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Abstract: Heterogeneous Bronsted acid is one of the most promising compounds that can be used as a 
catalyst in chemical production, and that can certainly have a positive impact on the environment. This 
research includes the preparation of heterogeneous Bronsted acid by using rice hulls as a starting material.  
The prepared acid was characterized by FTIR, XRD, TGA, SEM-EDX, TEM, and elemental analysis. The FTIR 
results showed the presence of N-H and S=O absorption bands within the expected range in prepared 
Bronsted acid. The specific surface area of the catalyst determined by Brunauer-Emmett-Teller (BET) using 
the nitrogen adsorption method is 205.42 m2/g, and the average pore diameters are 3.69 nm, 2,4,5-
Trisubstituted  imidazole  derivatives  were  prepared  by  reacting  substituted  aldehydes  with  benzil  and 
ammonium acetate in the presence of a solid acid catalyst. The main advantages of this method are safe, 
cheap, and short reaction conditions. In addition, the prepared catalyst can be reused.
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1. INTRODUCTION

Agricultural and industrial waste negatively impacts 
the  environment  by  causing  air  pollution  and 
contaminating water and soil. However, these issues 
can be mitigated by utilizing this waste, providing a 
potential source of income and a means to reduce 
waste production and its environmental effects (1). 
One of the essential agricultural wastes is rice husks, 
which are used in the composition of many medical 
and  agricultural  industries.  They  are  the  hard 
covering surrounding the grain of rice to protect it 
from  insects  and  pathogens  during  growth.  It  is 
separated  when  the  rice  is  harvested  (2,3).  Rice 
represents a significant food source for more than 
half of the Earth's population, with its annual volume 
reaching more than 100 million tons. Rice husks are 
rich in silica, or silicon dioxide, and represent about 
20% of their weight. It is one of the common forms of 
silica found in nature, as it is rarely seen in its pure 
form  (4,5).  Notably,  rice  hulls  have  been  talked 
about  as  a  source  of  silica  before.  Last  year, 
researchers  at  "Chaudhary  Sharan"  University  in 
India published a similar study that concluded that 
rice  husks  represent  a  good  source  for  obtaining 
silica with the appropriate structure at a low cost (6). 

Silica  is  obtained  from  the  rice  hulls  as  sodium 
silicate. So, acid treatment converts the silica into a 
gel. This method of extraction is possible at ambient 
temperatures and is an alternative to temperature 
treatment (7-9).

Sulfated  silicate  catalysts  are  comprised  of  two 
components:  one  is  composed  of  sulfuric  acid 
adsorbed to  silica,  and the  other  is  composed of 
sulfated  silica.  The  utilization  of  Sulfuric  acid 
adsorbed on silica is simple and cost-effective for 
large-scale  synthesis  because  the  acid  can  be 
repeated  without  altering  the  catalytic  system's 
activity. Studies have demonstrated that it is a safe, 
environmentally friendly, and reusable catalyst (10, 
11). The adsorbed form of sulfuric acid on silica is 
considered an exceptional  candidate  for  use  as  a 
chemical  solvent  or  component  of  a  chemical 
solution; the approach circumvents these limitations. 
Other  chemicals,  including  silica  acid,  have  been 
employed to catalyze chemical reactions to increase 
yields  and  other  properties.  Other  common 
chemicals  used to accomplish this  include sulfuric 
acid  and  tribufos.  Many  research  groups  have 
employed this catalyst, which is composed of sulfonic 
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acid, as a powerful chemical reagent, such as silica 
sulfuric acid and solid sulfanilic acid (11, 12).

Solid  acid  catalysts  synthesize  many  organic 
compounds,  including  heterocyclic  compounds. 
Heterocycles are the largest and most diverse family 
of organic compounds. Among numerous nitrogen-
containing heterocyclic  compounds,  imidazole  is  a 
key heterocyclic molecule in many biologically active 
compounds and synthetic drugs (13, 14).

We focus on developing an environmentally friendly 
method  to  synthesize  substituted  imidazole 
derivatives under mild conditions without producing 
hazardous by-products. The purpose of this study is 
to  synthesize  2,4,5-trisubstituted  imidazole 
derivatives in the presence of recyclable solid acid 
catalyst SiO2PrOPDA-SO4H.

2. EXPERIMENTAL SECTION

2.1. General Information
The rice husks were taken from Abbasiya town in 
Najaf City. All chemicals and solvents are purchased 
from  BDH  Sigma/Aldrich  and  Scharlau.  The  FTIR 
characterization was obtained by spectrophotometer 
8400s Shimadzu, ranging from 4000 to 400 cm-1. 
powder X-ray diffractometer was recorded by Philips 
PW 1730/10, which is equipped with a Cu-Kα source 
of  radiation.  Elemental  analysis  (CHNS)  was 
performed by an Eager 300 computer on the EA1112. 
Scanning electron microscopy (SEM) was obtained by 
FESEM MIRA III (TESCAN)/(Czech Republic). Atomic 
force  microscopy  (AFM)  was  obtained  by 
NT-MDT/INTEGRA  (Nederland),  and 
Thermogravimetric analysis was carried out on TA 
Instruments SDT- Q600, Belgium, from 30 to 900 °C 
at a heating rate of 20 °C per minute under nitrogen 
flow. 1H NMR spectra were recorded on a Bruker 400 
MHz German NMR spectrometer using DMSO-d6 as 
the solvent, and TMS was employed as the internal 
standard.  Mass  spectra  were  obtained  using  an 
Agilent 5375 mass spectrometer.

2.2. Synthesis of the Catalyst
2.2.1. The preparation process of rice husks
The rice husk (RH) was washed two times in distilled 
water and left at room temperature for two days. 30 
g of cleaned rice husk was added to the 500 mL of 1 
M nitric acid and stirred at room temperature for 24 
h. After that, the RH was washed with distilled water 
until it reached pH 6-7 and dried in an oven at 110 °C 
overnight. Rice husks, after this process, are labeled 
as RH-NO3.

2.2.2. Preparation of sodium silicate solution from 
rice husks
The preparation process of the sodium silicate from 
RH-NO3 was  performed using  a  recently  reported 

method (14, 15). 30 g of RH-NO3 was mixed with 200 
mL of 1 M sodium hydroxide in a plastic container and 
stirred for 24 h. The mixture was filtered to remove 
the  residual  cellulose.  The  filtration  represented 
sodium silicate and was used as a precursor to the 
synthesis catalyst, as shown in Scheme 1.

2.2.3.  Preparation  of  rice  husk  silica-3-
(Chloropropyl)triethoxysilane (RH-SiO2PrCl)
About  6  mL  of  3-(chloropropyl)triethoxysilane 
(CPTES) was added to 50 mL of prepared sodium 
silicate solution. The mixture was titrated with 3 M 
HNO3 until the pH reached 3. The formed gel was 
separated by centrifuge at 4000 r/min for 5 min. The 
mixture was washed with distilled water five times 
and finally washed with acetone, then dried at 110 °C 
for 24 h. The weight of the product was 6.4 g, and the 
prepared  sample  was  labeled  as  RH-SiO2PrCl,  as 
shown in Scheme 1.

