complexes, the
estimated Miller indexing (hkl) and the crystal
structures by mathematical method (36). The
interplanar distances, “d” was determined using
Bragg’s equation (Egq. 1). The diffractograms
indicate that the two complexes are polycrystallites
in structure due to their peak profiles. The result
data in Table 4 & 5 confirm some of the crystals as
simple, body-centered, face-centered cubic and
overall orthorhombic having conformed to the eqgn.
5 &6 (36-38):

L: W +k2+1° (Eq. 5)
d’ a

for reflections cubic crystal and

(Eqg. 6)

for overall orthorhombic conformations (28,36).

The data also confirmed the novelty of the
complexes, i.e. different from those of the existing
organic and inorganic compounds on the JCPDS
files, as supporting evidence of new compounds.
Also, the atomic lattice structure of the ligands and
that of the metal salts (found in the existing JCPDS
data files) have changed in the complexes possibly
due to coordination. The sharp distinctive peaks in
the diffractograms (Figures 4 & 5) further indicate
good purity of the complexes, although, purer
single crystals could not be obtained from the
recrystallization process after several attempts.

Table 4: Miller indexing, interplanar distances and crystalline system of [Cu(Pip)(NaD)].

Peak d-sp d-sp

No. h2+k2+12 hkl 20 obs. 206 Cal. obs. cal. Rel. I Lattice
1 3 111 15.22 15.21 5.82 5.82 69 10.0856
2 4 200 18.82 18.55 4.78 4.71 78 9.4283
3 5 210 20.4 20.49 4.33 4.35 89 9.7203
4 8 220 24.41 25.06 3.55 3.64 97 10.3051
5 10 310 28.49 27.34 3.26 3.13 100 9.8952
6 12 222 30.04 28.68 3.11 2.97 78 10.2936
7 13 320 32.06 32.9 2.72 2.79 78 10.0547

Lattice Parameters: a = 10.09 A, b = 9.43 A, c = 9.72 A, Average Lattice = 9.97 (A); Cubic Crystals
with Reflections in Simple, Face-centered and Body-centered.
Overall Orthorhombic, a1 # a2 # a3; a =B =y = 90°

Table 5: Miller indexing, interplanar distances and crystal system of [Co(Pip)(NaD)].

Peak 20 20 d-sp d-sp

No. h2+k2+12 hkl obsd. Calcd. obsd. calcd. Rel. I Lattice
1 3 111 10.73 10.73 8.24 8.24 92 14.3041
2 6 211 15.26 15.21 5.82 5.8 95 14.2226

300,

3 9 221 18.93 18.83 4.71 4.68 80 14.0637
4 11 311 20.54 20.4 4,35 4.32 90 14.3266
5 16 400 24.44 24.71 3.6 3.64 98 14.5573
6 21 421 28.53 27.77 3.21 3.13 100 14.3277

Lattice Parameters: a = 14.30 A, b = 14.22 A, c = 14.06 A, Average Lattice = 14.30 (A); Cubic
Crystals with Reflections in Simple, Face-centered and Body-centered.
Overall Orthorhombic, a1 # a2 # a3; a =B =y = 90°
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Figure 4: X-ray Diffraction Pattern of [Cu(Pip)(NaD)].
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Figure 5: X-ray Diffraction Pattern of [Co(Pip)(NaD)]

Water of Crystallization was determined using thermal analysis (Eq. 3).
In addition to the positive result obtained for the When 1.00 g of each for Cu(II) and Co(II)
presence of molecules of water of crystallization in  complexes with respective estimated molecular
the complexes using preliminary chloride paper test, weights of 1073 and 1050 were subjected to heating
the amount of the water molecules in each complex gently. The weight continuously reduced until it
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became constant at 0.93 and 0.95 g, respectively.
Using Eq. 3, the water of crystallization was
deduced as 4.19 (=4) and 2.91 (=3) for Cu(II) and
Co(II) complex, respectively. These values together
with other characterization data were used to
propose the structure of the complexes in the
absence of single crystals.

Biological Study

In silico predictions of biological activity and ADMET
properties

The bioactivity profiles of the complexes are
predicted in silico in comparison with the parent
ligands, Pip and NaD to observe the possibility of
enhanced interaction with biological targets and
pharmacology due to coordination (Table 6). These
interactions with major targets for essential

RESEARCH ARTICLE

biofunctionalities such as the GPCR, ion channel,
kinases, nuclear receptor, protease and enzymes
are evaluated in terms of binding affinity. All the
complexes virtually demonstrate higher binding
affinity against the receptors than the parent Pip
and NaD as indicated by lower binding scores
(especially the more negative ones). Although the
geometric structures of the complexes are larger
than the respective ligands, however, the enhanced
binding affinity to the receptor as deduced for the
complexes could be due to additive interactions of
the metal ions and stabilization to the protein
structures which sometimes naturally contain Cu(II)
and Co(II) as cofactors (39). The theoretical
interactions with these targets further predict their
applicability as bioactive agents and promising
bioactivity (17).

Table 6: Predicted bioactivity profile of the ligands and their complexes.

Compound GPCR Ion Kinase Nuclear Protease Enzyme
Ligand Channel Inhibitor Receptor Inhibitor Inhibitor
Modulator Ligand
Pip 0.22 0.12 0.25 -0.09 0.01 0.09
NaD 0.16 0.20 0.19 0.11 -0.06 0.25
[Cu(Pip)(NaD)] -1.58 -2.69 -2.35 -2.64 -1.26 -2.14
[Co(Pip)(NaD)] -2.00 -3.00 -2.78 -3.04 -1.59 -2.58

The physicochemical parameters predicted for both
the ligands, Pip and NaD and their metal complexes
are presented (Table 7). Only the ligand, NaD
possesses a molecular weight <500, others are
higher especially the complexes due to the
coordination with the metal ions and other ligands.
They are poorly soluble in water with fair molar
refractivity except for NaD which is moderately
soluble. This could be traced to the lipophilicity

induced by the aromatic rings in the ligand moieties.
They have hydrogen bond donor (HBD) groups <5
and hydrogen bond acceptors (HBA) <10 except the
ligands. These are favorable pharmacophores for
interaction with residues within various biological
targets. They display topological polar surface area
(TPSA) >60A standard compared to the parent
ligands possibly due to their new structural
morphology brought about by coordination.

Table 7: Physicochemical properties of Pip, NaD and their complexes.

Compound Mol.wt Fraction HBAP® HBD< Molar Water TPSAd

Csp32 Refractivity  Solubility (A2)

Pip 535.51 0.38 4 0 168.72 Poorly 38.74
soluble

NaD 296.15 0.07 2 2 77.55 Moderately 49.33
soluble

[Cu(Pip)(NaD)] 893.19 0.28 6 0 246.70 Poorly 68.28
soluble

[Co(Pip)(NaD)]  924.61 0.28 8 2 252.79 Poorly 86.74
soluble

a: The ratio of sp3 hybridized carbon over the total number of carbon atoms in a molecule; b: The
number of hydrogen bond acceptors; c: The number of hydrogen bond donors; d: Topological polar

surface area.

The predicted pharmacokinetic profiles of the
ligands and their complexes (Table 8) indicate that
the complexes have low ability for gastrointestinal
absorption compared to the ligand and none of them
can predictably penetrate the blood-brain barrier
(BBB), inhibit the cytochrome P450, indicating their
insignificance for drug-drug interaction to induce
adverse effects. We observed that the NaD as a
ligand on its own virtually displays expression for
CYP1A2 as a sign of possible side effects, and this

has been mitigated upon coordination to metal ions,
further suggesting less side effect of the metal
complexes. They all possess low skin permeation
indicated by Log Kp value of -4.47 to -5.56 cm/s
and are P-G substrates except the ligand Pip and
Cu(II) complex. Although some of them show slight
violations to Lipinski’s Rule of 5 for drugability (40)
due to higher molecular weights than 500 g/mol,
commonly to coordination compounds (17,18),
however, they demonstrate good pharmacokinetics
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and bioavailability amenable for further bioactivity

RESEARCH ARTICLE

probes.

Table 8: Pharmacokinetics and toxicological properties of Pip, NaD, and their complexes.

Compound GI BBB P-G CYP1A2 Log Kp
Abs. Permeation Substrate Inhibitor (cm/s)

Pip High Yes Yes No -5.56

NaD High Yes No Yes -5.14

[Cu(Pip)(NaD)] Low No Yes No -4.47

[Co(Pip)(NaD)] Low No No No -5.34

Antioxidant Assay

The generation of free radicals in the body often
results in inflammation and some other ailments
including heart diseases and cancer (15). Therefore,
a bioactive agent with the ability to scavenge the
generated free radicals in a biological system is
advantageously preferred for therapeutic
applications. The result of antioxidant studies of the

synthesized metal complexes in comparison with
ascorbic acid as a standard is contained in Table 9.
From the ICso values of 165.09 and 382.7 pg/mL,
the synthesized metal complexes demonstrate
stronger potentials to scavenge free radicals than
ascorbic acid whose ICsp value stands at 7526
Hg/mL and thus, could be good as antioxidants.

Table 9: Results for the DPPH screening for ascorbic acid and the metal complexes.

Concentration [Cu(Pip)(NaD)]

[Co(Pip)(NaD)]

Ascorbic Acid

(ng/mL)
Absorbance % Absorbance % Absorbance %
Inhibition Inhibition Inhibitio
n
100 0.209+0.167 3308 0.137+0.001 2736.7 0.0074+0.003 87.17
200 0.225+0.218 4348.9 0.159+0.007 3144.8 0.079+0.001 86.31
300 0.270£0.242 4838.8 0.355+0.004 7144.89 0.081+0.003 85.96
400 0.375+0.233 4955 0.345+0.003 6940.81 0.075+0.002 87.00
500 0.336+0.179 5553.1 0.319+0.024 6410.2 0.079+0.001 86.31
ICso 382.7 165.09 7526
Antibacterial activity concentration (41). The complexes inhibit the
The average zones of inhibitions shown in Figure 6 bacterial growth at similar minimal bactericidal

indicate that the metal complexes exhibit stronger
inhibition effects on the test organisms than the
parent ligands and in good competition with a
renowned antibiotic, ciprofloxacin at all
concentrations in vitro. It could also be observed
that antibacterial potency in each case appears to
be concentration-dependent as the degree of
inhibition increases with an increase in

concentration and in strong competition with a
renowned antibiotic for treating bacterial resistance,
ciprofloxacin. The improved activity of the metal-
drug chelates can be justified based on the chelation
effect (42) and this indicates the worthiness of the
complexes for therapeutic transformational probes
against drug-resistant bacterial infections upon
further studies.
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Figure 6: Antibacterial Activities of the
CONCLUSIONS

Synthesis of coordination compounds consisting of
Cu(II), Co(Il), piperaquine, and diclofenac have
been carried through a reflux mechanism. The
characterization results provide succinct evidence of
coordination involving the two ligands, piperaquine
and diclofenac each as bidentate, through NH, COO
and Cl groups, suggesting octahedral geometry, low
spin, paramagnetism in both Cu(II) and Co(II)
complexes. Powder XRD data reveals the basic
morphology of the complexes as polycrystallites
consisting of simple, face-centered and body-
centered cubes with the overall orthorhombic
arrangement but not as single crystals possibly due
to the presence of some impurity even after
recrystallization. The in silico biological studies show
that the synthesized complexes possess strong
potentials for interaction with various biological
targets as therapeutic agents and demonstrate
lesser expression for toxicity. The in vitro
antioxidant and antibacterial assays portray the
complexes with higher antioxidant and bactericidal
efficacy than the parent ligands and some renowned
standards. Although, the limitations in this study
include the inability to obtain single crystals of the
complexes through which the exact atomic
arrangements could be depicted by X-ray
crystallography. Further analyses such as the TGA
and EPR could provide more accurate information on
the coordinated water molecules as well as the

ligands, the complexes and the controls.

suggested paramagnetism, and more robust
biological experiments are required for future study.
However, the research represents a promising model
for novel antioxidant and antibacterial therapeutic
designs.
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Abstract: Polyvinyl alcohol (PVA) composite films with different hemp protein particles (HPP) as additives were
successfully synthesized by a solution casting method. The properties of HPP-based PVA composites films were
investigated. The characterizations of pure PVA and PVA composite films were performed regarding Fourier
transform infrared spectroscopy (FTIR), ultra-violet (UV-Vis) to investigate the chemical properties. The
formation of hydrogen bond in the PVA-HPP films, which could improve the compatibility of the two
components was investigated by FTIR spectroscopy and UV-Vis analysis. The overall results showed that a
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INTRODUCTION

Production of biodegradable material from natural
materials resources instead of non-biodegradable
synthetic polymers increases great attention due to
the developing consciousness of the green
environment (1-4). Several researchers have
synthesized biodegradation composites, applying
many forms of natural polymers as fillers such as
cellulose, lignin, starch, chitin, chitosan, soy protein,
and wheat protein. These fillers were used as
bioabsorbable composites due to their low cost,
excellent processability, biodegradability, and
simplicity of physical and chemical improvements
(5,6).

Generally, the natural materials as additives, which
revealed are difficult to melt or dissolve in a normal
solvent procedure as a result of their strong
intermolecular bonding between cellulose and lignin
even though the abundance of these natural
materials (6). Hence, the addition of the synthetic
polymer is regularly studied to convert these into an
expected form. While these materials are significant

mainly due to their environmentally friendly nature,
to prepare a completely green material, the
biodegradable synthetic polymer's utilities are more
advantageous rather than the non-biodegradable
(7-9).

PVA is considered a great low-cost option because it
is recognized for its chemical, thermal stability, and
biodegradability. Renewable fillers (carbohydrates
and fibers) are cheap and biodegradable naturally in
the environment (10). Many plant materials are
derived from renewable crops or their wastes
processed, adding a good source of fibers for many
industrial applications (11-14). The hydrophilic
composition, which consists of hydroxyl groups in
the PVA structure, is well-linked with carbohydrates,
creating significant agreement in composites (15-
18).

Fiber-reinforced polymer matrix became substantial
attention in many applications as a result of the
good properties and superior advantages of natural
fiber in term of its relatively low weight, low cost,

651


https://doi.org/10.18596/jotcsa.878495
mailto:Sameer.msc1981@gmail.com
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
mailto:Sameer.msc1981@gmail.com
https://orcid.org/0000-0002-9194-719X

Awad S. JOTCSA. 2021; 8(2): 651-658.

less damage to processing equipment, and good
relative mechanical properties (19).

This study was investigated based on the chemical
and HPP biodegradation treatment, defibrillated and
distributed in an aqueous suspension. The films of
PVA/HPP composite were prepared by the casting
method. PVA-HPP films containing different HPP
loadings of 3, 7, and 12% (w/w), were formed as
composites. The chemical, biological, and physical
characterizations were assessed. The purpose of this
work was to assess the impact of incorporating HPP
addition in PVA films, evaluating their compositions,
chemical and biodegradation characterizations of
PVA composites.

EXPERIMENTAL

Materials

Polyvinyl alcohol material was provided from Sigma-
Aldrich, UK, MW= 124,000-186,000; the hydrolysis
degree is in the range 87-89 mol%; hydrolysis rate:
90%; density: 1.3 g/cm3. The a-amylase and B-
amylase were provided from Merck KGaA Co.

PVA

HPP

x
PVA

Figure 1: Chemical covalent interaction between HPP and PVA to form PVA composites.

CHARACTERIZATION
Fourier Transform
analysis

FT-IR analysis of composite films was carried out
utilizing an FTIR Spectrum 400 (Perkin Elmer, USA).
The investigation was performed within the range
between 4000 to 500 cm with a 4 cm™ resolution
and a total of 20 scans. The spectra of FTIR were
recorded in the absorbance mode.