2.2.4. Preparation of acid catalyst (RH-SiO2PrOPDA-
SO4H)
A 1 g of RH-SiO2PrCl was added to the mixture of 2 g, 
18.5 mmol  o-phenylenediamine, and 2.6 mL, 18.8 
mmol triethylamine in 30 mL of toluene. The mixture 
was  refluxed  at  110  °C  for  24  h.  The  resulting 
solution contained a yellow solid precipitate, and it 
was filtered and washed with DMSO, ethanol, and 
acetone. Then dry at 110 °C for 24 h. Finally, 0.7 g of 
powder, which was RH-SiO2PrOPDA, was collected. 
40 mL of 0.5 M sulfuric acid was then stirred with (0.7 
g) of the product at room temperature for 24 h., and 
the precipitate was washed with a large amount of 
distilled water and dried in an oven at 110 °C for 24 
h. Finally, brown powder (1.20 g) was obtained, and 
the product was labeled as RH-SiO2PrOPDA-SO4H. As 
shown in Scheme 1.

2.3. Synthesis of 2,4,5-trisubstituted Imidazole 
Derivatives (4a-e)
A mixture of (1 mmol) benzil, (1 mmol) aldehyde, (5 
mmol)  ammonium  acetate,  and  (0.04  g)  RH-
SiO2PrOPDA-SO4H was dissolved in (5 mL) ethanol. 
The mixture was heated to reflux and stirred for 4 h. 
After the reaction was completed, the crude product 
was poured into dichloromethane (10 mL), stirred for 
15 min, then the solid Bronsted acid catalyst was 
removed by filtration. The catalyst was recovered in 
three consecutive cycles under the same conditions 
(Figure 13). Pour the filtrate into 10 mL of cold water 
and stir  for  10 min.  The precipitate  was  filtered, 
washed with water, and then dried under a vacuum. 
The product was purified by recrystallization in an 
ethanol-water  mixture  to  give  the  2,4,5-
trisubstituted  imidazole  derivative,  as  shown  in 
Scheme  2.  All  products  were  confirmed  through 
melting  point,  FT-IR,  1H  NMR,  and  mass 
spectrometry analyses.
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Scheme 1: Preparation process of RH-SiO2PrOPDA-SO4H.

Scheme 2: Synthesis of 2,4,5-trisubstituted imidazole derivatives using RH-SiO2PrOPDA-SO4H as a 
catalyst.

2.4. Spectral Data for the Products
2,4,5-triphenylimidazole  (4a):  Yield:  99%;  White 
solid; M.p. 267-269 °C (Lit. 267-269 °C) (16); IR 
(KBr)  ῡ (cm-1): 3315  (N–H),  3063  (Ar–H), 
1662(C=N); 1H NMR (400 MHz, DMSO-d6) δ (ppm): 
12.79 (s, N–H), 8.10 (d, J = 8.0 Hz, 2H, Ar–H), 7.57 
– 7.54 (m, 3H, Ar–H), 7.52 – 7.33 (m, 8H, Ar–H), 

7.29 – 7.21 (m, 2H, Ar–H); MS (ESI): m/z = 296.2 
[M+].

4-(4,5-diphenylimidazol-2-yl)-N,N-dimethylaniline 
(4b): Yield: 74%; light yellow  solid; M.p. 234-236 
°C (Lit. 234-236 °C) (17); 3480 (N–H), 3059 (Ar–H), 
2939, 2866 and 2800 (C–H), 1612(C=N);  1H NMR 
(400 MHz, DMSO-d6) δ (ppm): 12.31 (s, N–H), 7.90 
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(d, J = 8.0 Hz, 2H, Ar–H), 7.50–7.20 (m, 10H, Ar–H), 
6.79 (d, J = 8.0 Hz, 2H, Ar–H), 2.96 (s, 6H, N(CH3)2); 
MS (ESI): m/z = 339.4 [M+].

3-(4,5-Diphenylimidazol-2-yl)phenol  (4c):  Yield: 
71%; gray solid; M.p. 256–258 °C (Lit. 254–257 °C) 
(18); IR (KBr)  ῡ (cm-1): 3317 (O–H), 3190 (N–H), 
3063 (Ar–H), 1666 (C=N); 1H NMR (400 MHz, DMSO-
d6) δ (ppm):  12.61 (s, N–H), 9.56 (s, O–H), 7.55 – 
7.49 (m, 5H, Ar–H), 7.44 (t, J = 8.0 Hz, 2H, Ar–H), 
7.39 – 7.20 (m, 5H, Ar–H), 6.78 (d, J = 8.0 Hz, 2H, 
Ar–H); MS (ESI): m/z = 312.2 [M+].

4-(4,5-diphenyl-1H-imidazol-2-yl)phenol (4d): 
Yield: 84%; beige solid; M.p. 232-235 °C (Lit. 233–
236 °C) (19); IR (KBr) ῡ (cm-1): 3313 (O–H), 3174 
(N–H), 3032 (Ar–H), 1604 (C=N); 1H NMR (400 MHz, 
DMSO-d6) δ (ppm):  12.40 (s, N–H), 9.69 (s, O–H), 
7.89 (d, J = 8.0 Hz, 2H, Ar–H), 7.53 (d, J = 8.0 Hz, 
2H, Ar–H), 7.49 – 7.41 (m, 4H, Ar–H), 7.37 – 7.18 
(m, 4H, Ar–H), 6.84 (d, J = 8.0 Hz, 2H, Ar–H); MS 
(ESI): m/z = 312.3 [M+].

2-(4-chlorophenyl)-4,5-diphenylimidazole  (4e): 
Yield: 44%; white solid; M.p. 258-261 °C (Lit. 257–
260 °C) (20); IR (KBr) ῡ (cm-1): 3182 (N–H), 3063 
(Ar–H), 1666 (C=N); 1H NMR (400 MHz, DMSO-d6) δ 
(ppm):  12.69 (s, N–H), 8.08 (d, J = 8.0 Hz, 2H, Ar–
H), 7.53–7.46 (m, 8H, Ar–H), 7.39–7.36 (m, 4H, Ar–
H); MS (ESI): m/z = 330.3 [M+].

3. RESULTS AND DISCUSSION

3.1. Fourier-Transform Infrared Spectroscopic 
Analysis (FT-IR)
Figure 1 shows the infrared spectrum of RH-SiO2PrCl. 
The  band  near  3425  cm-1 is  caused  by  the  OH 
stretching vibration of silanol and water molecules 
adsorbed on the silica surface. Additionally, the band 
at 2958 cm-1 indicates the presence of CH stretching 
in  the  CH2 propyl  moiety  (21,  22).  The  bending 
vibration of  water  molecules  trapped in  the silica 
matrix was detected as a strong peak at 1647 cm-1. 
Moreover, bands at 1085, 698, and 462 cm-1 were 
assigned to the vibration modes of siloxane (Si-O-Si) 
(23, 24). A band at 698 cm−1 could be assigned to the 
chloro-carbon bond of the RH-SiO2PrCl (25). These 
results  indicate  that  CPTES  was  successfully 
incorporated into the silica matrix.

The  FT-IR  spectrum  of  the  new  catalyst  RH-
SiO2PrOPDA-SO4H in Figure 1 showed the presence of 
a  band  at  3433  cm-1,  indicating  the  presence  of 
vibrations  belonging to  the  N-H stretching group. 
Also, the band at 2947 cm-1 indicates the presence of 
a  C-H  stretching  group  vibration.  The  stretching 
vibration of the siloxane (Si-O-Si) appeared at 1111 
cm−1,  which appeared at a higher frequency than 
compound RH-SiO2PrCl.  This indicated that the  o-
phenylenediamine was successfully immobilized onto 
RH-SiO2PrCl. At  the  same point,  the  sulfuric  acid 
functional  group appears in  the silica matrix  with 
different absorption extents of the S=O stretching 
modes,  which  are  located  in  the  1010-1080 cm-1 

range, and the vibration band of S-O appears at 580 
cm-1. This indicates the success of stabilizing sulfonic 
acids (26) into the surfaces of RH-SiO2PrOPDA-SO4H.

Figure 1: FT-IR analysis of RH-SiO2PrCl and RH-SiO2PrOPDA-SO4H.
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3.2. X-Ray Diffraction Analysis (XRD)
The XRD patterns of functionalized silica RH-SiO2-
PrCl  and  SiO2PrOPDA-SO4H  show  broad  peaks  at 
2θ=2 in Figure 2,  which indicates the amorphous 

structure of RH-SiO2-PrCl and RH-SiO2PrOPDA-SO4H 
(27,28). However, no change occurred after fixation 
of o-phenylenediamine and sulfuric acid (29) on RH-
SiO2-PrCl in the new catalyst structure.

Figure 2: XRD analysis of RH-SiO2PrCl and RH-SiO2PrOPDA-SO4H.

3.3. Nitrogen Adsorption Analysis
The specific surface area of the functionalized silica 
was 205.42 m2/g, while for the new catalyst was 165 
m2/g. As a result, RH-SiO2PrCl has a higher specific 
surface  area  caused  by  CPTES  functioning  as  a 
directing  agent  for  templates.  This  increase  in 
porosity was attributed to the formation of a new 
structure of pores in the CPTES-silica composite (25). 
Adam and Andas (30) also reported similar findings. 
The reduction in surface area of the new catalyst is 

due  to  the  acid  treatment  of  the  silica  (31).  In 
addition, the average pore diameters of RH-SiO2PrCl 
and RH-SiO2PrOPDA-SO4H are 3.69 and 3.51 nm, 
respectively. The RH-SiO2PrCl and RH-SiO2PrOPDA-
SO4H samples exhibit type IV isotherms with an H3 
hysteresis  loop,  which  is  typical  of  mesoporous 
solids. The pore size distribution is shown in the inset 
of  Figure  3(a)  and  3(b),  where  the  pore  size 
distribution is in the range of (5-20 nm) and belongs 
to mesoporous materials.
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Figure 3: (a) N2 adsorption–desorption isotherm and pore size distribution of RH-SiO2PrCl. (b) N2 

adsorption–desorption isotherm and pore size distribution of RH-SiO2PrOPDA-SO4H.

3.4. Thermogravimetric Analysis (TGA)
The thermal stability of the samples of RH-SiO2PrCl 
was evaluated by thermogravimetric analysis (TGA), 
and the weight loss observed was attributed to the 
degradation of the long-lasting components on the 
surface of the silica in Figure 4a. The results show 
that RH-SiO2PrCl exhibits a weight change below 200 
°C due to the loss of physically adsorbed water, and 
then experiences a stable weight loss below 600 °C, 
with decomposition weight loss increasing to 46% of 
the CPTES group in the matrix. At higher than 600°C, 
the silanol groups are converted into stable Si-O-Si 
siloxane bonds (32).

TGA analysis of RH-SiO2PrOPDA-SO4H (Figure 4(b)) 
shows a different type of decomposition than that of 
RH-SiO2PrCl.  The  first  decomposition  occurs  at 
temperatures below 300 °C due to water loss. In 
comparison,  the  second  decomposition,  start  at 
temperatures between 300 and 600 °C, resulted in a 
weight loss of 65% due to the decomposition of the 
organic  components  immobilized  on  the  catalyst 
surface. These results indicate that the acid catalyst 
is stable at the above temperatures.



Alshook NA et al. JOTCSA. 2025; 12(1): 1-14 RESEARCH ARTICLE

7

Figure 4: (a) TGA analysis of RH-SiO2PrCl. (b) TGA analysis of RH-SiO2PrOPDA-SO4H.

3.5. Elemental Analysis (CHN)
The elemental analysis (CHNS) of the RH-SiO2PrCl 
compound showed that the percentage of carbon and 
hydrogen reached 16.24% and 5.3%, respectively, 
as shown in Table 1. The elemental analysis of the 
RH-SiO2PrOPDA-SO4H compound indicated that the 

percentage of carbon, hydrogen, nitrogen, and Sulfur 
were  20.60%,  4.12%,  4%,  and  3%,  where  the 
higher  percentage  of  carbon,  nitrogen,  hydrogen, 
and  Sulfur  Results  of  treatment  of  functionalized 
silica with sulfuric acid and o-phenylenediamine.

Table 1: (CHNS) of the RH-SiO2PrCl and RH-SiO2PrOPDA-SO4H.

Sample C (%) H 
(%)

N (%) S (%)

RH-SiO2PrCl 16.24 5.30 - -
RH-SiO2PrOPDA-SO4H 20.60 5.12 4.00 3.00

3.6. Scanning Electron Microscopy–Energy 
Dispersive X-Ray (SEM/EDX)
FESEM analysis shows that RH-SiO2PrCl in Figure 5 
has  a  porous  surface.  In  the  FESEM  image,  the 
particles have irregular shapes. EDS analysis shows 
the presence of silicon, carbon, and oxygen in RH-
SiO2PrCl.  The high carbon and oxygen content  of 
silica  in  EDX  analysis  indicates  the  successful 
incorporation of CPTES into the silica matrix.

FESEM  microscopic  images  of  the  new  catalyst 
SiO2PrOPDA-SO4H are also shown in Figure 7. The 
surfaces  were  less  porous  than  those  of  the 
functionalized silica (33), and EDS analysis is shown 
in Figure 8. The EDS spectrum showed peak oxygen 
density  at  35.78%,  carbon  at  29.68%,  silicon  at 
16.93%, nitrogen at 11.36%, and sulfur at 6.25. The 
increase in the percentage of these elements for the 
new catalyst indicates the succeeding incorporation 
of o-phenylenediamine with RH-SiO2PrCl and sulfuric 
acid (34).