Infrared Spectroscopic

UV-VIS Analysis
A UV-Visible-NIR spectrometer was utilized a double
beam Lambda-25 UV-VIS spectrophotometer

80 °C (6 h)
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Germany. Hemp protein particles were purchased
locally, containing 1.7% moisture, 0.23% protein
and 0.075% fat, and used without further chemical
treatments.

PVA Composite Preparations

A 7% (w/v) PVA solution was prepared by inserting
10 g of PVA into 90 mL of distilled water. Then, the
solution was heated and stirred at ~80 °C for 6
hours to achieve complete homogeneity, after that
the solution was kept at room temperature. The
10% (w/v) PVA solution was mixed with 3, 7, and
12% of HPP powder (HPP particle size 300 um),
creating the casting solution. The composite mixture
was poured into a glass dish and positioned on a
levelled smooth surface with the right thickness (40
Um). The composite mixture was kept for three days
at room temperature and then by drying in a
vacuum oven at 60 °C for three days. After drying,
the composite films were later removed from their
dishes and put up in a desiccator for future use.
Figure 1 shows the chemical covalent interaction
between HPP and PVA to form PVA composites.

H20

PVA-HPP composites

(Bandwidth: 1 nm and minimum spectral resolution:
0.5 nm) to determine the maximum absorbance
spectra within the wavelength range (200 to 700
nm).

X-Ray Diffraction

The XRD test for all samples was carried out
utilizing an X-ray spectrometer model a
(PANalytical, USA) at a scan rate (0. 02°. s'!) and
the 20 range were between 0 and 80. The
wavelength of the X-ray was 1.5 A with a radiation
source (CuKa). All samples were conducted at 40 kV
and 15 mA.
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Swelling Degree (SD) and Contact Angle
Analysis

PVA and PVA composite samples were cut off into
pieces of 3 x 3 cm, weighed, and immersed in
deionized water at 25 °C for 60 days with different
crosslinking times. The swollen sample was taken
out and wiped with tissue paper to eliminate the
residual water on the surface of the film and then
weighed. The swelling degree is calculated by
utilizing the following equation.

W-W
SD(%):%XNO (Ea. 1)

D

Where Ws = the weight of swollen samples,
Wb = the weight of dried specimens.

The water contact angle values were tested of PVA
composites, using an optical contact angle meter
type (SL200KB, USA) to support the surface
hydrophilicity of samples.

Enzymatic Testing

Specific quantities of a-amylase, B-amylase, and
distilled water form an enzymatic mixture placed in
a plastic test tube. The films were cut to species
with dimensions (2x2 cm?2), and then, they were
weighed by utilizing a digital sensitive balance. The
samples were immersed in plastic test tubes and
subjected to a shaking incubator at a rate of speed
100 rpm at 27 °C and kept for 120 h. Any residual
enzyme mixture was removed, washed, utilizing
distilled water. The samples were dried in a
desiccator under vacuum for 48 h, and then they
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degradation [DED %] was accounted based on the
following equation.

W,-W
DED(%)zi';V Lx100 (Eg.2)

D

Where Wp= the dry weight of the samples after the
enzymatic treatment, W; = the initial dry weight of
the samples,

RESULTS AND DISCUSSION

FT-IR Analysis: Chemical Linkage

The FT-IR spectra of the PVA and PVA/HPP
composites are shown in Figure 2. PVA showed a
wide-ranging peak at 3500-3600 cm~! that is
attributable to O-H stretching. The specific peaks at
2850 cm™!, 1400 cm~! and 1100 cm~! were
attributed to C-H stretching, C-H bending and C-O
stretching, respectively. In the FT-IR absorbance
spectra of PVA and PVA/HPP, the band at 2854 cm~!
involves the stretching of the C-H bond in the
crosslinked PVA and PVA/HP composites be
attributed to the alkyl chain of aldehydes. The bands
observed at 1100-1145 cm~!. Similar groups seem
in 2935/2905 cm™!, instead of CH, asymmetric and
symmetric stretching; 1605 cm~! is the C-O
vibration and 1435 cm~! due to CH: bending. The
broad groups between 3000-3500 cm~!, which are
related to the stretching vibration of the hydroxyl
group, display the presence of intermolecular,
intramolecular hydrogen bands, and the reduced
band intensity after the increase of HPP loading in
PVA and gave higher crosslinking that indicated the

were weighted. The degree of enzymatic formation of the hydroxyl group.
5
s PVA
@
£
e / PVA/ 3%HPP
PVAI 7% HPP
f PVA/12% HPP
— —— —

4000 3500 3000

2500

T
2000 1500 1000

wavenumber (cm™)
Figure 2:FTIR Spectra of PVA and PVA composites.
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UV Absorption

Figure 3 shows the UV-vis absorption of the PVA
with different HPP loading. The UV absorption of
PVA-HPP composites showed an absorption peak at
260 nm corresponding to n —> =* transition of HPP
filler. Pure HPP represented an absorption at about
260 nm related to its chromophoric groups. In
addition, pure PVA did not show any absorption
peak in the range of 200-600 nm. As it is shown in
Figure 3, pure PVA-HPP shows an absorption peak

RESEARCH ARTICLE

related to HPP absorption peak. After incorporation
of HPP in the PVA matrix, the peak shifted to higher
absorption which indicates the interaction between
HPP and PVA matrix. The minimal absorption of PVA
showed that the PVA has a clarity characteristic. In
the UV region (200-400 nm), the pure PVA
displayed weak UV blocking as a result of the low
light absorption. The intensity of UV absorption of
PVA raised greatly as the amount of HPP rose from
3 to 12 wt.% in the PVA matrix (Figure 3).

Absorbance (a.u.)

— PVA

— PVA/3% HPP

— PVAI7% HPP
— PVA/12% HPP

T T T T T T

T
200 250 300 350

400 450 500 550 600

Wavelength( nm )
Figure 3: UV-Vis absorption spectra of PVA and PVA/HPP composite samples with different loadings of HPP.

X-ray Diffraction

X-ray diffraction was carried out to test the PVA
nature and PVA composites' crystallinity. Figure 4
illustrates the diffraction pattern for the PVA and
PVA/HPP composites, as shown clearly in Figure 8, a
broad peak at 17.50 (peak 1) for the pure PVA film.
However, it was also obviously noticed that the PVA
composite intensity exhibited higher values and
significantly shifted toward the higher value of the
angles as the HPP additives were increased. Thus, it
indicates that incorporating HPP additives into the
PVA matrix significantly increased the amorphous
region domain. When the PVA composite becomes
much amorphous, it can be enhanced by reducing

the PVA composite relative crystallization. As shown
in the XRD spectra of PVA, there were two peaks
around 26= 11.0° and 26 = 19.5° (16). From Figure
4, it is shown that as the content of HPP was
increased from 3 wt. % to 12 wt. % in PVA, the
peak at 26 = 18.20 slightly increased to 26 =20.6°.
Therefore, these diffractograms proposed that HPP
in PVA has included a combination of crystalline and
amorphous peaks (20). These results also indicate
that the addition of HPP does not affect the
uniformity in the blended PVA matrix structure.
However, rather enhance molecular ordering in the
amorphous phase of the PVA matrix (21).
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Figure 4. XRD spectra for PVA and PVA/HPP composites with different loadings of HPP.

Effect of the Water Uptake on the Properties of
PVA/HPP Composites

The wetting behavior of PVA composites was
investigated by the static angle with a contact angle
meter by drop method. It was analyzed that neat
PVA is hydrophilic with a contact angle of 48.8° as
shown in Figure 5 A. However, the water contact
angle of PVA composites was reduced as the
concentration of HNT nanoparticles was increased.
The 12 wt.% of HNT in the PVA matrix have the
highest hydrophobicity with a contact angle of 83°
while the water contact angle 3 and 7 wt.% HNT in
PVA increased slightly in comparison to that of pure
PVA (48.89) as shown in Figure 5(A).

The value of water absorption in terms of swelling

percentage crosslinked PVA and PVA composite
samples are shown in Figure 5.B.

100

90
80
70

60 o

-
N ? l
T T T = = J ™ T
o

HPP content (%)

Water Contact Angle (Degree)

PVA has a higher value of swelling percentage of
82% due to the presence of a large number of
hydroxy groups. These hydroxyl groups allow
incoming water to occur in the interspaces between
mobile polymer chains in the amorphous region of
polymer and hence cause large swelling. In crosslink
films, a smaller number of hydroxyl groups and
restricted chain movement results in significantly
are lower water absorption compared to PVA (21-
24).

In composite films, crosslinking of PVA-12% HPP
also demonstrates a significant lowering in the
water absorption of PVA (52.8%) while 3 and 7 wt%
of HNT loading showed slightly decreased by 72.5%
and 67.5%, respectively, which is slightly better
than the swelling percentage of PVA (82.5%). This
is because the crosslinked PVA with HPP is less
hydrophilic and absorbs less water.

90 4

Swelling Degree ( SD, %)

7]
o
1

I

45 T T T T T T T T T T T T T
0 2 4 6 8 10 12

o
S
1

HPP content (%)

Figure 5: The water contact angle (left) and swelling degree (right) of PVA and PVA/HPP composites.

Enzymatic Testing
The weight loss of pure PVA and PVA composites is
displayed in Figure 6. The percentage of DED was

accounted for later the PVA composites had been
immersed in enzymatic solution up to 100 h. The
degree of enzymatic degradation (DED, %) was
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increased with increasing the enzymatic treatment
times, as shown in Figure 6. With the addition of the
biodegradable HPP, the PVA blends became much
easier to degrade, as shown in Figure 6. After 20 h
immersion time, the degree of enzymatic
degradation of PVA composites increased slightly in
comparison to the PVA matrix. The DED, % of PVA
increased up to 64.2% while (DED, %) values of 3,
7, and 12 wt.% HP in PVA was 26, 30, and 37.4%,
respectively. Pure PVA exhibited a slower rate of

RESEARCH ARTICLE

degradation than PVA composites. After 100 h
immersion treatment time, 12 wt. % of HPP in PVA
exhibited a higher enzymatic degradation rate
(95.5%) while the pure PVA was 67.5%. This higher
observation of the amylase solution in PVA/12 wt.%
HPP the film was due to the hydroxyl group that
enhanced the diffusion of a amylase and B-amylase
into the PVA/HPP composite films and then
improved the attack of amylase on the HPP.

100
%01 v
80 - v A
704 v - o
4 v A @
60 - -
- w ®
& A n
o 40 @
a8 4 A
30 - ®
20 -~ . H PVA
-~ ® PVA/3 % HPP
] A PVAIT % HPP
04 =% v PVAM2%HPP
-10 T T T T T T T T T T
0 20 40 60 80 100

Enzyme treatment time (h)
Figure 6: Enzymatic biodegradation of PVA and PVA/HPP composite films using a-amylase and B-amylase.

CONCLUSIONS

HPP has been used as reinforcement in the PVA
matrix and prepared with sample solution casting.
There is a remarkable improvement in chemical
interaction that noticed in FT-IR and UV-VIS
spectral analyses. The chemical stability was
enhanced with increasing HPP loading. The overall
results showed that a higher loading of HPP into the
PVA matrix improved the chemical interactions
significantly. The swelling coefficient decreased
while the water contact angle values increased as
the HPP content increased. From the XRD results,
crystallinity was decreased by incorporating HPP in
the PVA matrix. The degree of enzymatic
degradation (DED, %) was increased with increasing
the enzymatic treatment times of PVA composites
and swelling degree decreased with increasing HPP
loading in the PVA matrix. Overall, an
environmentally friendly technique was investigated
to HPP in wide applications such as biodegradable
packaging.
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Abstract: Coordination compounds with mixed ligands were synthesized with 2A group (Mg?*, Ca?*,
Ba2*, Sr?*) alkaline earth metal cations of coumarilic acid and nicotinamide ligands. Afterward, the
structural properties of these new molecules were investigated by melting point, elemental analysis,
infrared spectroscopy, thermal analysis (TGA / DTA) curves, powder X-ray diffraction (P-XRD)
spectroscopy. It has been suggested that the complex structure with the Mg?* metal center is different
from the other three structures. In this structure, it was determined that four aqua and two
nicotinamide ligands were located in the coordination sphere, and the coordination number was six, as
expected. With two monoanionic coumarilic acids located outside the coordination sphere, complex
charge equivalence was achieved. The other three molecules, Sr2* and Ba2*, have iso-structural
properties, and it is suggested that both structures contain a dinuclear metal center, and two aqua
ligands are located in the bridging position between metal centers. Besides, the two coumarilate ligands
involved in coordination are thought to coordinate with the primary metal cation through carbonyl and
acidic oxygens while coordinating with the secondary metal cation through furan oxygen, providing the
third bridge connection between metal centers. Metal cations with nine coordination numbers complete
the coordination sphere with two terminal aqua and one nicotinamide ligands, each included in the
structure. In the molecule with Ca2* cation, which differs little from these metal cation structures, the
difference according to these structures can be interpreted as the coordination of furan oxygen with the
secondary metal center due to the octet coordination of the Ca?* cation. From the thermal analysis
curves, it was determined that only the Mg2* cation complex contained hydrate. As a result of thermal
decomposition, it was determined that relevant metal oxide residues remained in all structures, and this
situation was defined by powder XRD.
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INTRODUCTION pesticidal, HIV and enzyme inhibitory (2-6),
cardiovascular and antibacterial properties (7,8) is
Furan, benzofuran, and thiophene are aromatic presented. Coumarilic acid with benzofuran ring

heterocyclic molecules that have been widely
studied by chemists and biologists (1). A wide
range of biological activity such as benzofuran
derivatives, anticancer, antimicrobial, anti-
inflammatory, antiviral, anti-oxidant, cytotoxic,

group (coumarin-2-carboxylic acid, benzo[b]furan
carboxylic acid, HCCA) is one example of many
derivatives of the coumarin molecule. It is a
functional ligand that shows binding properties to
monoanionic monodentate or mohnoanionic
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bidentate through its carboxylate group. It has
pharmacophore properties over the benzo[b]furan
ring in the structure and can be easily isolated
from natural sources (9). Benzo[b]furan functional
ring and derivatives are found in different herbal
natural food sources such as fruits, herbs, and
vegetables (10). It is also one of the main
component molecules of drugs (such as
amiodarone and bergapten) that have been
synthesized recently and were used in many
applications (11,12). It is well known that many
heterocyclic compounds containing oxygen atoms
in the ring chain exhibit important biological
properties such as antiarrhythmic, spasmolytic,
antiviral, anticancer, antifungal, and anti-
inflammatory activities (13-19). In particular,
benzofuran carboxylic derivatives are applied in
different fields such as biological, electronic,
pharmaceutical, and agricultural chemicals
(20,21).

Although the coordination compounds in which
coumarilic acid uses metal cations as central atoms
exist in the literature (22-27), the number of
studies on structural characterizations is limited
(25,26,28). Whether the coumarilate ligand binds
as a monodentate bridge or terminal ligand or
participates in coordination as a bidentate
chelating ligand depends on the reaction conditions
and the type of metal cation (22-24, 28-31). The
synthesis of these complexes has gained
importance due to the therapeutic properties of the
element copper against common diseases of our
time such as cancer, Parkinson's, Alzheimer's,
diabetes, and cardiovascular diseases (32-35). By
using the electrochemical synthesis method, pure
ligand complexes of coumarilic acid with Cu(II) and
Zn(II) metal cations were synthesized and
structurally investigated. In addition, mixed ligand
complex structures of Co(II), Ni(II), Cu(II), and
Zn(II) metal cations secondary to nicotinamide,
N,N-diethylnicotinamide, and 1,10-phenanthroline
were synthesized, and their structural properties
were investigated. (36-41).