Figure 5: FESEM analysis of RH-SiO2-PrCl.
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Figure 6: EDS analysis of RH-SiO2PrCl.

 
Figure 7: FESEM analysis of SiO2PrOPDA-SO4H.
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Figure 8: EDS analysis of SiO2PrOPDA-SO4H.
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3.7. Atomic Force Microscopy (AFM)
The atomic force microscopy (AFM) images of RH-
SiO2PrCl  and  RH-SiO2PrOPDA-SO4H  are  shown  in 
Figures 9 and 10, respectively. The structures appear 
pyramidal  and  irregular  surfaces  form.  From 
comparing Figures 9 and 10, that note the surface of 
RH-SiO2PrOPDA-SO4H  was  less  porous  than 
functionalized silica  RH-SiO2-PrCl  (35)  due to  add 
CPTES to silica. The estimated average roughness 

modulus (Ra) is 1.915 nm, and the root mean square 
roughness  (Rrms)  is  1.363  nm  for  the  RH-
SiO2PrOPDA-SO4H catalyst, which is larger than the 
roughness modulus and root square roughness of 
RH-SiO2PrCl, 1.295 nm, and 845 pm, respectively. 
This  change could be attributed to the successful 
modification  the  surface  in  RH-SiO2PrCl  by  o-
phenylenediamine and sulfuric acid.

Figure 9: AFM 2D (in left) and 3D (in right) micrographs of RH-SiO2PrCl.

    
Figure 10: AFM 2D (in left) and 3D (in right) micrographs of RH-SiO2PrOPDA-SO4H.

3.8. Analysis with Transmission Electron 
Microscopy (TEM)
TEM  microscopic  images  of  RH-SiO2PrCl 
functionalized  silica  shows  spherical  particles 
measuring  between  10-15  nm.  However,  the 
particles are irregularly shaped, and visible porosity 
lines appear aligned, indicating the presence of  a 
porous structure. This leads to a high surface area of 

RH-SiO2PrCl  functional  silica  (25,  36).  As  for  the 
catalyst  RH-SiO2PrOPDA-SO4H,  the  particle  size  is 
between 5-10 nm, and the distribution of particles 
could be seen with less dispersion than functional 
silica RH-SiO2PrCl, and this indicates a decrease in 
the  surface  area  due  to  the  treatment  of  the 
functional silica with sulfuric acid.

Figure 11: TEM images of RH-SiO2PrCl.
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Figure 12: TEM images of RH-SiO2PrOPDA-SO4H.

3.9.  Optimization  of  Reaction  Conditions  for 
Synthesis  of  2,4,5-trisubstituted  Imidazole 
Derivatives
The  response  between  benzaldehyde,  ammonium 
acetate, and benzil were selected as an example of a 
reaction that  is  intended to be studied (4a).  The 
most  effective  conditions  (Scheme  3)  were 
determined as a result.  Several  different  solvents 
and  various  molar  ratios  were  examined  for  this 
process. The findings are listed in Tables 2 and 3. The 
highest yield percentage was achieved using ethanol 
as the solvent (Table 2, entry 3). The molar ratio 
demonstrated that the most effective and practical 
choice for the reaction was 1:1:5 (Table 3, entry 5). 
Additionally, the model reaction (4a) was conducted 
with  different  amounts  of  catalyst  (Table  4).  The 

highest percentage product was achieved when 0.04 
g of catalyst was employed. (Table 4, entry 3). After 
successfully  optimizing  the  reaction  conditions,  a 
series  of  2,4,5-trisubstituted  imidazole  derivatives 
(4a-e) were prepared.

The spectral analyses of synthesized products were 
confirmed by comparison with those reported in the 
literature, and melting points were also recorded and 
compared with known compounds (16-20). 1H NMR 
spectra exhibited the N–H proton of the imidazole 
ring in the downfield region, while FTIR spectra of the 
compounds (4a-e) showed packs at 3182–3480 and 
1604–1666  cm-1 for the (N–H) and (C=N) groups, 
respectively.

Table 2: Effect of solvent on the synthesis of 2,4,5-triphenyl-1H-imidazole (4a).

Entr
y

Solvent Yield %

1 H2O 35
2 Methanol 46
3 Ethanol 99
4 CH3CN 28
5 THF 71

Table 3: Effect of mole ratio on the synthesis of 2,4,5-triphenyl-1H-imidazole (4a).

Entry Mole ratio (A:B:C) Yield %
1 1:1:1 92
2 1:1:2 39
3 1:1:3 42
4 1:1:4 96
5 1:1:5 99
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Table 4: Effect of the catalyst amount on the synthesis of 2,4,5-triphenyl-1H-imidazole (4a).

Entry Catalyst Yield %
1 0.01 56
2 0.02 78
3 0.04 99
4 0.08 35
5 0.16 53

3.10. Reusability of the Catalyst
The benefit of using a new catalyst (RH-SiO2PrOPDA-
SO4H)  lies  in  its  reusability,  making  it  both 
environmentally  friendly  and  cost-effective.  To 
investigate  the  catalyst’s  recyclability,  selected 
typical  reactions  were  examined  under  identical 

optimized  conditions.  After  each  reaction,  the 
catalyst was easily separated from the mixture by 
filtration  and  washed  with  dichloromethane.  The 
dried  catalyst  was  then  retested  for  three 
consecutive cycles (Figure 13).

Figure 13: Reusability of the catalyst.

4. CONCLUSION

Based  on  some  physical  measurements,  such  as 
infrared spectra, nitrogen absorption analysis, and 
elemental  analysis,  it  was  found  that  o-
phenylenediamine  was  functionalized  on  the  RH-
SiO2PrCl  to  prepare  RH-SiO2PrOPDA.  Then,  amine 
groups  in  RH-SiO2PrOPDA  were  sulfonated  by  a 
simple reaction with diluted sulfuric acid to prepare 
RH-SiO2PrOPDA-SO4H. After the sulfonation process, 
the SO2 functional groups were clearly shown in the 
catalyst's  FT-IR.  BET  measurements  showed  the 
fixation of a 3-(chloropropyl)triethoxysilane molecule 
on the silica surface,  which increased the specific 
surface area of RH-SiO2PrCl. An efficient approach 
with a simple work-up and mild reaction condition 
procedure  for  preparation  of  2,4,5-trisubstituted 
imidazole derivatives via condensation of ammonium 
acetate as an ammonia source, various aldehydes 
and  benzil  in  ethanol  as  better  solvent  was 
presented,  by  using  RH-SiO2PrOPDA-SO4H  as  the 
recyclable  and  inexpensive  catalyst. The  easy 
synthesis,  safer  reaction  conditions,  and  reusable 
catalyst  several  times  are  the  highlights  of  this 
procedure.
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1. INTRODUCTION

Geometric  isomerism  is  a  fundamental  aspect  in 
coordination complexes where the complex molecules 
have  the  same  empirical  formula,  but  where  the 
arrangement  of  the  ligand  molecules  around  the 
metal center are distinctively different. Isomers may 
exhibit  different  physical,  chemical  and  even 
biological properties due to different geometries, such 
as  cis,  trans,  facial  (fac),  and  meridional  (mer) 
isomerism  (1).  In  fac-isomerism,  three  identical 
ligands are positioned on one face of the octahedron, 
creating a triangular arrangement around the central 
metal atom. The  mer-isomer features three identical 
ligands and a metal atom in a single plane, forming a 
T-shaped arrangement around the central metal atom 
(2). This configuration reduces intra-ligand repulsions, 
making it more suitable for smaller metal complexes, 
such as high-valent metal centers (1,3). The distinct 
spatial  arrangements  of  ligands  in  fac-  and  mer-
isomers  result  in  differences  in  chemical  reactivity, 

physical  properties,  and  biological  activity, 
highlighting  their  importance  in  the  study  and 
application  of  coordination  and  inorganic  chemistry 
(4–6).

Metal activation through the coordination of pyridine 
or  other  solvents  occurs  when  metal  complexes 
interact  with  the  coordinated  solvent  molecules, 
thereby affecting the reactivity and properties of the 
metals involved whereas coordinated solvent pushes 
the  electrons  through  the  metal  center  to  make  it 
more  active  as  the  metal  center  becomes  more 
electro-positive (7–9). Such activation is very useful in 
metalation,  where  it  can  aid  the  metal  centers  in 
forming  new  complexes  with  higher  yields  while 
preventing  the  formation  of  mixtures  of  products 
(9,10).

Corroles  are  conjugated  18π-electron  aromatic  ring 
system  carrying  one  direct  pyrrole–pyrrole  linkage. 
They can be considered as ring-contracted porphyrin 
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derivatives.  Many  metallocorroles  have  been 
successfully synthesized and investigated in the last 
decades.  The  first  attempts  at  the  synthesis  of  an 
indium corrole compound were made in the late 80s, 
but complete characterization of this compound was 
unsuccessful  for  many  years  (11,12).  Recently,  the 
first  successful  indium  insertion  into  the  5,10,15-
tris(pentafluorophenyl)corrole  was  achieved  and  the 
obtained  indium  corrole  complex  was  successfully 
characterized by relevant analytical techniques (13). 
Remarkably, the observed Soret- and Q-band patterns 
of  the  formed  indium  corrole  complex  in  the 
absorption  spectrum  shows  a  hypsochromic  shift 

which indicates a significant change of HOMO-LUMO 
gap as well  as an extent of conjugated π-system in 
order  to  structural  modifications  influenced  the 
electronic  transitions  in  the  direction  of  successful 
metal insertion. We believe that when the metalation 
process of indium corrole is conducted in d5-pyridine, 
an  in  situ formed  intermediate,  trichlorotris(d5-
pyridine)indium(III) plays a key role in the metalation 
process. Here, we explore this claim, by isolating and 
characterizing  mer-trichlorotris(d5-pyridine)indium(III) 
(1)  and  by  using  it  as  a  metal  precursor  in  the 
metalation of two different corrole ligands (Scheme 1).

Scheme 1. mer-Trichlorotris(d5-pyridine)indium(III) (1) and its role in indium insertion to corroles.

2. MATERIALS AND METHODS

2.1. Materials
Indium(III)  chloride  (anhydrous,  99.95%)  was 

purchased from ABCR Chemie, Germany. D5-pyridine 
(99.8 atom%D) was purchased from ARMAR Isotopes, 
Germany.  Anhydrous  pyridine  (99.9%)  and  other 
supplements were obtained from VWR, Finland. Free-
base  corrole  ligands  were  synthesized  at  the 
University of Rome “Tor Vergata” (Italy) according to 
the literature (18).

2.2. Preparation of Single Crystals and Powder
300.4 mg of  anhydrous indium(III)  chloride was 

dissolved in  an excess  amount  of  d5-pyridine (5-5.1 
mL) and the mixture was refluxed for 30 min under an 
Ar atmosphere until the solution became transparent. 
The  solution  was  then  divided  into  two  vials  of 
relatively equal amount (2.5 mL) in a fume hood. One 
vial  was  covered  with  a  lid  and  small  holes  were 
opened to allow slow evaporation of  the solution at 
room temperature. The other vial was poured into a 25 
mL  single-neck  round-bottom  flask,  and  d5-pyridine 
was removed under reduced pressure at 50 °C to give 
a white powder. Crystals (1) were obtained from the 
first vial.

2.3. Preparation of Indium Corroles
mer-Trichlorotris(d5-pyridine)indium(III)  obtained 

from the second vial as a white powder was added in 
small portions to a solution of the free-base ligand (50 

mg each, 1 eq) in anhydrous pyridine at reflux, until 
indium  insertions  were  completed.  The  metalation 
reaction  progress  was  monitored  by  UV-Vis 
spectroscopy where the spectra were measured with a 
Cary 60 spectrophotometer.

2.4. Single Crystal Measurement
A  suitable  crystal  of  1 was  selected  and 

immobilized  on  a  polyamide  loop  using  a  small 
amount  of  paratone  oil.  X-ray  diffraction  data  were 
collected  on  a  Rigaku  Micromax-007  HF  generator 
equipped with a HyPix-6000HE hybrid photon counting 
detector.  The crystal  was kept at room temperature 
during data collection. The X-ray data were processed 
with CrysAlisPro (18).

     Crystal  Data for  1:  monoclinic,  space  group 
P21 (no.  4), a =  13.3862(5) Å, b =  8.9223(3) Å, c = 
17.0910(7) Å, β =  101.666(4)°, V = 
1999.11(13) Å3, Z =  4, T =  293(2) K,  μ(Cu  Kα) = 
13.188 mm-1, Dcalc = 1.713 g/cm3,  12904 reflections 
measured  (5.28°  ≤  2Θ  ≤  136.498°),  5305  unique 
(Rint = 0.0839, Rsigma = 0.0626) which were used in all 
calculations.  The  final R1 was  0.0991  (I  >  2σ(I)) 
and wR2 was 0.2776 (all data).

2.5. Refinement
With  Olex2  as  the  graphical  interface,  the 

structure  was  solved  using  intrinsic  phasing  in  the 
SHELXT (19,20) structure solution program and refined 
by employing Least Squares minimization. All D atoms 
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were  refined  isotropically  using  idealized  C-D  sp2 

geometries  and  distances  with  Uiso(H) =  1.2Ueq(C), 
whereas non-D atoms were refined anisotropically. In 
the final model, the atoms of the aromatic rings of the 
disordered  d5-pyridine  groups  could  not  be  refined 
without  geometrical  restriction  and  were  instead 
subjected to a rigid refinement procedure. Details of 
data  collection  and  structure  refinement  are 
summarized in Table 1.