Coordination compounds of alkali and alkaline
earth metal cations are preferred over transition or
lanthanide metal cations due to their cheap, water-
soluble, and non-toxic properties (42). Magnesium,
one of the alkaline earth metals, is known to play
an important role in various biological systems due
to its binding to proteins, complexing with anions,
and free availability (43). Magnesium deficiency
may be an essential factor in the pathogenesis of
ischemic heart disease, cardiomyopathy, and some
arrhythmias (43-47). Coordination compounds
containing alkaline earth metal cations have begun
to see considerable favor, especially in bioinorganic
chemistry (48). The coordination behavior of Mg?*
and Ca?* metal cations has attracted the attention
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of many studies because of the important role of
these ions in biological processes (49-51).
Coordination occurs mainly through ion-dipole and
ion-induced dipole interactions that contribute to
binding. However, covalent interaction is possible
through the transfer of electron density from

bound ligand orbitals to empty or p-orbitals
(52,53).
H —
/ W
0 N NH,

(@) (b)

Figure 1: Molecular formulas of ligands (a)
coumarilic acid, (b) nicotinamide.

In the report presented, coordination compounds
containing 2A group metal cations [Mg?*, Ca?",
Sr2*, and Ba2?*] coumarilic acid (Figure 1a) and
nicotinamide (Figure 1b) ligands of the periodic
table were synthesized. The structural properties
of the molecules obtained were characterized using
powder X-ray diffraction (P-XRD), UV-Vis
spectroscopy, and infrared analysis methods.
TG/DTG/DTA curves were recorded to determine
the thermal behavior of molecules.

EXPERIMENTAL

Material and synthesis

(CH3C0O0)2Mg.4H20 (magnesium acetate),
(CH3C00)2Ca.xH20 (calcium acetate),
(CH3COO0)2Sr.%2H20 (strontium acetate),

Ba(CH3COO). (barium acetate), coumarilic acid,
and nicotinamide used in the synthesis of the
complexes were obtained from Sigma-Aldrich.

0.001 moles of magnesium acetate, calcium
acetate, strontium acetate, and barium acetate
were taken and dissolved in 30 milliliters of
distilled water and transferred to flat-bottomed
flasks. The solutions of 0.002 mol of coumarilic
acid prepared in 30 mL of ethyl alcohol and 0.002
mol of nicotinamide prepared in 30 mL of water
were added separately on them. These solutions
were placed in the distillation apparatus and
heated with stirring at a temperature between 70
- 80 °C for 5 hours. After the items were removed
from the setup, they were left on hold for a day.
Then each substance was taken into separate
beakers and placed in the heater, and the mixture
of 50 mL of water and 50 mL of ethyl alcohol was
added over time to evaporate the acetate. During
this process, the temperature was tried to be kept
between 70 - 75 °C. The beakers were then sealed
with a perforated paraffin film and allowed to stand
until the crystal formed. The reaction schemes
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showing the synthesis mechanisms of the
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coordination compounds are shown in Scheme 1.

0 NH;
==
4 \
o P H2SN op,
HZO\\ // ’////,\ //OHz

H,0 / \/””' )I \OH2

O,"\O H,0

0520

M: Sr(II) and Ba(II)

Scheme 1: The synthesis reaction schemes of metal-coumarilate / nicotinamide mixed ligand complexes.

Elemental analysis

The elemental analysis results of coordination
compounds with coumarilate — nicotinamide mixed
ligands of alkaline earth metal cations are given in
Table 1.

Thermal Analysis

Thermal analysis curves (TG, DTG, and DTA)
showing the thermal behavior of the synthesized
alkaline earth metal cations of mixed ligand
coordination compounds containing coumarilate /
nicotinamide (Figure 2). In addition, the data
showing the thermal behavior of the complexes are
summarized in Table 2.

85-147°C

The DTG curve of the complex compound of the
Mg(II) cation, which is one of the coumarilate /
nicotinamide-containing mixed-ligand complexes of
the alkaline earth metal cations, was found to be
degraded in four steps corresponding to the
maximum temperatures of 125, 263, 428 °C and
575; 647; 758; 825 °C.

As the first degradation step, removing
uncoordinated hydrate in the structure occurred in
the temperature range of 85-147 °C (exp. 2.65%;
calc. 2.65%). Decomposition corresponding to the
maximum temperature step at 125 ©°C is
endothermic.

[Mg(CgHgN20)2(H20)4]1.2(CoH503).H,0 ————— [Mg(CgHgN,0),(H20)4].2(CoH503) + H20f
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The second degradation step is still the dehydrated
degradation step and takes place in the
temperature range of 158-304 °C. At the 263 °C
DTA peak, the four moles of coordination water
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remaining in the coordination sphere in the
endothermic degradation step decay away (exp.
11.07%; calc. 10.58%).

158-304°C
[Mg(C6H6N20)2(H20)4]2(C9H503) —_— [Mg(CGHGNZO)Z]z(C9H503) +4 H20¢

From the coordination compound, which has
become entirely dehydrated, in the third
degradation step, two moles of nicotinamide (na)
ligand in the structure burns and degrades in the
temperature range of 351-482 °C. It is thought

351-482°C

[Mg(CGHGNzo)z].Z(C9H503)—» [Mg]Z(C9H503) =+ NO/NOZ +CO/C02 + 4 HZO

The last step of decay can be attributed to the
separation of the two moles of coumarilate ligands
located outside the coordination sphere as the
stabilizing ion in the structure in the 485-908 °C
temperature region. Endothermic degradation has
DTA peaks at 575; 647; 758; 825 °C.
Experimental and theoretical mass losses also
support this claim (exp. 44.11%; calc. 44.94%).

351-482°C
[Mg].2(CgH503) ———= MgO + CO/CO, + 4 H>O

DTA curve of the coordination compound with
mixed ligands of Ca metal cation shows that
decays occur in four steps, at 118, 254, -414 and
481;-688;708 °C maximum temperatures. The
first degradation step is involved in the removal of
all aqua ligands in the structure (three moles of

that NO/NO,, CO/CO;, and H,O combustion gases
and vapors are formed as decomposition products
in the reaction that takes place at 428 °C
maximum decomposition step endothermically
(exp. 34.97%; calc. 35.84%).

After this decomposition step, it was determined
that the oxide compound of the corresponding
metal cation remained in the reaction vessel. The
fact that the color of the oxide is black instead of
white can be said to be caused by the carbonized
carbon remaining in the environment (exp. 7.20%;
calc. 5.92%).

!

aqua at the two-molar bridge position and six
moles of aqua ligands in total, three moles
attached to each Ca cation) in the temperature
range 65-186 °C. These decays are endothermic
and occur at 118 °C maximum degradation step
(exp. 11.98%; calc. 12.94%).

65-186°C

u-(H20);[Ca(CgH503)(CeHgN20) (H20)3]5.2(CoHs03) ————

In the temperature range of 188-290 °C, two
moles of neutral nicotinamide ligands are located
in the coordination sphere at a maximum
degradation step of 254 °C burn away from the

188-290°C

[Ca(CgyH503)(CHEN20)]2.2(CoH503) + 8 HL0

structure (exp. 21.93%; calc. 21.92%). It is
thought that NO/NO2, CO/CO2, and H0 gas and
vapors are formed as combustion products.

[Ca(CgoHs503)(CeHgN20)12.2(CoH503) —— = [Ca(CgH503)]12.2(CoHs03) +NO/NO, + CO/CO, + H20

The degradation of the two moles of coumarilate
ligand, which is located outside the coordination
sphere and provides the charge balance of the
structure as the counter-ion, occurs in the

343-4240C

temperature region of 343-424 °C, exothermic at a
maximum decomposition temperature of -414 °C
(exp. 28.72%; calc. 28.93%).

}

[Ca(CyH503)]2.2(CoH503) ——— 3 [Ca(CgH503) 1, +CO/CO, + Hy0
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The fourth and last degradation step can be
attributed to the decomposition of two-mole
coumarilate ligands coordinated to the metal cation
inside the coordination sphere. Decomposition
occurs in the temperature range of 427-905 °C
and at maximum decomposition temperatures of

427-905°C

RESEARCH ARTICLE

481; -688; 708 °C provided that one is
exothermic. The coherence of the experimental
and calculated mass losses attributed to the decay
supports the claimed degradation (exp. 25.82%;
calc. 26.06%).

b oo

[Ca(CoHs503)] — > 2Ca0 + CO/CO, +H,0

After all the degradation, the remaining
decomposition product is two moles of CaO. The
black color of the expected decomposition product
in white color can be attributed to the carbonized
carbon remaining in the environment due to the
inability of complete combustion. This is supported
by the fact that the percentage of the experimental

residual product is higher than the calculated
percentage (exp. 11.55%; calc. 10.06%). The
thermal analysis curves of the Sr-centered

coumarilate/nicotinamide compound determined
that six degradation steps correspond to the
maximum decomposition temperatures of 85, 148
226, -229, -410; 470 and -742; 848 °C. The first
of these is the coordinated four molecule aqua
ligand, coordinated at the terminal position to the
Sr cations in the compound in the temperature
range 59-106 °C, separated from the structure
(exp. 5.83%; calc. 6.14%).

59-106°C

1-(H20)2[Sr(CoHs503)(CeHgN20) (H20)212.2(CoHs03)

1-(H20)2[Sr(CoHs03)(CeHeN20) 12.2(CoHs03) + 4 HL0

In the next step of decay, it was determined that
the two molecule aqua ligands, which are bridging
between the two Sr atoms, which act as central

1-(H20),[Sr(CoHs503)(CeHgN20)15.2(CoHs503)

cations in the structure, were decomposed in the
108-192 °C temperature range in the 148 °C DTA
max. (exp. 2.72%; calc. 3.07%).

108-1920C
E—

[Sr(CoHs03)(CeHgN20)12.2(CoHs03) + 2 H20

In the next degradation step, it was determined
that the two molecule aqua ligands, which are
bridging between the two Sr atoms, were
decomposed in the 108-192 °C temperature range,
in the 148 °C DTA maximum temperature (exp.
2.72%; calc. 3.07%). In the subsequent
decomposition stage of the dehydrated complex
starts to burn organic residues. Comparing the
experimental and calculated mass losses (exp.

195-2820°C
[Sr(CoH503)(CeHEN20)1,.2(CoH503) ————3

7.31%; calc. 7.51%) estimates that partial
combustion of the nicotinamide ligand in the
neutral position occurs primarily. The carbonyl and
amide functional groups of the nicotinamide ligand
form NO/NO;, CO/CO, and H>O combustion
products and move away from the structure in the
195-282 °C temperature region, at the maximum
decomposition temperature of 226 °C.

}

[Sr(CoH503)(CsH4N)12.2(CoHs03) + NO/NO, + CO/CO, + H20
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Table 1: Elemental analysis data of molecules.

Complex M.A. Yield C% H% N%
(g/mol) (%) exp-(calc) exp-(calc) exp-(calc)
[Mg(C10H14N20)2(H20)4].2(C9oHs503).H20 (I) 662.89 91 53.92-(54.36) 4.77-(4.56) 8.32-(8.45)
H-(H20)2[Ca(CoH503)(CsHeN20) (H20)3]2.2(CoHs503) (II) 1113.07 90 51.33-(51.80) 4.71-(4.35) 4.97-(5.03)
H-(H20)2[Sr(CsHs503)(CsHesN20) (H20)2]2.2(CoHs03) (III) 1172.13 87 48.77-(49.19) 3.92-(3.78) 4.84-(4.78)
H-(H20)2[Ba(CoHs503)(CsHsN20) (H20)2]2.2(CoH503) (IV) 1271.54 86 45.73-(45.34) 3.79-(3.49) 4.35-(4.41)
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Subsequent degradation has been attributed to the
burning of the more stable pyridine rings of
nicotinamide ligands. In the temperature range of
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decomposition step, the pyridine rings remove
from the structure by giving the combustion gases
and vapors of NO/NO2, CO/CO2, and H20 (exp.

372-403 °C, in the exothermic -299 °C 13.51%; calc. 13.31%).
372-403°C
[Sr(CoHs503)(CeHeN20)12.2(CoHs03) — g

[SF(C9H5O3)]2.2(C9H503) + NO/NO, + CO/CO> + H,O

The combustion reactions taking place in the
degradation steps in the temperature range of
404-685 °C, one exothermic -410 °C, and the
other endothermic 470 °C, can be attributed to
two mole stabilizing coumarilate anions located

outside the coordination sphere. The compatibility
of experimental and theoretical results with each
other also supports this situation (exp. 26.92%;
calc. 27.47%).

404-685°C
[Sr(CoH503)12.2(CoH503) — 3 [S(CoH503)12+C0O/CO, + H,0

The sixth and final degradation step is the step in

which all combustion events occur, and the
degradation ends, and the last black-colored
molecule of SrO remains. The coherence of

experimental and theoretical mass losses in the
combustion reaction occurring at the maximum
decomposition temperatures of 742 °C and
endothermic 848 ©°C in the 687-891 °C
temperature region also supports this result (exp.

CO/CO2 and H20 combustion gas and vapors are
formed as combustion products. The fact that the
experimental mass amount of the final residual
product is slightly higher than the theoretical
amount indicates that the black color of the
residual product is due to carbonized carbon
remaining from combustion due to an inert
nitrogen environment (exp. 18.80%; calc.
17.68%).

[Sr(CH503)], —————— 3 2Sr0+C0/CO, +H20

24.91%; calc. 24.74%). It is suggested that
687-8910C
Thermal analysis curves of the coumarilate /

nicotinamide complex of the Ba metal cation are
given in Figure 4. Six degradation steps were
observed in the DTA curve at maximum
decomposition temperatures of 86, 205, 333, -
401, -417; 454; 617 and -707; -774; 842 °C. The
degradation pattern of the Ba complex is very

similar to that of the Sr complex. The first decay
step can be attributed to the removal of the
coordinated four molecules of aqua ligand at the
terminal position to the Ba cations in the
temperature range 59-94 °C (exp. 6.02%; calc.
5.66%).

59-940C

#-(H20)2[Ba(CoHs03)(CeHeN20)(H20)215.2(CoHs03) —~ = o,
u-(H20)2[Ba(CoHs03)(CeHgN20)12.2(CoHs03) + 4 HL0

The second degradation step is still the dehydrated
degradation step and belongs to the degradation of
the aqua ligands, which are the bridges connecting
the two Ba cations, which takes place in the

temperature range 95-215 °C with a maximum
decomposition temperature of 86 °C (exp. 3.04%;
calc. 2.83%).

95-215°C

u=(H20)2[Ba(CoH503)(CeHeN20) 12.2(CoHs03) = "~ o

It is thought that the neutral ligand, nicotinamide -
NH2 group, leaves the structure in the form of

[Ba(CgH503)(CeHgN20)15.2(CoHs03) 4+ 2 H,0

ammonia gas in the next decaying step of the
dehydrated coordination compound, with the water
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removed from its structure. The decomposition's
experimental and theoretical mass losses in the
temperature range of 217-384 °C are consistent

217-384°C

[Ba(CoH503)(CeHgN20)12.2(CoHs03) g

RESEARCH ARTICLE

with this fragmentation (exp. 2.42.04%; calc.

2.52%).

[Ba(CgH503)(CgH3NO)]5.2(CoHs03) + 2 NH3 + CO/CO, + H20

The subsequent degradation belongs to the
combustion reaction of the remaining parts of
nicotinamide ligands, leaving the structure by
forming NO/NOz, CO / CO2, and H>O combustion

385-407°C

products. In the temperature range of 385-407 °C,
in the exothermic -401 °C degradation step, the
nicotinamide residue burns completely (exp.
16.52%; calc. 16.67%).

[Ba(CgH503)(CeH3NO)]5.2(CoH503) — 3 [Ba(CgHs03)12.2(CgHs03) + NO/NO, +CO/CO;, +H20

The degradation continues with the combustion of
the coumarilate anions in the counter-ion position
outside the coordination sphere, among the four
molecule coumarilate ligands, which are organic
residues in the structure. In the temperature range

of 408-580 °C, one exothermic -410 °C, others
endothermic 454; 617 °C decomposition products
are formed as a result of the combustion reactions

408-5800°C
[Ba(CgHs503)]2.2(CoHs03) g [Ba(CyHs03)12+ CO/CO, +H20

The final degradation step of the thermal analysis
of the complex occurs in the temperature region of
585-880 °C, while it takes place in three steps,
two exothermic -707; -774 °C and the other
endothermic 842 °C. After all the combustion and
disintegration processes, it was determined that
25.21% BaO residue remained in the reaction
vessel as the final product. The fact that this value
is slightly higher than the theoretically calculated

that take place in the decomposition steps
(exp.25.22%; calc. 25.33%).
residual value (24.12%) is that complete

combustion cannot occur by conditioning the
reaction medium with inert nitrogen gas to
determine the disintegration steps more clearly
since complete combustion could not take place,
some carbon residue accumulated on the surface
of the metal oxide as carbonized coal, which can
be interpreted as the reason for the expected black
color of the residual metal oxide.

585-880°C
[Ba(CgH503)], — 3w 2Ba0+C0O/CO, +H,0
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Infrared spectroscopy

FTIR stretching modes of the coumarilic
acid/nicotinamide complexes of alkaline earth metal
cations are given in Figure 3, and the important
band stretching modes of the FT-IR spectra of the
compounds are summarized in Table 4.

When FTIR spectra of alkaline earth metal cation
complexes with mixed ligands containing
coumarilate / nicotinamide ligands are examined,
the resulting strong and broadband 3680-2850 cm™!
indicates the presence of -OH group in the
structures of the coordination compounds. The Mg
metal cation complex is salt type, and the
coumarilate ligands are located outside the
coordination sphere. In other structures,
coumarilate ligands entered the coordination
sphere. Accordingly, different FTIR peaks were
observed in the Mg cation mixed ligand complex
from other structures. While the peak of the C=0
stress vibration of the carboxylic acid group in the
Mg complex is observed at 1663 cm, it is also
understood from the difference between asymmetric
and symmetrical stress vibrations that the same
group is monodentately coordinated (v(C=0)asym.-
V(C=O)sym,: 1562 Cm'l - 1441 Cm_l = AVasym—sym: 121
cm). In other complexes, the bonding is of
bidentate fashion, and the differences between
asymmetric and symmetrical stress vibrations are
found to be greater than the difference (130 cm™?)
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between the coumarilic acid's own asymmetric and
symmetrical stress vibrations (170 cm for complex
II, 142 cm! for complex III, 160 cm™ for complex
IV respectively). The appearance of both the N-H
peaks of the nicotinamide ligand and the fact that
the peaks of the carbonyl group of the amide group
do not show any shift compared to the pure
nicotinamide ligand can be considered as evidence
that this ligand participates in the coordination via
the characteristic pyridine nitrogen. The peaks
belonging to the coordination of the ligands are
generally the peaks indicating the attachment to the
metal center. In contrast, three different
coordination is observed in the Mg complex, which is
different from the other compounds (649 cm for
v(M=-N), 559 cm™ v(M-0-)crboxyl, and 425 cm- for
V(M=0)aqua), Wwhile in the other three cation
complexes, four different coordination with the
metal was observed due to the carboxylate group
oxygens that show bidentate bonding. The stresses
belonging to these coordinations have been found
for the Ca complex v(M-N) is 646 cm, v(M-
O-)carboxyl is 581 cm‘l, V(M=0=)carbonyl 535 cm™ and
V(M=-0)aqua 427 cmt; for the Sr complex v(M-N) is
617 cm™, v(M=0-)carboxyl iS 578 cm™t, v(M—0=)carbony!
526 cm? and Vv(M-0)agua 445 cm; for the Ba
complex v(M-N) is 669 cm™, v(M—0-)carboxyl iS 581
cm‘l, V(M—O=)carbony| 526 cm™ and V(M—O)aqua 426
cm,
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Figure 2: Thermal analysis curves of metal-coumarilate / nicotinamide mixed ligand complexes. (a) Mg2*
complex, (b) Ca?* complex, (c) Sr2* complex and (d) Ba2* complex.

Powder x-ray diffraction analysis

It has been determined that all of the molecules
whose powder X-ray diffraction patterns are formed
have good crystallinities (Figure 4). However,
single-crystal structure analysis could not be made
due to the small size of the crystals selected for
single-crystal structure analysis. The apparent
difference in the powder x-ray diffraction pattern of

the Mg?* cation-centered complex from that of the
other three complexes supports this molecule's
proposed salt structure claim. The general similarity
of powder X-ray diffraction patterns in Ca2*, Sr2+
and Ba?*-centered structures strengthens the
suggestion that these three structures are iso-
structural with each other.
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Table 2: Thermal analysis data of metal-coumarilate / nicotinamide mixed ligand complexes.

Temp.

DTAmax Removed

Mass Loss

Remaining

Decomp.

Complexes Range (°C) Groups (%) Product (%) Product Color
(°0) Exp. Calc. Exp. Calc.
[Mg(CeHeN20)2(H20)4].2(CoHs03).H20 Pink
C30H30MgN4O12 1 85-147 125 H>0 2.65 2.65
662.89 g/mol 2 158-304 263 4 HO 11.07 10.58
3 351-482 428 2 CeHsN20 34.97 35.84
4 485-908 7> %275' 758, C4HsO2; CoHsOs  44.11  44.94  7.20  5.92 MgO Black
H-(H20)2[Ca(CoHs03)(CeHeN20)(H20)3]2.2(CoH503) White
CagHagCazN4022 1 65-186 118 8 H.0 11.98 12.94
1113.07 g/mol 2 188-290 254 2 CeHsN20 21.93 21.92
3 343-424 -414 2 CoHs03 28.72 28.93
4 427-905 481, -688, 708 2 CoHs02 25.82 26.06 11.55 10.06 2 Ca0 Black
H-(H20)2[Sr(CoHs503)(CeHeN20)(H20)2]2.2(CoH503) Blue
CagH44N4O20Sr> 1 59-106 85 4 H2Oterminai 5.83 6.14
1172.13 g/mol 2 108-192 148 2 H20 bridge) 2.72  3.07
3 195-282 226 2 C2H2NO 7.31 7.51
4 372-403 -299 2 CsHaN 13.51 13.31
5 404-685 -410, 470 2 C9oHs03 26.92 27.47
6 687-891 -742, 848 2 CoHs0» 24.91 24.74 18.80 17.68 2 SrO Black
u-(H20)2[Ba(CoHs03)(CeHeN20)(H20)2]2.2(CoH503) White
CagH44Ba2N4020 1 59-94 86 4 H20terminan) 6.02 5.66
1271.54 g/mol 2 95-215 205 2 H20(bridge) 3.04  2.83
3 217-384 333 2 NH3 2.42 2.52
4 385-407 -401 2 CsH4NO 16.52 16.67
5 408-580 -417, 454, 617 2 CoHs03 25.22 25.33
6 585-880 -707, -774, 842 2 CoHs02 21.57 22.81 25.21 24.12 2 BaO Grey
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CONCLUSIONS

This study was presented as a master's thesis,
complex compounds with coumarilic acid /
nicotinamide mixed ligands of magnesium, calcium,
strontium, and barium cations are alkaline earth
metal cations, were synthesized. Elemental analysis,
Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA/DTA), powder Xx-
ray diffraction diffractometer (P-XRD), and melting
point determination methods were used to examine

(1) [Mg(CsHeN20)2(H20)4].2(CoHs03).H20

RESEARCH ARTICLE

the structural characterization of the complexes. It
was determined that compounds with mixed ligands
were 1:2:1 except for the Mg complex. In the Mg
complex, the ratio was determined as 1:2:2.
Molecular formulas of the compounds determined to
contain water in their structures according to
thermal analysis curves and infrared spectra are
proposed as follows by chemical composition
analysis.

C30H30MgN4O12

(II) p-(H20)2[Ca(CoHs03)(CeHsN20)(H20)3]2.2(CoH503)
(III) p-(H20)2[Sr(CoHs503)(CsHsN20)(H20)2]2.2(CsHs03)

(Iv)

Table 3: FT-IR spectral data of metal-coumarilate / nicotinamide mixed ligand complexes.

L-(H20)2[Ba(CoHs03)(CeHsN20)(H20)2]2.2(CoHs03)

CagH48CaxN4022
C48H44N4020S12
Cs8H44BazN4020

Groups Mg?2+ Caz+ Sr2+ Ba2%*
V(OH)H20 3500-3100 3550-2850 3670-3000 3680-3000
V(N-H)amide 3358, 3198 3354, 2850 3498, 3180 3423, 3175
v(=C-H)ar 3252 3257 3280 3280
v(C=C)ar 3061 3061, 3081 3058, 3001 3061, 3011
v(CH2) 2910, 2825 2850, 2885 2924, 2872 2928, 2866
V(C=0)carbonyl 1663 1657 1643 1649
V(C=0)amide 1705 1709 1699 1697
v(COO-)asym. 1562 1566 1552 1572
v(COO-)sym. 1441 1396 1410 1412
Avas-s 121 170 142 160
O(OH)Hu20 1474 1467 1474 1474
V(C'N'C)pyridine 1328 1334 1337 1337
v(Cy-01-C1) 1259/1184 1262/1178 1259/1178 1262/1181
V(C-0)carboxyi 1298 1295 1305 1308
v(Ring) 1106-816 1125-812 1109-835 1109-835
V(C-N)amide 943-741 943-744 943-741 943-741
v(M-N) 649 646 617 669
V(M'o_)carboxyl 559 581 578 581
v(M-0=) - 535 526 526
V(M-0-)aqua 425 427 445 426
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Figure 3. FT-IR spectra of the complex structures I, II, III and IV.
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Figure 4: P-XRD patterns of the complex structures Mg2+, Ca%*, Sr2* and Ba2".

The images of the synthesized complexes taken with
light microscopy were given in Figure 5. The Mg?%*
complex is salt-type, and the coumarilate ligands
are located outside the coordination sphere. In
other structures, coumarin ligands entered the
coordination sphere. Accordingly, different infrared
peaks were observed in the Mg?* cation mixed
ligand complex from other structures. The
appearance of both the N-H peaks of the
nicotinamide ligand and the fact that the peaks of
the carbonyl group of the amide group do not show
any shift compared to the pure nicotinamide ligand
can be considered as evidence that this ligand
participates in the coordination via the characteristic
pyridine nitrogen. The coordination of the ligands is
generally supported by infrared peaks that signal
their bonding to the metal center. While three
different coordination is observed in the Mg?*
complex, which is different from other compounds in
its structure, in the other three cation complexes
(Ca?*, Sr?* and Ba?*), the infrared peak of four
different coordination with the metal has been
determined due to the carboxylate group oxygens
showing bidentate bonding. Thermal degradation
analysis of the coordination compounds of the

synthesized alkaline earth metal cations has been
interpreted in detail in the thermal analysis section.
The degradation steps started with removing
hydrate waters located outside the coordination
sphere and continued with the decay of the terminal
waters located within the coordination sphere. The
complete dehydration of the complexes ended with
the departure of the aqua ligands, which were
bridging between the two metal cation centers, from
the structures. The degradation of organic ligands
started with the decomposition of the neutral ligand,
nicotinamide, and then continued with the burning
of the coumarilic acid ligands. The cleavage
sequence of coumarilic acid ligands showing two
different types of binding in the complexes was also
noticed. First of all, the coumarilate ligands acting
as the stabilizing anion of the complexes located
outside the coordination sphere have been removed.
Afterward, the degradation of the coumarilate
ligands that provide bidentate coordination to the
metal in the coordination sphere was observed. It
was determined that oxide compounds of the
respective metals remained in the reaction vessel as
the final products of all thermal degradation.
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Figure 5: Light microscopic images of the synthesized complexes. (a) Mg?* complex, (b) Ca%* complex, (c)
Sr2* complex and (d) Ba%* complex.
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Abstract: Heavy metal pollution poses a great risk for the environment and the human health. Cadmium
is among the most common pollutants found in wastewater, known for its great toxicity even in small
doses. This work aims to study the removal of cadmium using natural Moroccan clay (MC). The clay was
characterized using X-ray diffraction, X-ray fluorescence, Fourier transform infrared spectroscopy, BET,
and SEM. The effects of several experimental parameters on the clay adsorption capacity towards cadmium
ions, such as MC dose, initial concentration and contact time, initial pH, and temperature were studied.
The kinetic models Pseudo-first order, Pseudo-second order, and Elovich are evaluated to identify the
adsorption process. The adsorption mechanism was determined by the use of the adsorption isotherms:
Langmuir, Freundlich, and Temkin model. The results show that the heavy metal retention obeys the
Pseudo-second order (R220.99). The Langmuir isotherm model provided the best fit (R2>0.99) to the
experimental data for the adsorption of Cd(II) by MC as compared to the Freundlich and Temkin model.
The maximum monolayer adsorption capacity of Cd(II), using the Langmuir model equation, is equal to
5.25 mg/g. The adsorption is a spontaneous and an endothermic process characterized by a disorder of the
medium.
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INTRODUCTION particular, is an environmental problem of global
interest (2). They are considered one of the most
Increased urbanization and industrialization = dangerous inorganic contaminants among many

activities have led to global economic development,
which has significantly contributed to human well-
being, but this had a negative effect on the
environment. Indeed, the uncontrollable control of
waste and wastewater discharges creates a series of
environmental problems, making it difficult to
access adequate quality water for human
consumption (1). Heavy metals pollution, in

others released into the environment. The reason
behind this is their persistence in nature and their
toxicity even at a very low concentration (3).

The protection of Aquatic Resources and the
environment and the elimination of heavy metals
are always a great challenge. The accumulation of
this toxic waste comes mainly from human activities
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such as agriculture, mining, and industry. Currently,
they are of great concern because of their toxicity to
ecosystems and their harmful effects on human
health. Cadmium is considered to be dangerous
micropollutants (4), the toxicity caused by this
metal is considered to be high even to the state of
traces (5).

Numerous studies have made it possible to develop
various industrial effluent treatment processes to
reduce these contaminants quantity in aquatic
environments. These studies include chemical
precipitation processes, coagulation/flocculation, ion
exchange, membrane processes, and adsorption (6-
14).

The adsorption process has proven to be highly
efficient and cost-effective for removing organic
substances (pesticides, dyes, phenolic compounds,
etc.) and heavy metals (cadmium, lead, mercury,
etc.). (7-11).

Moreover, the research and development of new
low-cost, cost-effective, and efficient adsorbents for
ecosystem treatment remains a great challenge.
Natural adsorbents such as agricultural solid waste,
algae, soils, and clays modified or not have shown
promising profitability for trapping pollutants
(4,6,15,16). Recently clay minerals have received
considerable attention as alternative adsorbent
materials that are less expensive, abundant and
have multifunctional properties depending on the
type of clay (17). The main advantages of using
these materials are due to their different
characteristics, abundant availability, and low cost
(18).

This work aims to enhance Moroccan natural clay's
value in the retention of cadmium ions from
synthetic aqueous solutions. The influence of

adsorption conditions such as MC dose, initial
concentration and contact time, initial pH, and
temperature  were investigated. To better

understand the nature of the reaction mechanisms
involved in the adsorption phenomenon, the linear
shapes of different kinetic and isothermal models
were calculated and evaluated.

EXPERIMENTAL SECTION

Characterization techniques

The X-ray diffraction analyses were carried out
using a PANalytical X'Pert PRO Plus diffractometer,
using Cu-Ka radiation (A=1.5406 A). The value of
26 angle was scanned between 3 and 90° range at a
goniometer rate of 20 = 4°/min. The chemical
composition of MC was determined with X-ray
fluorescence using an Axios-Panalytical device. The
analysis of the MC by Fourier Transform Infrared
Spectroscopy was carried out by using a Vertex 70
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spectrometer, the analysis was performed by
scanning from 4000 cm™* to 400 cm™ with a
resolution of 4 cm™. BET Nitrogen adsorption
measurements were obtained using a Micromeritics
Flex 3 to obtain the specific surface area of MC. The
morphology of MC was observed by Scanning
electron microscopy (SEM) and Energy Dispersive X-
ray (EDAX) (FEI Company, Quanta 200).