3. RESULTS AND DISCUSSIONS

The  indium(III)  chloride  complex  of  d5-pyridine  (1) 
crystallizes in the monoclinic space group P21 with two 
mer-trichlorotris(d5-pyridine)indium(III)  molecules and 
one d5-pyridine molecule within the asymmetric unit 
resulting in a 2:1 ratio between the complex units and 
non-coordinated  solvate  molecules  (Figure  1).  The 
three d5-pyridine ligands are coordinated meridionally 
in a T-shape geometry around the metal center. One 
of the d5-pyridine ligands was found to be disordered 
in  two sites  rotated by  approximately  23°  over  the 
C5N plane.

Figure 1 Left: Illustration of the asymmetric unit of the crystal structure of 1 where the disordered d5-
pyridine ligand at In2 is also shown. Right: Crystal packing of 1 viewed along the crystallographic a-axis (D 

atoms and disordered d5-pyridine ligands omitted). The displacement ellipsoids are drawn at the 50% 
probability level.

Table 1 shows a list of crystallographic parameters of 
analogous  trichlorotris(pyridine)indium(III)  structures 
that  have  already  been introduced in  the  literature 
and  contain  pyridine  (2)  (14),  4-methylpyridine  (3) 
(15), and 4-ethylpyridine (4) (16) as ligands (Figure 2). 
Despite  their  similar  molecular  structures,  1 and  2 
crystallize  in  different  space  groups  and  exhibit  a 
different number of solvent molecules in their crystal 
lattices.  Compounds  1 and  2 are  crystallized  with 
surrounding solvate molecules whereas the  3 and  4 
are crystallized without any solvate molecules (Table 
1).  As mentioned above, compound  1 crystallizes in 
the  monoclinic  P21 space  group  with  0.5  non-
coordinated  d5-pyridine  solvate  molecules  per 
complex  unit  in  the  crystal  lattice.  This  indicates  a 
more  complex  packing  arrangement,  potentially 
influenced  by  the  deuterium  atoms  in  d5-pyridine, 
which  can  affect  intermolecular  interactions  and 
packing density.
The  second  structure  (2),  crystallizing  in  the 
orthorhombic  C2221 space group,  differs  from  1 by 
having an equivalent number of complex molecules to 
pyridine  solvate  molecules  in  the  structure.  The 
presence of one complex and one solvent molecule in 
the  asymmetric  unit  as  well  as  the  higher 
crystallographic  symmetry  suggest  a  more 
straightforward packing arrangement in  2 compared 
to 1. The use of d5-pyridine instead of non-deuterated 
pyridine could lead to subtle differences in the crystal 
packing and intermolecular forces due to the slightly 

different mass and vibrational properties of deuterium 
compared  to  hydrogen.  These  differences  may 
contribute to  the observed differences in  the space 
group and stoichiometry between the two structures. 
Overall,  the  choice  of  solvate  molecule  and  the 
resulting  crystal  packing  appear  to  significantly 
influence  the  crystallographic  properties  and 
symmetry of the resulting structures.

The In–N bond lengths in  1 are systematically longer 
compared  to  the  other  analogous  complexes  2-4 
(Table 2). This difference is most evident for the N–In 
bond located trans to the Cl atom, while the N–In–N 
bond lengths are, in comparison, rather similar. The 
different  In–N bond lengths  between the complexes 
indicate subtle differences in the N-donor capabilities 
of the ligands, while crystal packing effects can also 
play a role. For example, in  2 – the closest analogue 
to  1 – the crystal packing is mostly dictated by the 
intermolecular  interactions  between  the  complex 
molecules  and  the  solvent,  while  in  1 several 
intermolecular  C–H···π  and  π···π  contacts  can  be 
observed between the In complexes. This difference 
between  these  two  crystal  structures  most  likely 
arises from the higher complex-to-lattice solvent ratio 
in  2. The observed differences in the In–N distances 
between the two crystal structures can also be related 
to  isotopic  effects.  Isotopic  substitution,  in  which 
atoms of different isotopes are present, may influence 
bond  lengths  owing  to  variations  in  atomic  masses 
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and vibrational frequencies. Heavier isotopes tend to 
vibrate  at  lower  frequencies,  leading  to  slightly 
different bond lengths. Therefore, the minor variations 
in the bond lengths observed in the structures could 
be attributed to the presence of different isotopes of 
hydrogen,  such  as  deuterium,  resulting  in  subtle 

changes in the local bonding environment. A further 
comparison of all the four structures  1-4 shows that 
the  In–Cl  bonds  appear  to  be  less  sensitive  to 
changing  the  N-donor,  although  there  is  some 
variation in the In–Cl  bonds lengths which does not 
seem to be systematical.

Figure 2 The complex molecule of structure 1 (this work) compared to 2-4 drawn using crystallographic 
data obtained from the Cambridge Structural Database (17). The 2H atoms of 1 are highlighted while 1H atoms 
are omitted from the figure.

Table 1 Crystal  data  for  compound  1 (this  work)  compared  to  different  mer-
trichlorotris(pyridine)indium(III) derivatives (2-4) obtained from previous literature.

Parameters 1 2 3 4

pyridine derivative d5-pyridine pyridine 4-methylpyridine 4-ethylpyridine

empirical formula C17.5Cl3D17.5InN3.5 C20H20Cl3InN4 C18H21Cl3InN3 C21H27Cl3InN3

molecular weight 515.63 Da 537.58 Da 500.56 Da 542.64 Da

crystal system monoclinic orthorhombic triclinic triclinic

space group P21 C2221
P
1

P
1

a 13.3862(5) Å 9.117(7) Å 9.3240(3) Å 9.7330(1) Å

b 8.9223(3) Å 16.83(2) Å 13.9580(6) Å 20.826(2) Å

c 17.0910(7) Å 14.66(1) Å 16.7268(7) Å 25.311(3) Å

α 90° 90° 84.323(2)° 74.970(1)°

β 101.666(4)° 90° 80.938(2)° 83.31(2)°

γ 90° 90° 78.274(3)° 89.26(2)°

V 1999.11(13) Å3 2250(5) Å3 2099.8(2) Å3 4920.0(9) Å3

Z 4 4 4 8

ρcalc 1.713 g/cm3 1.586 g/cm3 1.58 g/cm3 1.465 g/cm3

temperature 293 K 293 K 203 K 293 K

X-ray source Cu Kα Mo Kα Mo Kα Mo Kα

R1 0.0991 0.050 0.035 0.0953

deposited on this work 28/03/1985 28/12/2001 05/01/2001

published year this work 1984 2013 2000

reference this work (14) (15) (16)

CSD reference this work CILYUR WIBVEK WOPYIJ

The  formed  mer-trichlorotris(d5-pyridine)indium(III) 
structure  is  believed  to  play  a  key  role  in  the 
metalation  process  of  indium  corrole  formation  in 
pyridine  (11,13).  To  prove  this  claim,  mer-
trichlorotris(d5-pyridine)indium(III)  was  used  as  a 

metal  precursor  in  the  metalation  of  corrole  using 
different corrole ligands (Figure 3 and Figure 4). These 
UV-vis spectra suggest that the two selected corroles 
undergo  metalation  using  the  mer-trichlorotris(d5-
pyridine)indium(III) as a metal precursor.
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Table 2 The average bond lengths for mer-trichlorotris(pyridine-derivative)indium(III) structures contain-
ing different pyridine derivatives (1-4). For 1, only one of the two distinct complex molecules in the asymmetric 
unit is shown.