Adsorbent and Adsorbate

The adsorbent used in this work is an unmodified
clay collected from Marrakech region in southern
Morocco. Before any use, the material was crushed
and sieved; only the granulometry below 120 pm is
retained. The particles were then dried at 100 °C
overnight and before any use.

The used stock solution of metal ions (Cd(II)) was
prepared by dissolving a known amount of metal
salt Cd(NOs)> 4H,O (98%), purchased from
Solvachim (Casablanca, Morocco), in distilled water.
The desired working concentrations solution is
prepared by diluting the stock solution.

Adsorption Experiments

The adsorption tests were conducted in the batch
method under different experimental parameters,
such as the adsorbent dose, initial concentration
and contact time, pH of the solution, and
temperature. After the adsorption process, MC was
separated from the liquid phase using a 0.45 pm
membrane filter; the recovered filtrate was analyzed
by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES). The data obtained from
the adsorption experiments are used to calculate
the adsorption efficiency and capacity by the
following equations:

(Co_cr)

0

R%= X100 (Eqg. 1)

(Co-C)

A(mgig)= m 4

(Eq. 2)

Where Co(mg/L) and C:(mg/L) are respectively the
initial and the residual concentration of adsorbate,
V(L) is the solution volume, and m(g) is the
adsorbent mass.

RESULTS AND DISCUSSION

Characterization of the adsorbent

X-ray diffraction

X-ray diffraction was done to determine the
mineralogical composition of MC. The obtained XRD
patterns for MC are shown in Figure 1. According to
the XRD pattern, our compound is not pure and
contains a high quantity of quartz (JCPDS file No:
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01-085-0797; peaks around 4.26 A (20.81° 28),
2,46 A (36.43° 20), 2.28 A (39.45° 20), 2.23 A
(40.38° 20), 2.12 A (42.62° 20), 1.98 A (45.90°
28), 1.82 & (50.11° 26), 1.67 A (54.72° 26), and
1,66 R (55.24° 20). X-ray diffraction analysis
indicated that the clay's mineralogical composition is
mainly composed of illite (JCPDS file No: 00-001-
1098), with the presence of a small amount of
kaolinite (JCPDS file No: 01-083-0971) 7.24 A
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(12.5° 20), albite (JCPDS file No: 01-084-0752)
1.45 A (64.06° 20), and vermiculite (JCPDS file No:
01-076-0847) 4.46 A (19.81° 20).

Illite was characterized by interreticular distances
(R) and 26 position of the diffractometric reflects at
10.11, 8.76°; 5.01, 17.71° ; 3.68, 24.18° ; 3.50,
25.42° ; 3.24, 27.45° and 3.20, 27.86°.
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Figure 1: X-ray diffraction patterns of MC.

X-ray fluorescence

Elemental chemical analysis of the raw clay shown
in Table 1 shows that silica and alumina are the
predominant constituents. They are found in a
Si0/Al;03 ratio equal to 3.64, which is an indication
of large proportion of quartz (19,20). The low CaO
content indicates a low amount of calcium carbonate
(21). The loss on ignition (LoI) equal to 5.77% by
mass. It is due to the decomposition of carbonates
and dehydroxylation of clay minerals (18,22).

Fourier Transform Infrared Spectroscopy

The FT-IR spectra (Figure 2) show a band that
ranges between 3100-3700 cm™ located at 3436
cm! due to the presence of the stretching vibrations
of the internal OH groups of H.O molecule (23,24),
the two bands at 1637 cm™ and 1381 cm™ are
attributed to the deformation of H,O (25,26). The
bands located at 693, 776, 1005 cm™, and 1031

cmt correspond to Si—O stretching vibrations
(16,23,26-29). Intense peaks at 472 cm™ and 533
cm™ are attributable respectively to the deformation
of Si—O—Mg and Si—0O—Al (30). The band located at
912 cm is attributed to the bending vibrations of
the groups AlI-AI-OH and AlI-Mg-0OH (31,32).

Table 1: Chemical composition of MC.

Elemental Composition Weight %
SiO2 65.80
AlLOs3 18.10
Fe20s 3.56

K20 2.12

MgO 1.41

Na20 1.07

CaO 0.78

TiO2 0.76

Lol (Loss on ignition) 5.77
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Figure 2: FT-IR spectrum of MC.

Specific surface areas - BET
Figure 3 presents the nitrogen adsorption-

desorption isotherm at 77 K of MC. The obtained
isotherm is the type IV, with a hysteresis loop of

type H4 and those according to the IUPAC
classification (33). The specific surface area of MC
obtained by the BET method is 23.07 m?/g.
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Figure 3: Adsorption—-desorption isotherms of N, at 77 K of MC.

Scanning electron microscopy (SEM) and Energy
Dispersive X-ray (EDAX)

The Scanning electron microscopy (SEM) for MC
before and after adsorption are shown in Figure 4.
The shape of the MC adsorbent particles have
irregular structures (Figure 4a). The loaded MC
showed some white particles on the surface of the
mineral (Figure 4b), indicating the adsorption of
cadmium on the surface of MC.

The elemental compositions of MC before and after
adsorption were obtained with EDAX analysis, and
the spectra were shown in Figure 5. The results
showed that O, Si, Al, Fe, and K were the major
elements of MC clay, with the presence of small
quantities of C, Ti, Na, Mg, and Ca (Figure 5a).
However, the additional peak corresponding to Cd
element was observed in Figure 5b, which confirm
the adsorption of Cd(II) onto MC.

680



Abbou B et al. JOTCSA. 2021; 8(2): 677-692.

ageE | HYV
PM 500  30.00kV 113 mbar | 10.6mm 0.16nA

RESEARCH ARTICLE

5
57:29 PM 325 | 30.00 kv | 1.13 mbar | 10.6 mm ul&nA

Figure 4: SEM of MC before (a)and after (b) adsorption.

Adsorption experiments

Adsorbent mass effect

The mass effect on the adsorption of cadmium ions
onto MC was conducted by contacting different
masses of MC (0.1 g to 1.2 g) with 0.1 L of Cd(II)
10 mg/L solution for 180 minutes. The results are
illustrated in Figure 6. The efficiency of adsorption

increases when MC mass increases in the solution.
This is due to the increase in specific surface area
and the adsorption active sites attributed to the
increase in the adsorbent mass (34). From this
result, a MC mass of 0.8 g will be used in all the
following experiments.

Figure 5: EDAX of MC before (a) and after (b) adsorption.
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Figure 6: Evolution of heavy metal removal efficiency versus MC mass.

Initial concentration and contact time effect

Contact time is a major parameter that controls the
effectiveness of the adsorption phenomenon. Figure
7 shows the evolution of the adsorption capacity q:

concentrations (10—200 mg/L). It is found that the
adsorption capacity (q:) increases with time in
proportion as the concentration of the metal ion
increases.

versus contact time for different cadmium
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Figure 7: Time effect on the adsorption capacity of MC clay versus various initial concentrations of Cd(II).

Monitoring the initial concentration effect (Figure 8)
shows that ge(mg/g) increases with the accrues of
the initial metal concentration, this increase is over
when MC reaches its maximum adsorption capacity
and becomes saturated with the adsorbed metal. In
fact, at weak concentrations, the adsorption sites of
MC are unoccupied and tend to fix more cadmium

ions. In general, the amount of metal adsorbed
increases from 1.09 mg/g to 5.12 mg/g with
increasing initial concentration from 10 mg/L to 200
mg/L of the metal solution and then reach a plateau
corresponding to the adsorption sites saturation
(35). The maximum adsorption capacity value
obtained is 5.12 mg.g.
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Figure 8: Adsorption capacity of MC.

Initial solution pH effect

To understand the influence of pH on Cd(II)
adsorption onto MC, adsorption tests were
conducted in a different value of pH (2—6); the
results are shown in Figure 9. At acidic pH the
adsorption efficiency is too low, which can be
explained by the competition between metal ions
and hydronium Hs3O* ions present in the acid
solution; hydronium ions are more adsorbed than

metal ions due to their high mobility. At a slightly
acidic pH (from 4 to 6), adsorption is more
pronounced, and the adsorption efficiency increases
with increasing pH. The mechanism involved at this
pH range is an ion exchange that occurs between
Cd(II) and the cations localized in the MC exchange
sites (36). The almost total elimination of Cd(II) is
obtained beyond pH = 5.

100 4
»——-a
20 4 w’
€0 4
R%
40 4 '
o
20 4
w
O T T T L T L T
2 3 < 5 6
pH

Figure 9: pH effect on Cd(II) adsorption onto MC.

Temperature Effect

The temperature effect on MC adsorption capacity
was studied. The experiments were conducted at
various temperatures varied from 25 °C to 55 °C.
The amount of adsorbed cadmium ions increased
with temperature (Figure 10), indicating an

endothermic nature of adsorption. The rise in
temperature leads to an increase in the adsorption
capacity of MC clay. This increase may be due either
to an increase in the MC available active sites or to
an increase of the cadmium ions mobility in the
solution (37).

683



Abbou B et al. JOTCSA. 2021; 8(2): 677-692.

RESEARCH ARTICLE

14
—— = *———;
12 - S e ———
2 v A e—
| /;“.'.-i-'*--—
1l | =
10 [ ¥ / i
=7 - e
o | ’ i
b ) — s
q(mgig) 1 I ® =
06 4 ||1|I /
= L
|’lI {
1Y
I {
0.4 - ’HHII
1y
1N
‘I
02 ¥
a 0 T T T T T T
0 10 20 20 £ 50 80
Time(min)

Figure 10: Temperature effect on the absorption capacity of MC.

Adsorption Kinetics
For the kinetic study of the adsorption process, the

obtained experimental data were fitted by three
kinetic models, pseudo-first-order, pseudo-second-
order, and Elovich, to describe the adsorption

process.

The pseudo-first-order kinetic model expressed by
Eq. (3) (38) :

(Eq. 3)

1 —q,)=log q,—
Og (qe qt) Og qe 2.303
The pseudo-second-order equation is given by Eq.
(4) (39):

1,1,
ql kzqe qe

(Eq. 4)

Where ge and q: are respectively the amounts of
Cd(II) adsorbed on MC clay at equilibrium and at
time t expressed in (mg/g). ki(mint) and kz(g/mg

min) are the pseudo-first-order and pseudo-second-
order rate constants, respectively.

The Elovich kinetic model, describe chemisorption
adsorption. Expressed by the equation (5) (40):

1 (Eq. 5)

B

Where a (mg.gl.mint') and B (g.mg?) are
respectively the initial adsorption rate and the
desorption constant.

q.= (GB)+%IH t

Table 2 summarizes the kinetic data.; the curves
are shown in Figure 11. The pseudo-second-order
model's obtained correlation coefficients are
superior to those of pseudo-first-order and Elovich
models. Also, the calculated values of the
adsorption capacities at equilibrium ge, from the
pseudo-second-order are closer to the experimental
values. From these results, it can be concluded that
the adsorption of Cd(II) on MC is based on a
chemical reaction, involving an exchange of
electrons between the MC and the metallic solution

(41,42).

684



Abbou B et al. JOTCSA. 2021; 8(2): 677-692.

Table 2: Kinetic parameters for Cd(II).
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Concentration pseudo-first-order pseudo-second-order Elovich
L ge (exp)
(mg/L)
qe (cal) K1 R;12 qe (cal) K2 R322 a B Re2
10 1.10 0.75 0.0539 0.9444 1.14 0.1371 0.9989 1.3862 6.3572 0.9352
40 3.45 1.63 0.0239 0.7992 3.54 0.0456 0.9995 4.1336 2.0121 0.8878
60 4.09 0.78 0.0387 0.6750 4.14 0.1301 0.9995 157.4839 2.5336 0.4992
80 4.37 0.85 0.0366 0.7933 4.39 0.1981 0.9999 2.83E+10 7.0824 0.9576
100 4.93 1.53 0.0190 0.6284 4.96 0.0578 0.9991 2017.6545 2.7966 0.9016
150 4.92 2.01 0.0211 0.7619 5.00 0.0394 0.9992 30.1701 1.8206 0.8643
200 5.12 1.88 0.0275 0.8306 5.19 0.0501 0.9989 1.43E+04 3.1313 0.9530
a b
1 200
= 10ppm ® 40 ppm m 10ppm ® 40 ppm
A 60ppm v 80 ppm
A 60ppm v 80ppm
100 ppm 150 ppm
0 200 ppm 150 - 100 ppm 150 ppm
» 200 ppm
i 100
g,1< a,
50 4
24
0]
-3 T T T T T T T
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Time (min) Time (min)
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| e
Qi34
24
14
:

Figure 11: Kinetic models: Pseudo-first order (a), Pseudo-second order (b) and Elovich (c).
Adsorption isotherms Ce 1 Ce Eq. 6
To understand the mechanisms that take place —= +— (Eq. 6)
during the adsorption of Cd(II) onto MC and d. K.qm Qn

estimating MC adsorption capacity, three isotherm
models are used, the Langmuir, Freundlich, and
Temkin models.

The Langmuir isotherm model assumes monolayer
coverage of a defined adsorption site without any
interactions between the adsorbed ions (43).

The following equation gives Langmuir linear form:

Where: gm: maximum adsorbed capacity (mg/g),
KL(L/mg): equilibrium constant characteristic of the
adsorbent, Ce(mg/L): adsorbate concentration at
equilibrium.

The separation factor constant R, is an essential
characteristic used to ascertain the Langmuir
isotherm model, which is defined by (44):
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1

R=——"—— (Eq. 7)
(1+K,C,)

Where Co(mg/L) is the initial concentration and

Ki(L/mg) is the Langmuir constant.

Depending on the separation factor constant values,
the adsorption is favorable if 0 <RL<1,
unfavorable if RL > 1, irreversible if RL = 0 or linear
if RL = 1.

The Freundlich isotherm model assumes that the
adsorption processes occur on heterogeneous
surfaces with a non-uniform energy distribution of
adsorption sites on the surface. The Freundlich
model admits the existence of interactions between
the adsorbed molecules (45).

The following equation gives Freundlich linear
equation:

log q,=log KF+%log C, (Eq. 8)

Where Kr adsorption capacity, n: the adsorption

intensity, qe: adsorption capacity at equilibrium

RESEARCH ARTICLE

(mg/g), and Ce: the solute concentration at

equilibrium (mg/L).

The Temkin isotherm assumes that sorption's free
energy is a function of the surface coverage. The
linear form is written as follows (46) :

qezﬂln Kﬁgln c, (Eq.9)
by by

Where T: temperature (K), R universal gas
constant (8.314 J.molt.K1), br (J/mol) : heat of
adsorption constant, and Kr(L/min) equilibrium
binding constant.

The calculated parameters of the adsorption
isotherms with their correlation coefficients are
reported in Table 3, and the curves are shown in
Figure 12. According to the correlation coefficients,
the Langmuir model is the most representative of
the adsorption mechanism with correlation
coefficients close to unity (R2=0.9981). Overall, it
seems that the adsorption of metal cations is done
by monolayer on identical sites of energy. This
result showed that the heavy metal cations are
homogeneously adsorbed through ionic adsorption
assured by the negatively charged surface of MC.

Table 3: Isothermal parameters for Cd(II).

Langmuir Freundlich Temkin
Je(exp) qm,cal KL R? Kr i/n R2 Kr bT(J/ mol) B R2
5.12 5.25 0.1741 0.9981 1.4797 0.2758 0.9501 0.2006 1817.1277 1.3635 0.9850
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Figure 12 : Adsorption isotherms: Langmuir (a), Separation factor R. (b), Freundlich (c) and Temkin (d).

The RL values of different concentrations are
tabulated in Table 4. All values are less than unity,
implying that the Langmuir isotherm best describes
heavy metal cations adsorption on MC (47).

Freundlich and Temkin's models are not suitable for
modeling the metal cations' adsorption on the
studied adsorbent.

Table 4: Separation factor R. of the Langmuir isotherm.

Concentration (mg/L) 10 40 60 80 100 150 200

RL 0.3825 0.1252 0.0876 0.0680 0.0550 0.0361 0.0281
Thermodynamic parameters
To completely understand the adsorption nature and It is therefore:
to describe thermodynamic behavior of the
adsorption of Cd(II) onto MC clay, the free energy _AS AH (Eq. 11)
(AG), enthalpy (AH), and entropy (AS) were In kd_ R - RT q-
evaluated.

The equilibrium constant of adsorption Kg is related
to the free energy of the reaction AG(J.mol?!) and
thus to the enthalpy AH(J.mol!) and the entropy
AS(J.mol1.K1) of adsorption by the relation:

AG=AH-TAS=—RTIn K,  (Eq.10)

Where Kq: equilibrium constant, T: temperature (K),
and R: universal gas constant (8.314 J.mol1.K1).

Figure 13 represents the plots of In(Kq4) as a function
of 1/T. The slope and the intercept allow calculating
respectively the standard variations of AH, AS and
AG. The obtained results are illustrated in Table 5.
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Figure 13: Representation of In(Kq) as a function of (1/T).

The endothermic character of the adsorption
process is confirmed by the positive values of AH,
and as they are higher than 40 kJ/mol, it is,
therefore, chemisorption (48). The spontaneous

nature of the adsorption process is confirmed by the
negative values of AG. Positive values of AS evokes
the increase of disorder at the solid/liquid interface
during adsorption (49).

Table 5: Thermodynamic parameters.

T(k) Ka(g/L) AG° (KJ.mol™?) AH°(KJ.mol™?) AS° (KJ.mol1.K1)
298 2.08 -1.82

308 1.68 -1.33 44.97 0.15

318 2.49 -2.41

328 12.03 -6.78

Mechanism of adsorption

To understand the nature of interactions between
the MC clay and the metal cations and to identify
the different functional groups involved in this
interaction, FTIR spectrophotometric analyses of the
unloaded and the Cd-loaded clay were carried out.
The FTIR spectrum is illustrated in Figure 14. The
reduction in peak size at 3436 cm™ and 1637 cm™
indicates the hydroxyl group's involvement in the
adsorbent-adsorbate interaction. Thus, the
reduction of peaks attributed to the Si—O and
Al—-AlI—OH group indicates the involvement of the
silanol and aluminol groups in the adsorption
mechanism (50).

Possible mechanism (51):
250" + Cd** --> (S0).Cd
With S = Si or Al.

Comparison with other adsorbents

Table 6 shows a comparison of the maximum
adsorption capacity (gmax) of MC with different
adsorbents reported in literature. As can be seen,
the gmax of MC for cadmium is higher compared with
other adsorbent clay materials. Nevertheless, MC is
promising adsorbent in the removal of cadmium
ions from aqueous solutions considering of its low
cost and its availability.
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Figure 14: FTIR spectrum of MC before and after adsorption.

Table 6: Comparison of adsorption capacity of Cd(II) on different adsorbents.

Adsorbent dmax(mg.g?) Reference
Ball clay 2.75 (52)
Kaolinite 4.38 (53)
Palygorskite 4.54 (54)
Kaolin 3.04 (55)
Diatomite 3.24 (55)
Kaolinite 0.88 (56)
Moroccan Clay 5.12 This study
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adsorbent, can be very effective for cadmium
removal from aqueous solution. The effect of
different factors on adsorption was studied. The
amount of Cd(II) adsorbed by MC increased with
increasing MC dose, solution initial pH, and contact
time. The obtained kinetic values were well fitted by
the pseudo-second-order thus proving that the
process takes place as chemisorption.

Equilibrium data were also fitted by Langmuir
isotherm, so the cadmium ions adsorb in
monolayers and without any interactions between
them. The maximum monolayer adsorption capacity
for metal ions, using the Langmuir isotherm model
equation, is equal to 5.25 mg/g. The negative
values of AG reveal the spontaneous nature during
the adsorption process of metal ions onto MC. AH
and AS positive values have proved the endothermic
and randomness of the adsorption process. On the
basis of these results, it can be concluded that
natural clay (MC) can be used as an inexpensive
and efficient adsorbent in the elimination of
cadmium ions from wastewater.

The authors are pleased to acknowledge Centre
National de la Recherche Scientifique et Technique

(CNRST) Morocco.
REFERENCES

1. Jiménez-Castafieda M, Medina D. Use of
Surfactant-Modified Zeolites and Clays for the
Removal of Heavy Metals from Water. Water. 2017
Mar 24;9(4):235. Doi:
https://doi.org/10.3390/w9040235.

2. Bouazza D, Miloudi H, Adjdir M, Tayeb A, Boos A.
Competitive adsorption of Cu (II) and Zn (II) on
impregnate raw Algerian bentonite and efficiency of
extraction. Applied Clay Science. 2018
Jan;151:118-23. Doi:
https://doi.org/10.1016/j.clay.2017.10.026.

3. Ezzeddine Z, Batonneau-Gener I, Pouilloux Y,
Hamad H, Saad Z. Synthetic Nax Zeolite as a Very
Efficient Heavy Metals Sorbent in Batch and
Dynamic Conditions. Colloids and Interfaces. 2018
May 24;2(2):22. Doi:
https://doi.org/10.3390/colloids2020022.

689


https://doi.org/10.3390/colloids2020022
https://doi.org/10.1016/j.clay.2017.10.026
https://doi.org/10.3390/w9040235

Abbou B et al. JOTCSA. 2021; 8(2): 677-692.

4. Essaadaoui Y, Lebkiri A, Rifi E, Kadiri L, Ouass A.
Adsorption of lead by modified Eucalyptus
camaldulensis barks: equilibrium, kinetic and
thermodynamic studies. Dwt. 2018;111:267-77.
Doi: https://doi.org/10.5004/dwt.2018.22191.

5. Zhang R, Zhou L, Zhang F, Ding Y, Gao J, Chen J,
et al. Heavy metal pollution and assessment in the
tidal flat sediments of Haizhou Bay, China. Marine
Pollution Bulletin. 2013 Sep;74(1):403-12. Doi:
https://doi.org/10.1016/j.marpolbul.2013.06.019.

6. Bensalah ], Habsaoui A, Abbou B, Kadiri L, Lebkiri
I, Lebkiri A, et al. Adsorption of the anionic dye
methyl orange on used artificial zeolites: kinetic
study and modeling of experimental data.
MediterrJChem,. 2019 Nov 18;9(4):311-6. Doi:

https://doi.org/10.13171/mjc941911181112jb.

7. Fu F, Wang Q. Removal of heavy metal ions from
wastewaters: A review. Journal of Environmental
Management. 2011 Mar;92(3):407-18. Doi:
https://doi.org/10.1016/j.jenvman.2010.11.011.

8. Gupta VK, Mittal A, Gajbe V, Mittal J. Removal
and Recovery of the Hazardous Azo Dye Acid
Orange 7 through Adsorption over Waste Materials:
Bottom Ash and De-Oiled Soya. Ind Eng Chem Res.
2006 Feb;45(4):1446-53. Doi:
https://doi.org/10.1021/ie051111f,

9. Gupta VK, Carrott PJM, Ribeiro Carrott MML,
Suhas. Low-Cost Adsorbents: Growing Approach to
Wastewater Treatment—a Review. Critical Reviews
in Environmental Science and Technology. 2009 Oct
9;39(10):783-842. Doi:
https://doi.org/10.1080/10643380801977610.

10. Kabdasli I, Arslan T, Olmez-Hanci T, Arslan-
Alaton I, Tinay O. Complexing agent and heavy
metal removals from metal plating effluent by
electrocoagulation with stainless steel electrodes.
Journal of Hazardous Materials. 2009 Jun 15;165(1-
3):838-45. Doi:
https://doi.org/10.1016/j.jhazmat.2008.10.065.

11. Ouallal H, Dehmani Y, Moussout H, Messaoudi L,
Azrour M. Kinetic, isotherm and mechanism
investigations of the removal of phenols from water
by raw and calcined clays. Heliyon. 2019
May;5(5):e01616. Doi:
https://doi.org/10.1016/j.heliyon.2019.e01616.

12. Huisman JL, Schouten G, Schultz C. Biologically
produced sulphide for purification of process
streams, effluent treatment and recovery of metals
in the metal and mining industry. Hydrometallurgy.
2006 Sep;83(1-4):106-13. Doi:
https://doi.org/10.1016/j.hydromet.2006.03.017.

RESEARCH ARTICLE

13. Wang L, Hung Y-T, Shammas N. Volume 3:
Physicochemical Treatment Processes. In: Handbook
of Environmental Engineering [Internet]. Totowa,
NJ: Humana Press; 2005. p. 1-703. ISBN: 978-1-
59259-820-5. Available from:
https://www.springer.com

3

book/978158829165

14. Keng P-S, Lee S-L, Ha S-T, Hung Y-T, Ong S-T.
Removal of hazardous heavy metals from aqueous
environment by low-cost adsorption materials.
Environ Chem Lett. 2014 Mar;12(1):15-25. Doi:
https://doi.org/10.1007/s10311-013-0427-1.

15. Kadiri L, Lebkiri A, Rifi EH, Ouass A, Essaadaoui
Y, Lebkiri I. Mathematical modeling and
thermodynamic study of copper (II) removal from
aqueous solution by Coriandrum Sativum seeds.
MediterrJChem,. 2019 Jan 20;7(6):478-90. Doi:
https://doi.org/10.13171/mjc76190121111k.

16. Essebaai H, Ismi I, Lebkiri A, Marzak S, Rifi EH.
Kinetic and Thermodynamic Study of Adsorption of
Copper (II) Ion on Moroccan Clay. Mediterr J Chem.
2019 Sep 13;9(2):102-15. Doi:
https://doi.org/10.13171/mjc92190909510he.

17. Uddin MK. A review on the adsorption of heavy
metals by clay minerals, with special focus on the
past decade. Chemical Engineering Journal. 2017
Jan;308:438-62. Doi:
https://doi.org/10.1016/j.cej.2016.09.029.

18. Abbou B, Lebkiri I, Ouaddari H, Kadiri L, Ouass

A, Habsaoui A, et al. Removal of Cd(II), Cu(IIl), and
Pb(II) by adsorption onto natural clay: a kinetic and
thermodynamic study. Turk J Chem. 2021;45:362-
76. Doi: https://doi.org/10.3906/kim-2004-82.

19. Arbaoui F, Boucherit MN. Comparison of two
Algerian bentonites: Physico-chemical and retention
capacity study. Applied Clay Science. 2014 Apr;91-
92:6-11. Doi:
https://doi.org/10.1016/j.clay.2014.02.001.

20. Besq A, Malfoy C, Pantet A, Monnet P, Righi D.
Physicochemical characterisation and flow properties
of some bentonite muds. Applied Clay Science. 2003
Oct;23(5-6):275-86. Doi:
https://doi.org/10.1016/S0169-1317(03)00127-3.

21. Sadki H, Ziat K, Saidi M. Adsorption of dyes on
activated local clay in aqueous solution. J Mater
Environ Sci. 2014;5(1):2060-5.

22. Ouaddari H, Karim A, Achiou B, Saja S, Aaddane
A, Bennazha J, et al. New low-cost ultrafiltration
membrane made from purified natural clays for
direct Red 80 dye removal. Journal of Environmental

690


https://doi.org/10.1016/S0169-1317(03)00127-3
https://doi.org/10.1016/j.clay.2014.02.001
https://doi.org/10.3906/kim-2004-82
https://doi.org/10.1016/j.cej.2016.09.029
https://doi.org/10.13171/mjc92190909510he
https://doi.org/10.13171/mjc7619012111lk
https://doi.org/10.1007/s10311-013-0427-1
https://www.springer.com/gp/book/9781588291653
https://www.springer.com/gp/book/9781588291653
https://doi.org/10.1016/j.hydromet.2006.03.017
https://doi.org/10.1016/j.hydromet.2006.03.017
https://doi.org/10.1016/j.heliyon.2019.e01616
https://doi.org/10.1016/j.heliyon.2019.e01616
https://doi.org/10.1016/j.jhazmat.2008.10.065
https://doi.org/10.1016/j.jhazmat.2008.10.065
https://doi.org/10.1080/10643380801977610
https://doi.org/10.1080/10643380801977610
https://doi.org/10.1021/ie051111f
https://doi.org/10.1021/ie051111f
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.13171/mjc941911181112jb
https://doi.org/10.1016/j.marpolbul.2013.06.019
https://doi.org/10.5004/dwt.2018.22191

Abbou B et al. JOTCSA. 2021; 8(2): 677-692.

Chemical Engineering. 2019 Aug;7(4):103268. Doi:
https://doi.org/10.1016/j.jece.2019.103268.

23. Essaadaoui Y, Lebkiri A, Rifi EH, Kadiri L, Ouass
A. Adsorption of cobalt from aqueous solutions onto
Bark of Eucalyptus. Mediterr J Chem. 2018 Sep
15;7(2):145-55. Doi:
https://doi.org/10.13171/mjc72/01808150945-
essaadaoui.

24. Ouaddari H, Beqqour D, Bennazha J, El Amrani
I-E, Albizane A, Solhy A, et al. Natural Moroccan
clays: Comparative study of their application as
recyclable catalysts in Knoevenagel condensation.
Sustainable Chemistry and Pharmacy. 2018
Dec;10:1-8. Doi:
https://doi.org/10.1016/j.scp.2018.07.003.

25. Bedelean H, Maicaneanu A, Burca S, Stanca M.
Removal of heavy metal ions from wastewaters
using natural clays. Clay miner. 2009
Dec;44(4):487-95. Doi:
https://doi.org/10.1180/claymin.2009.044.4.487.

26. Mobarak M, Selim AQ, Mohamed EA, Seliem MK.
A superior adsorbent of CTAB/H.0>
solution—modified organic carbon rich-clay for
hexavalent chromium and methyl orange uptake
from solutions. Journal of Molecular Liquids. 2018
Jun;259:384-97. Doi:
https://doi.org/10.1016/j.mollig.2018.02.014.

27. Adebowale KO, Olu-Owolabi BI, Chigbundu EC.
Removal of Safranin-O from Aqueous Solution by
Adsorption onto Kaolinite Clay. JEAS.
2014;04(03):89-104. Doi:
https://doi.org/10.4236/jeas.2014.43010.

28. Bentahar Y, Hurel C, Draoui K, Khairoun S,
Marmier N. Adsorptive properties of Moroccan clays
for the removal of arsenic(V) from aqueous solution.
Applied Clay Science. 2016 Jan;119:385-92. Doi:
https://doi.org/10.1016/j.clay.2015.11.008.

29. Chinoune K, Bentaleb K, Bouberka Z, Nadim A,
Maschke U. Adsorption of reactive dyes from
aqueous solution by dirty bentonite. Applied Clay
Science. 2016 Apr;123:64-75. Doi:
https://doi.org/10.1016/j.clay.2016.01.006.

30. Eloussaief M, Kallel N, Yaacoubi A, Benzina M.
Mineralogical identification, spectroscopic
characterization, and potential environmental use of
natural clay materials on chromate removal from
aqueous solutions. Chemical Engineering Journal.
2011 Apr;168(3):1024-31. Doi:
https://doi.org/10.1016/j.cej.2011.01.077.

31. Gourouza M, Zanguina A, Natatou I, Boos A.
Characterization of a mixed clay Niger. Revue

RESEARCH ARTICLE

CAMES—Sciences et Structure de la Matiére.
2013;1:29-39.