 Bond 1a 2 3 4

In – N1 2.321(2) Å 2.302(7) Å 2.312(2) Å 2.279(1) Å

In – N2 2.410(2) Å 2.377(2) Å 2.324(2) Å 2.341(8) Å

In – N3 2.332(2) Å 2.302(7) Å 2.311(2) Å 2.304(1) Å

In – Cl1 2.479(5) Å 2.476(2) Å 2.482(2) Å 2.413(6) Å

In – Cl2 2.464(5) Å 2.471(8) Å 2.461(1) Å 2.468(6) Å

In – Cl3 2.472(6) Å 2.471(8) Å 2.475(4) Å 2.480(6) Å
a This work.

Figure 3 UV-vis spectra of free-base corrole as a corrolate anion and formed indium corrole complex 
using the 5,10,15-tris(4-carboxymethylphenyl)corrole ligand in pyridine.

Figure 4 UV-Vis spectra of free-base corrole as a corrolate anion and formed indium corrole complex 
using the 5,10,15-tris(4-methylphenyl)corrole ligand in pyridine.
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4. CONCLUSIONS

In  conclusion,  mer-trichlorotris(d5-
pyridine)indium(III)  complex  was  crystallized  and its 
crystal  structure  was  determined  and  compared  to 
analogous non-deuterated In complexes. The crystal 
structure indicates that changing H atoms to D atoms 
has  a  noticeable  effect  on  the  coordination 
environment of  the In center,  and a more profound 
effect on the crystal packing arrangements due to the 
crystallization  of  the  complexes  with  different 
amounts of lattice solvent per complex molecule (0, 
0.5, or 1). A further investigation showed that indium 
metal could be successfully transferred from the mer-
trichlorotris(d5-pyridine)indium(III)  to  different  free-
base  corroles,  5,10,15-tris(4-
carboxymethylphenyl)corrole  and  5,10,15-tris(4-
methylphenyl)corrole, respectively. The obtained UV-
vis spectra were compared with the experimental data 
presented  in  a  previous  study  on  indium  corrole 
synthesis  as  a  result  of  successful  indium  corrole 
formations as significant spectral shifts on Soret and Q 
band  patterns.  In  parallel,  we  are  currently 
investigating  the  preparation  of  new indium corrole 
complexes  with  more  detailed  characterization  data 
and further  crystallization attempts to  elucidate the 
first X-ray structure of an indium corrole.
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Abstract: In  this  study,  novel  homoleptic  BF2 and  Zn  (II)  complexes  derived  from  an  asymmetric 
dipyrromethene ligand were synthesized, with their chemical structures elucidated through NMR, and HRMS 
techniques. The photophysical characteristics in solution were investigated utilizing UV-visible absorption and 
fluorescence spectroscopy. The experimental results are clarified through Density Functional Theory (DFT) 
calculations and electron-hole analysis. Theoretical analyses have demonstrated that, following excitation, 
both electrons and holes remain confined exclusively within the BODIPY core. The charge-transfer transitions 
were identified between reciprocal ligands, which are responsible for the redshift observed in the main 
absorption band, as evidenced by electron-hole analysis. The energy levels of the frontier molecular orbitals 
converge contingent upon the incorporation of naphthyl and p-methoxyphenyl substituents. When analyzed 
under an inert nitrogen atmosphere, the compounds exhibited considerable thermal stability. Despite the 
similarity in the TGA curves of the complexes, the formation of the homoleptic complex resulted in an 
enhancement  in  degradation  temperatures.  This  study  indicates  that  chromophoric  dipyrromethene 
complexes present advantageous prospects for advancing the development of novel materials that are both  
photostable and thermostable, effectively integrating charge transfer with low energy within the visible 
and/or near-infrared spectra.
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1. INTRODUCTION

Dipyrromethene (dpm) compounds, also known as 
dipyrrins,  represent  a  significant  group  of 
conjugated,  bipyrrolic  chelators  that  have  gained 
growing interest in recent years. These compounds 
are  organic  moieties  capable  of  coordinating  with 
various  metal  atoms  to  form  stable  complex 
structures.  Dipyrromethene-metal  complexes  are 
characterized  by  notable  features  such  as 
photostability and thermal stability, facile chemical 
synthesis,  and  significant  absorptive  capacity, 
particularly within the visible spectrum (1–3). The π-
conjugation  within  these  bis-pyrrolic  systems 
enhances the efficient absorption of visible light via π 
–  π*  transitions.  Dipyrrins  are  crucial  in  current 
chemical  research  due  to  their  easy  synthesis, 
intriguing photophysical properties, and diverse self-
assembled  architectures.  Dipyrrin  compounds  are 
particularly significant as they serve as precursors to 

porphyrin and dipyrromethene-BF2 complexes known 
as  BODIPYs  (4,5).  Porphyrins  can  be  synthesized 
artificially and are also found in numerous natural 
substances,  including  hemoglobin  and  chlorophyll 
(6).  BODIPY  (4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene)  dyes  (4,5,7,8) are  actively  researched 
within  diverse  applications  such  as  chemical  and 
biological  sensors  (9–12),  two-photon  absorption 
(13,14),  dye-sensitized  solar  cells  (15,16),  and 
cellular  imaging  (17,18).  This  is  owing  to  their 
pronounced  fluorescence  in  the  visible  spectrum, 
distinct  absorption  and  emission  peaks,  inherent 
stability, and adaptability to chemical modifications. 
Dipyrrin  compounds  are  typically  synthesized 
through the condensation of aromatic aldehydes and 
pyrroles,  resulting  in  the  formation  of  symmetric 
products.  (1,3). BODIPY compounds are generally 
synthesized  from  aromatic  aldehyde  and  pyrrole 
starting  materials.  The  dipyrromethane 
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intermediates  obtained  in  the  first  stage  are 
converted to dipyromethane ligands by oxidation in 
the  presence  of  p-chloranil  (Tetrachloro-p-
benzoquinone)  or  DDQ  (2,3-Dichloro-5,6-

dicyano-1,4-benzoquinone).  The  complexation  is 
completed  with  BF3.OEt2 in  the  presence  of  an 
organic base such as triethylamine (Scheme 1).