32. Madejova J, Palkova H. NIR Contribution to The
Study of Modified Clay Minerals. In: Developments
in Clay Science [Internet]. Elsevier; 2017 [cited
2021 May 12]. p. 447-81. Available from:

https://linkinghub.elsevier.com/retrieve/pii/B97800

81003558000138

33. Sing KSW, Everett DH, Haul RAW, Moscou L,
Pierotti RA, Rouquerol J, et al. Reporting
physisorption data for gas/solid systems with special
reference to the determination of surface area and
porosity (Recommendations 1984). Pure Appl Chem.
1985 Jan 1;57(4):603-19. Doi:
https://doi.org/10.1351/pac198557040603.

34. Gopal Reddi MR, Gomathi T, Saranya M, Sudha
PN. Adsorption and kinetic studies on the removal of
chromium and copper onto Chitosan-g-maliec
anhydride-g-ethylene dimethacrylate. International
Journal of Biological Macromolecules. 2017
Nov;104:1578-85. Doi:

https://doi.or j.ijbi

35. Dincer A, Gunes Y, Karakaya N, Gunes E.
Comparison of activated carbon and bottom ash for
removal of reactive dye from aqueous solution.
Bioresource Technology. 2007 Mar;98(4):834-9.
Doi:
https://doi.org/10.1016/j.biortech.2006.03.009.
36. Kaya A, Oren AH. Adsorption of zinc from
aqueous solutions to bentonite. Journal of
Hazardous Materials. 2005 Oct;125(1-3):183-9.
Doi:
https://doi.org/10.1016/j.jhazmat.2005.05.027.
37. Ozdes D, Duran C, Senturk HB. Adsorptive
removal of Cd(II) and Pb(II) ions from aqueous
solutions by using Turkish illitic clay. Journal of
Environmental Management. 2011
Dec;92(12):3082-90. Doi:
https://doi.org/10.1016/j.jenvman.2011.07.022.

38. Lagrergen S. Zur theorie der sogenannten
adsorption geldster stoffe kungliga svenska
vetenskapsakademiens. Handlingar. 1898;24(4):1-
39.

39. Gurses A, Dogar C, Yalcin M, Acikyildiz M,
Bayrak R, Karaca S. The adsorption kinetics of the
cationic dye, methylene blue, onto clay. Journal of
Hazardous Materials. 2006 Apr 17;131(1-3):217-
28. Doi:
https://doi.org/10.1016/j.jhazmat.2005.09.036.
40. Gupta S, Babu BV. Removal of toxic metal
Cr(VI) from aqueous solutions using sawdust as

691


https://doi.org/10.1016/j.jhazmat.2005.09.036
https://doi.org/10.1016/j.jenvman.2011.07.022
https://doi.org/10.1016/j.jhazmat.2005.05.027
https://doi.org/10.1016/j.biortech.2006.03.009
https://doi.org/10.1016/j.ijbiomac.2017.01.142
https://doi.org/10.1351/pac198557040603
https://linkinghub.elsevier.com/retrieve/pii/B9780081003558000138
https://linkinghub.elsevier.com/retrieve/pii/B9780081003558000138
https://doi.org/10.1016/j.cej.2011.01.077
https://doi.org/10.1016/j.clay.2016.01.006
https://doi.org/10.1016/j.clay.2015.11.008
https://doi.org/10.4236/jeas.2014.43010
https://doi.org/10.1016/j.molliq.2018.02.014
https://doi.org/10.1180/claymin.2009.044.4.487
https://doi.org/10.1016/j.scp.2018.07.003
https://doi.org/10.13171/mjc72/01808150945-essaadaoui
https://doi.org/10.13171/mjc72/01808150945-essaadaoui
https://doi.org/10.1016/j.jece.2019.103268

Abbou B et al. JOTCSA. 2021; 8(2): 677-692.

adsorbent: Equilibrium, kinetics and regeneration
studies. Chemical Engineering Journal. 2009 Aug
1;150(2-3):352-65. Doi:
https://doi.org/10.1016/j.cej.2009.01.013.

41. Abbas M, Kaddour S, Trari M. Kinetic and
equilibrium studies of cobalt adsorption on apricot
stone activated carbon. Journal of Industrial and
Engineering Chemistry. 2014 May;20(3):745-51.
Doi: https://doi.org/10.1016/j.jiec.2013.06.030.

42. Saeed A, Sharif M, Igbal M. Application potential
of grapefruit peel as dye sorbent: Kinetics,
equilibrium and mechanism of crystal violet
adsorption. Journal of Hazardous Materials. 2010
Jul;179(1-3):564-72. Doi:
https://doi.org/10.1016/j.jhazmat.2010.03.041.

43. Langmuir I. The Adsorption of Gases on Plane
Surfaces of Glass, Mica And Platinum. J Am Chem
Soc. 1918 Sep;40(9):1361-403. Doi:
https://doi.org/10.1021/ja02242a004.

44, Obayomi KS, Auta M. Development of
microporous activated Aloji clay for adsorption of
lead (II) ions from aqueous solution. Heliyon. 2019
Nov;5(11):e02799. Doi:
https://doi.org/10.1016/j.heliyon.2019.e02799.

45, Freundlich H. Uber die Adsorption in Lésungen.
Zeitschrift flr Physikalische Chemie [Internet]. 1907
Jan 1 [cited 2021 May 12];57U(1). Available from:
https://www.degruyter.com/document/doi/10.1515

zpch-1907-5723/html.

46. Tempkin M, Pyzhev V. Kinetics of ammonia
synthesis on promoted iron catalyst. Acta Phys Chim
USSR. 1940;12(1):327.

47. Quass A, Ismi I, Elaidi H, Lebkiri A, Cherkaoui
M, Rifi EH. Mathematical Modeling Of The Adsorption
Of Trivalent Chromium By The Sodium Polyacrylate
Beads. J Mater Environ Sci. 2017;8(10):3448-56.
URL:
https://www.jmaterenvironsci.com/Document/vol8

vol8 N10/363-JMES-2585-Ouass.pdf.

48. Benguella B, Yacouta-Nour A. Elimination des
colorants acides en solution aqueuse par la
bentonite et le kaolin. Comptes Rendus Chimie.
2009 Jun;12(6-7):762-71. Doi:
https://doi.org/10.1016/j.crci.2008.11.008.

RESEARCH ARTICLE

49, Lebkiri I, Abbou B, Kadiri L, Ouass A,
Essaadaoui Y, Habssaoui A, et al. Removal of
methylene blue dye from aqueous solution using a
superabsorbant hydrogel the polyacrylamide:
isotherms and kinetic studies. Mediterr J Chem.
2019 Nov 25;9(5):337-46. Doi:
https://doi.org/10.13171/mjc941911251089il.

50. Qiu W, Zheng Y. Removal of lead, copper,
nickel, cobalt, and zinc from water by a cancrinite-
type zeolite synthesized from fly ash. Chemical
Engineering Journal. 2009 Jan;145(3):483-8. Doi:
https://doi.org/10.1016/j.cej.2008.05.001.

51. Yavuz O, Altunkaynak Y, Giizel F. Removal of
copper, nickel, cobalt and manganese from aqueous
solution by kaolinite. Water Research. 2003
Feb;37(4):948-52. Doi:
https://doi.org/10.1016/S0043-1354(02)00409-8.

52. Rao RAK, Kashifuddin M. Adsorption studies of
Cd(II) on ball clay: Comparison with other natural
clays. Arabian Journal of Chemistry. 2016
Nov;9:51233-41. Doi:
https://doi.org/10.1016/j.arabjc.2012.01.010.

53. Unuabonah EI, Adebowale KO, Olu-Owolabi BI,
Yang LZ. Comparison of sorption of Pb?* and Cd** on
Kaolinite clay and polyvinyl alcohol-modified
Kaolinite clay. Adsorption. 2008 Dec;14(6):791-
803. Doi: https://doi.org/10.1007/s10450-008-
9142-9.

54. Alvarez-Ayuso E, Garcia-Sanchez A. Removal of
cadmium from aqueous solutions by palygorskite.
Journal of Hazardous Materials. 2007 Aug
17;147(1-2):594-600. Doi:
https://doi.org/10.1016/j.jhazmat.2007.01.055.

55. Ulmanu M, Marafién E, Fernandez Y, Castrillon
L, Anger I, Dumitriu D. Removal of Copper and
Cadmium Ions from Diluted Aqueous Solutions by
Low Cost and Waste Material Adsorbents. Water,
Air, and Soil Pollution. 2003;142(1/4):357-73. Doi:
https://doi.org/10.1023/A:1022084721990.

56. Jiang M, Jin X, Lu X-Q, Chen Z. Adsorption of
Pb(II), Cd(II), Ni(II) and Cu(II) onto natural
kaolinite clay. Desalination. 2010 Mar;252(1-3):33-
9. Doi:

https://doi.org/10.1016/j.desal.2009.11.005.

692


https://doi.org/10.1016/j.desal.2009.11.005
https://doi.org/10.1023/A:1022084721990
https://doi.org/10.1016/j.jhazmat.2007.01.055
https://doi.org/10.1007/s10450-008-9142-9
https://doi.org/10.1007/s10450-008-9142-9
https://doi.org/10.1016/j.arabjc.2012.01.010
https://doi.org/10.1016/S0043-1354(02)00409-8
https://doi.org/10.1016/j.cej.2008.05.001
https://doi.org/10.13171/mjc941911251089il
https://doi.org/10.1016/j.crci.2008.11.008
https://www.jmaterenvironsci.com/Document/vol8/vol8_N10/363-JMES-2585-Ouass.pdf
https://www.jmaterenvironsci.com/Document/vol8/vol8_N10/363-JMES-2585-Ouass.pdf
https://www.degruyter.com/document/doi/10.1515/zpch-1907-5723/html
https://www.degruyter.com/document/doi/10.1515/zpch-1907-5723/html
https://doi.org/10.1016/j.heliyon.2019.e02799
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1016/j.jhazmat.2010.03.041
https://doi.org/10.1016/j.jiec.2013.06.030
https://doi.org/10.1016/j.cej.2009.01.013

Lawal A, Low KH. JOTCSA. 2021; 8(2): 693-704. RESEARCH ARTICLE

S0 T CoS,

Journal of The Turkish Chemical Socier
( ln\nsne\

TURKISH
CHEMICAL SOCIETY

SECTION: A

0

Residual Determination of Multiple Pesticides in Vegetable Samples by
LC-MS/MS Coupled with Modified QUEChERS-dSPE Ionic Liquid-Based

DLLME Method
Abubakar Lawal 13*@ and Kah Hin Low ! @

! Department of Chemistry, University of Malaya, Kuala Lumpur, Malaysia.
2 Department of Pure and Industrial Chemistry, Umaru Musa Yar'adua University Katsina, Nigeria.

Abstract: As a matter of fact, the Dietary Guidelines of the United States of America recommended the
consumption of more fruits and vegetables to support the healthy condition of the body. Unfortunately,
these food materials are being accumulated with pesticidal residues due to the continuous miss-
management and excessive application of the chemicals during pre and post-agricultural practices,
which compels multiple analysis of pesticidal residues to know their concentration levels for the
betterment of food security and safety. For that matter, multi-residues of Thiamethoxam, Propamocarb,
Carbaryl, Metalaxyl, Baycarb, Thiobencarb, Diazinon, and Dursban pesticides were determined in the
samples of lettuce, garlic, ginger, and bell-pepper using modified QUEChERS-dSPE Ionic Liquid-based
dispersive liquid-liquid microextraction (DLLME) method coupled with LC-MS/MS instrument and
validated (European Union Guideline). Resultantly, the accuracy (87-127%) and precision (0-22%) were
mostly within the acceptable range for the former (70-120%) and latter (£20%). Meanwhile, the limit of
detections (0.01-0.28 pg/kg) and limit of quantitations (0.03-0.93 pg/kg) were satisfactory. The
concentration range (5-400 pg/kg) of calibration curves for the evaluated linearity were linear with
coefficient of regressions greater than 0.99. The matrix effects for all the analyzed samples were very
weak and less effective (< -86%). The range (1-25%) for the estimated measurement uncertainties
were certifiable and acceptable (< 50%). Therefore, the sample preparation method prove effective as
validated and useful for the multiple determination of pesticides residues in the analyzed vegetable
samples, which are presumably safe for consumption against health issues.
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INTRODUCTION bioactive compounds include
which  possesses antioxidant, phytoestrogen

activities and anti-inflammatory agents (5,6).

phytochemicals,

Fruit and vegetable foods are one of the bases that

constitute healthy diets worldwide, playing vital
roles nutritionally for the attainment of a healthy
life (1). Moreover, fresh fruits and vegetables
provide dietary fibers, carbohydrate, vitamins
(particularly vitamin C), minerals (particularly
electrolytes), and bioactive compounds (2-4). The

Moreover, the dietary fibers supplied by these
foods prevent gastrointestinal cancers and
contribute to lowering the cholesterol level in the
blood (cholesterolemia) (7). Consequently,
reducing the high peril of cardiovascular diseases
and the reduction of high risks of obesity (8,9).
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Meanwhile, the derived nutrients and biological
compounds in fruits and vegetables depend on
nature, size, geographical locations they were
cultivated (10). In the vyear 2010, it was
recommended by the Dietary Guidelines of the
United States of America suggested that one-half
of a person’s plate of food should contain fruits and
vegetables (11). Unfortunately, the percentage of
nutrients in fruits and vegetables has been
decreasing over the years due to soil depletion of
essential materials caused by intensive modern
agricultural techniques (12,13), which results in
consumption of more fruits and vegetables to
support the healthy condition of the body (11).

Notwithstanding, the fresh vegetables and fruits of
today have been accumulated with pesticide
residues because of the continuous miss-
management and excessive application of
pesticides during pre and post-agricultural
practices (14-17). For example, the triazole
fungicides, carbamates, pyrethroids, and
organochlorine pesticides (OCPs) are most well-
known for controlling pests in vegetables and fruits
(18-20). This could lead to disastrous health-
related issues such as different forms of cancer
and congenital disabilities (1). Based on these
facts, the food quality controllers and the analytical
scientists have periodically analyzed the
concentration levels of pesticides residue in
vegetable and fruit samples using conventional
methods and instruments such as gas and liquid
chromatography.

Illustratively, the conventional methods include
liquid-liquid extraction (LLE), solid phase extraction
(SPE) and liquid phase microextraction (LPME)
(20). Unfortunately, most of the methods possess
poor selectivity. Meanwhile, many detectors such
as diode array, photodiode array and mass
spectrometry instrumentally possesses poor
sensitivity towards targeted analytes because most
of the instruments were operated at default
settings lacking optimization (21). Fortunately, the
recent reports suggested the use of a modified
quick, easy, cheap, effective, rugged, and safe
(QUEChERS)-dispersive SPE (dSPE) coupled with
LPME as dispersive liquid-liquid microextraction
(DLLME) technique instrumented with an optimized
liquid chromatography tandem mass spectrometry
(LC-MS/MS) for analysis of multiple pesticidal
residues in fruits and vegetables (15, 21). Also,
the optional used of 1-hexyl-3-methylimidazolium
hexafluorophosphate ([CeMIM][PFe]) ionic liquid-
based in the DLLME technique increases the
extraction efficiency and chromatographic
properties of the analysis (22, 23).

Therefore, this study was aimed to determine the
multi-pesticide residues of Thiamethoxam,
Propamocarb, Carbaryl, Metalaxyl, Baycarb,
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Thiobencarb, Diazinon, and Dursban (Figure 1) in
some selected sample of vegetables. The analyses
were carried out using the modified QUEChERS-
dSPE Ionic Liquid-based DLLME coupled with
optimized LC-MS/MS method revealed by Lawal et
al. (15) and Lawal, et al. (21). It is hoped that this
study will serve as a reference guide for the future
studies of pesticide residues in other vegetable
samples to provide betterment of food security and
safety.

MATERIALS AND METHODS

Chemicals and Reagents

The pesticidal standards (100 mg/kg) for
Thiamethoxam, Propamocarb, Carbaryl, Metalaxyl,
Baycarb, Thiobencarb, Diazinon, and Dursban were
obtained from AccuStandard® (New Haven, USA)
and were later diluted to 0.1 mg/kg (100 pg/kg)
with estimated volume of methanol, respectively.
Meanwhile, the LC-MS grade organic solvents were
used for this research work. The solvents include
methanol and ACN (Merck, Germany), acetic acid
(HOAC), and formic acid were obtained from Fisher
Scientific. The Millipore-filtered (deionized) water
was obtained using Merck Millipore water
purification system (Billerica, USA). The ProElut™
AOAC 2007.01 QUEChERS-dSPE kits for general
vegetables and fruits were obtained from Dikma
Technologies Inc. (Lake Forest, USA), as well as
the molten salt (HPLC grade) of [CéMIM][PFs] ionic
liquid-based (P = 97.0%) was purchased from
Sigma-Aldrich, (Germany).

Apparatus and Equipments

The 2, 15, and 50 mL polypropylene centrifuge
tubes by LabServ Fisher-Scientific (Kuala Lumpur,
Malaysia), and 100 and 500 pL microsyringes were
obtained from Agilent (Australia). The HPLC
autosampler vials were purchased from Agilent
Technologies (USA) and other equipments such as
Dynamica refrigerated centrifuge by CNG
instruments (Selangor, Malaysia), vortexer VTX-
3000L by Copens Scientific (Tokyo, Japan) and
glass jug blender MX-GX1581WSK (Panasonic,
Malaysia) and Supelco HPLC column [Ascentis®
Express Cig (5 cm x 2.1 mm, 2.7 ym)] (Sigma-
Aldrich, USA). The others include weighing balance
(Sartorius Technology Park, Germany), pH meter
PB (Sartorius group, Germany) and Agilent triple
quadrupole LC/MS G6490A [built in Electrosprays
ESI () MS/MS Sensitivity and Jet stream
Technology] instrument (Singapore).

Conditioning the LC-MS/MS Instrument

The setup for contributory factors of the LC-MS/MS
instrument were optimized. These include; analyte
injection volume (5 pL), column temperature (30
°C), flow rate (0.1 mL/min), gas temperature (200
°C), gas flow (14 L/min), nebulizer gas (45 psi),
sheath gas temperature (400 °C), sheath gas flow
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(11 L/min), capillary voltage (3000 V) and deltat*)
EMV (200 V). The factors were used for the
determination of optimum fragmentary voltage and
the four-fragmentary product ions with their
respective retention time (RT) and collision energy
(CE) by the Auto-tuning and Mass-Hunter
instrumental optimization using 1 mg/kg multi-
pesticides mixture of standard solutions (Table 1)
and the total ion chromatography (TIC) were
highlighted (Figure 2). Moreover, the setup was
also used for the estimated gradient (elution) time
for the mobile phase-B at 15% (0 - 1.6 min), 15 -
100% (1.6 - 10.4 min), and 100 - 15% (10.4 - 12
min) at the pressure of 600 bar. Moreover, the
mobile phase-B (acetonitrile + 0.1% formic acids)
and “A” (deionized water + 0.1% formic acid)
instrumentally started from 15 and 85%,
respectively, and transported through the column
by a stream of nitrogen gas after the column was
injected with 5 pL analyte solution.

Sample Treatment and QUEChERS-dSPE Ionic
Liquid-based DLLME Method

The 250 g for each of the purchased vegetable
(Petaling Jaya, Malaysia) samples of lettuce, garlic,
ginger and bell-pepper were homogenized, and
refrigerated (reserved) at 4 °C. The
methodological procedure occurred by transferring
20 g for each of the homogenized vegetable
sample into 50 mL centrifuge tube and the content
was spiked with 200 pL of 100 pg/kg multi-
pesticides mixture of standard solutions. 1% HOAc
in 15 mL ACN was added before covering and
vortexing the tube for 1 min. A sachet of
QUEChERS extraction salt was added to the tube’s
content, covered, shaken vigorously (1 min) and
centrifuged (4000 rpm) for 2 min. 1 mL
supernatant was transferred into 2 mL centrifuge
tube that was occupied with a sachet of the
cleanup agent. The tube was centrifuged (4000
rpm) for 5 min after vortexing it for 30 sec.
Subsequently, the resulted supernatant from the
d-SPE cleanup was transferred into 15 mL
centrifuge tube containing 10% NaCl in 9 mL of
Milli-Q-water. The tube was covered, shaken
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vigorously (1 min) and centrifuged (7000 rpm) for
5 min after addition of 130 pL ionic liquid-based.
Then, the 100 pL [CsMIM][PFs] ionic liquid-based
extract was diluted with 400 pL of methanol (1:5)
in 2 mL HPLC auto-sampler vial and vortexed for 1
min and the solution was analyzed with LC-MS/MS
instrument. Consequently, the sum of the resulted
total chromatographic peak areas (TCPAs) of the
multiple reaction monitoring (MRM) scans for each
of the analyte was used as an index that
correspond to the concentration levels of analytes
quantified in the analyzed samples (24).

Similarly, results were obtained for the
construction of calibration curves and validation
studies for each analyte respectively using parts of
the refrigerated samples, weighed equally and
spiked serially with estimated volumes of analyte
mixture of standard solutions to provide equivalent
known concentrations.

Validation Studies of Sample Treatment
Method

The sample treatment method for the analysis of
multiple pesticides residues was validated to
express its effectivity, desirability and certification
(25). The method was validated using the
European Union Guideline (26) that include;
accuracy (relative recovery) and precision (relative
standard deviation) were estimated using triple
concentration levels (5, 100 and 300 ug/kg) and
the samples were analyzed in triplicates (n=3), the
limit of detections (LODs) and limit of quantitations
(LOQs) were correspondingly estimated to 3 and
10 factors of signal-to-noise ratio respectively
(27), the calibration curve for each analyte was
used for the estimation of linearity based on the
regression coefficient (R2?) at five spiked
concentration levels ranging 5 - 400 ug/kg, the
matrix effect (ME) was also estimated
mathematically using the calibration curves
(Equation 1) and ultimately, the empirical model
and coverage factor (k=2) were used for the
estimation of measurement uncertainties (MU) at
95% confidence level (28).

X100

ME (%)= Slope of calibration curve for analyte in matrix 1
)= —
Slope of calibration curve for analyte in ACN

RESULTS AND DISCUSSION

The modified QUEChERS-dSPE Ionic Liquid-based
DLLME method was successfully validated based on
the parameters that include relative recoveries
(RRs), relative standard deviations (RSDs), LODs,
LOQs, R2, ME and MU. However, 98 and 99% of
the RR (87 - 127%) and RSDs (3 - 22%) tabulated
in Table 2 were within the recommended guideline
(70 - 120%) value (26) and conforms to the
report of Nantia et al. (29). The range results of

(Eq. 1)

0.01-0.28 and 0.03-0.93 pg/kg for LODs and LOQs
(Table 3) respectively were excellent and lower
that than the least concentration of the calibration
curve (5 pg/kg) and European Union maximum
residue limits (EU-MRLs) recommendation (30).
The R? obtained were linear and greater than 0.99
value as indicated in Table 4. The results were
similar to the documentation of Camino-Sanchez et
al. (31) and Lawal et al. (32). Table 4 also shows
that the method’s performance capability (matrix
effect) against matrix inferences towards recovery
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of analytes is very strong i.e. the matrix effects for
all the analyzed samples were very weak, less
effective (< -86) as referenced by the guideline;
suppression (-20%) or enhancement (20%) of
analytes’ recovery, which could be attributed to
the excessive cleanup of matrix interferences by
the modified sample preparation method.
Moreover, the matrix effect results were in line
with the recent reports on the analysis of fruits and
vegetables (1, 15, 21). The recommended range
(50%) for the measurement uncertainties (MU)
supported the obtained results (Table 4) range
estimated (1 - 25%). Eventually, the modified
QUEChERS-dSPE Ionic Liquid-based DLLME sample
treatment method coupled with the LC-MS/MS
instrumentation were reliably and credibly used for
quantitative analysis of the unspiked (reserved)
vegetable samples and most of the analytes
detected (Table 5) were lower than the LOQ and
the EU-MRLs.

RESEARCH ARTICLE

CONCLUSION

The determination of the multi-pesticide residues
were successfully carried out in the samples of
lettuce, garlic, ginger, and bell-pepper using
modified QUEChERS-dSPE Ionic Liquid-based
DLLME method. The extraction method efficiently
cleanup the matrix interferences toward improving
the detectability, selectivity and recovery of the
targeted analytes using the sensitive instrument
for better determination and recovery of the
targeted analytes. Consequently, the sample
preparation and instrumentation techniques proved
reliable and successfully used for multi-residue
determination of pesticides in lettuce, garlic,
ginger, and bell-pepper samples. What is more,
the obtained results for their concentration levels
were less than the EU-MRLs, which presumed the
safe consumption of the vegetables from the
sampled area.
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Table 1: The Mass-Hunter and auto-tuned optimization for setup of the LC-MS/MS instrument

No Pesticides Molecular Pesticide Tvpe Ionization Precursor Ion, Product Ions Collision Energies RT1;RT2
' Formula yp Mode m/z (m/z) (eV) (min)
8 Dursban CoH11Ci3NO3PS Insecticide/Nematicide [M+H]* 350 97,;198 34,22 11.36;11.36
7 Diazinon C12H21N203PS Insecticide [M+H]* 305 97;169 42;22 10.22;10.22
6  Thiamethoxam CsH10CIN50O3S Insecticide [M+HT* 292 132;211 26;10 2.68;2.68
5 Metalaxyl C15H21NO4 Fungicide [M+H]* 280 160;220 26;10 7.33,;7.33
4 Thiobencarb Ci12H16CINOS Herbicide [M+H]* 258 89;125 54:26 10.34;10.34
3 Baycarb Ci12H17NO2 Insecticide [M+H]* 208 77;95 42;10 8.34;8.34
2 Carbaryl C12H11NO2 Insecticide/Nematicide [M+HT* 202 127;145 30;6 7.16;7.16
1 Propamocarb CoH20N202 Fungicide [M+HT* 189 74;102 26;14 1.36;1.36

No., identified pesticide analyte on the TIC chart
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Figure 2: The TIC chart of the multi-pesticide analytes.
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Table 2: The accuracies, precisions at three concentration levels for the analyzed samples.

Pesticides Lettuce Garlic Ginger Bell-pepper
Spike (pg/kg) RR (%) RSD (%) RR (%) RSD (%) RR (%) RSD (%) RR (%) RSD (%)
Durban 5 99 6 111 6 106 2 108 6
100 99 6 100 5 100 0 96 5
300 99 4 99 10 100 13 101 7
Diazinon 5 100 4 103 5 99 2 105 4
100 101 4 97 7 101 4 99 3
300 100 6 97 4 101 4 99 4
Thiamethoxam 5 111 7 103 7 100 2 91 4
100 102 4 99 2 104 1 99 3
300 99 5 99 8 96 1 100 5
Metalaxyl 5 91 6 102 3 87 0 101 10
100 99 7 98 12 100 11 99 12
300 100 22 100 11 101 8 100 16
Thiobencarb 5 88 11 100 7 102 5 91 3
100 100 4 102 8 101 3 101 4
300 101 5 98 1 101 3 98 3
Baycarb 5 112 4 106 2 124 0 102 2
100 99 5 101 3 99 0 100 3
300 100 5 97 2 99 1 100 4
Carbaryl 5 95 6 101 6 94 1 98 3
100 101 6 99 4 99 4 100 2
300 100 4 99 8 99 15 101 11
Propamocarb 5 106 6 106 5 127 3 92 5
100 101 3 99 4 101 1 103 5
300 100 4 100 2 99 17 100 3
Ranges 5-300 88-112 3-22 97-111 1-12 87-127 0-17 91-108 2-16
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Table 3: The pesticides detection and quantitation limits for the analyzed samples.
Lettuce Garlic Ginger Bell-pepper

LOD (pg/kg) LOQ (Hg/kg) LOD (pg/kg) LOQ (Hg/kg) LOD (pHg/kg) LOQ (Hg/kg) LOD (Hg/kg) LOQ (Hg/kg)

Dursban 0.05 0.17 0.08 0.28 0.01 0.03 0.11 0.37
Diazinon 0.03 0.12 0.20 0.66 0.10 0.33 0.08 0.27
Thiamethoxam 0.09 0.29 0.05 0.18 0.28 0.93 0.05 0.18
Metalaxyl 0.05 0.17 0.08 0.26 0.08 0.27 0.04 0.13
Thiobencarb 0.05 0.17 0.11 0.36 0.07 0.23 0.10 0.33
Baycarb 0.02 0.07 0.16 0.53 0.06 0.21 0.03 0.09
Carbaryl 0.05 0.15 0.07 0.22 0.10 0.32 0.04 0.12
Propamocarb 0.06 0.19 0.02 0.07 0.10 0.33 0.07 0.23
Ranges 0.02-0.09 0.07-0.29 0.02-0.20 0.07-0.66 0.01-0.28 0.03-0.93 0.03-0.11 0.09-0.37

Table 4: The linearity of regression coefficient, matrix effects and measurement uncertainties for the analyzed samples.

Pesticides Lettuce Garlic Ginger Bell-pepper
R2 ME (%) MU (%) R2 ME (%) MU (%) R2 ME (%) MU (%) R2 ME (%) MU (%)

Dursban 0.9998 91 11 0.9996 o8 14 0.9999 91 10 0.9994 -86 12

Diazinon 0.9999 -97 9 0.9986 -98 11 0.9996 -100 7 0.9996 -96 7
Thia;ﬁthox 0.9996 -100 11 0.9998 -100 11 0.9973 -100 3 0.9999 -100

Metalaxy! 0.9999 -99 23 0.9997 -99 17 0.9998 -100 13 0.9998 -100 25
Thiobencarb  0.9999 -96 13 0.9995 -98 11 0.9997 -98 7 0.9996 -93 7

Baycarb 0.9998 -98 9 0.9990 -96 5 0.9996 -97 1 0.9999 -88 6

Carbaryl 0.9999 -100 11 0.9997 -100 12 0.9996 -100 13 0.9999 -100 11
PrOpalgnocar 0.9998 -100 9 0.9999 -100 7 0.9994 -100 14 0.9998 -100

Ranges >0.999 < -91 < 23 > 0.99 < -96 <17 > 0.99 < -91 <14 > 0.999 < -86 <25
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Table 5: The pesticides residues in the analyzed samples.
Lettuce Garlic Ginger Bell-pepper
EU-MRL EU-MRL EU-MRL EU-MRL
RC k RC ki RC ki RC k
(Wo/k9)  (ug/ka) W9 (ug/ka) (bo/ko) (ug/ka) (ho/ko) (ug/ka)
Dursban < LOQ 10 < LOQ 200 95.99+3.1 3000 < LOQ 10
Diazinon < LOQ 50 < LOQ 20 7.34+2.4 10 < LOQ 50
Thiamethoxam 9.03+1.2 20 < LOQ 10 178.30+7 300 393+4.1 700
Metalaxyl < LOQ 1000 < LOQ 500 13.41+1.0 100 < LOQ 50
Thiobencarb < LOQ 100 8.50+2.5 10 9.41+1.0 10 < LOQ 10
Baycarb < LOQ 10 <LOQ 10 <LOQ 10 <LOQ 10
Carbaryl 7.23£1.2 10 12.06+1.1 20 6.83+2.1 10 8.29+2.5 10
Propamocarb 4.15+0.5 700 < LOQ 2000 45.06+0.5 50 < LOQ 3000
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