O

H

N NH N N
B

F F

cat. TFA

N
H

+

aromatic 
aldehyde pyrrole

dipyrromethane

intermediate

DDQ

DCM, rt DCM, rt

N NH

i: TEA, ii: BF3.OEt2

DCM, rt

dipyrromethene 
(dipyrrin) ligand BODIPY

Scheme 1: The sample reaction in BODIPY synthesis from an aromatic aldehyde (benzaldehyde) and 
pyrrole starting materials.

The  literature  documents  the  synthesis, 
characterization, and diverse applications of these 
symmetrical dipyrrins and their corresponding metal 
or  BODIPY  complexes  (1–3).  Research  on 
asymmetrically structured dipyrrins and their metal 
complexes,  including  BF2,  is  limited (19,20).  This 
scarcity may be due to the challenges in synthesizing 
asymmetrical  dipyrromethenes.  The  asymmetric 
structure can be imparted via Knoevenagel reactions 
from  alpha  alkyl  substituted  dipyrromethene  or 
generally  BODIPY compounds.  In  these  reactions, 
binary  symmetric  products  (distyryl  products)  are 
mostly  obtained.  An  alternative  to  this  method, 
which limits the yield of response, is to use different 
pyrroles  to  obtain  asymmetric  dipyrromethenes. 
Therefore,  in  order  to  make  complex  purification 
procedures, a 1,3-dimethyl-BODIPY scaffold can be 
used, which can only lead to monostyryl products 
(19,20). Apart from this, one of the key steps in the 
formation of the asymmetrical dipyrrin backbone is 
the  condensation  of  pyrrole  carboxaldehyde  and 
pyrrole derivatives. When the substituent groups on 
the pyrroles are the same, symmetric dipyrins are 
obtained, and when they are different, asymmetric 
dipyrrin ligands are obtained.

The  transition  metal  coordination  chemistry  of 
dipyrrine ligands, which are notable for their intense 
absorption in the red region of the spectrum, is a 
current topic (1–3). Coordination of dipyrromethenes 
with  the  Zn  (II)  gives  M(L)2 type  homoleptic 
complexes with distorted tetrahedral geometry. In 
this  search  to  incorporate  the  hyperconjugated 
asymmetrical structures, Zn(II) was preferred as the 
metal ion of choice for comparing with the Boron (III) 
coordination  because  the  closed-shell  (d10) 
configuration  of  Zn  (II)  and  allowing  for  faster 
theoretical calculations. Unlike the previous studies, 
pyrroles containing aromatics  such as phenyl  and 
naphthyl groups at the 2,4-positions of the pyrrole 
were  used,  and  thus,  increased  conjugation  was 
aimed.  To  achieve this,  two novel  dyes  featuring 
asymmetric  structures  were  synthesized  from the 
2,4-diaryl-1H-pyrrole  derivatives.  The 
dipyrromethene framework,  incorporating different 
aromatic groups at the  -α (-1, -9) and -β (-3, -7) 
positions, was obtained. The structural elucidation of 
the compounds was conducted utilizing 1H/13C NMR, 

and HRMS techniques. The effect of the asymmetric 
structure and metal/semimetal coordination on the 
absorption  and  fluorescence  characteristics  of  the 
compounds  was  ascertained.  The  relationships 
between  chemical  structure  and  photophysical 
properties were examined through the application of 
density functional theory (DFT) calculations. In the 
final  step,  the  impact  of  substituted  groups, 
conjugation,  and  asymmetric  formation  on  the 
thermal properties of the compounds was examined 
through thermogravimetric analysis (TGA).

2. EXPERIMENTAL SECTION

2.1. Materials and Instruments
The novel compounds NafmetBDP and NafmetZn 
were  synthesized  utilizing  reagents  sourced  from 
commercial suppliers. The solvents employed in the 
absorption and fluorescence measurements were of 
spectroscopic  grade.  Reaction  progress  was 
monitored  using  thin-layer  chromatography  (TLC) 
aluminum sheets coated with silica gel  (Merck 60 
F254)  and  illuminated  with  a  UV  lamp.  Column 
chromatography was conducted employing silica gel 
60 with a mesh size of 230 - 400. High-resolution 
mass spectra were acquired using the Agilent 6224 
LC/MS spectrometer, operating in both positive and 
negative  modes.  1H-NMR  spectra  were  acquired 
using  a  Bruker  Avance  500  MHz  spectrometer  in 
deuterated  chloroform  (CDCl3)  with 
tetramethylsilane  (TMS)  as  the  internal  standard, 
whereas  13C-NMR  spectra  were  recorded  at  a 
frequency of 125 MHz in the same solvent. Chemical 
shifts (δ) were given in ppm relative to the solvent 
peaks (CDCl3: 1H: δ 7.26; 13C: δ 77.4). The coupling 
constants  (J)  were  reported  in  hertz. 
Thermogravimetric analysis (TGA) of the dyes was 
performed by heating the compounds with the Exstar 
SII TGA/DTA 7200 device under nitrogen flow with a 
heating rate of 10 °C / min in the range of 30-1100 ° 
C.  2,4-bis[4-methoxyphenyl]-1H-pyrrole  and 2-[4-
methoxyphenyl]-4-[1-naphthyl]-1H-pyrrole  were 
synthesized  following  the  experimental  procedure 
outlined in Refs (21,22).

2.2. Synthesis
2.2.1. Synthesis of the compound NafmetBDP
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400 µL of phosphoryl chloride was slowly added to 
dimethyl formamide (400 µL) at -4 °C, then stirred 
for 10 minutes at 0 °C. The ice bath was removed 
before stirring for another 10 minutes. Subsequently, 
the  ice  bath  was  reapplied,  and  10  minutes 
thereafter,  dichloroethane (2 mL) was introduced. 
Following 5 minutes of stirring, a solution of 2,4-
bis[methoxyphenyl]-1H-pyrrole  (400  mg,  1.79 
mmol) in dichloroethane (10 mL) was added to the 
reaction mixture in  a dropwise manner.  After  the 
addition, the ice bath was removed, and the mixture 
was refluxed for 30 minutes. The mixture cooled to 
room temperature; NaOAc (1.62 g, 19.7 mmol, 10 
mL  H2O)  was  added,  followed  by  30  minutes  of 
reflux. The mixture was cooled to rt, and water (30 
mL) was added. The organic phase was extracted 
with chloroform (2 x 30 mL). Evaporating the solvent 
under  reduced  pressure  yielded  the  formylated 
pyrrole used without purification. The formyl pyrrole 
(150 mg, 0.49 mmol) and 2-[4-methoxyphenyl]-4-
[1-Naphthyl]-1H-pyrrole (146 mg, 0.49 mmol) were 
dissolved in  5  mL of  anhydrous  dichloromethane. 
Phosphoryl  chloride  (50  mL)  was  added  in  five 
portions under cooling at 0 °C and stirred for 2 hours. 
The mixture was warmed to ambient temperature, 
after which 5 mL of dichloromethane was added and 
stirred for another hour. Water (50 mL) was added, 
and the mixture was extracted with chloroform (2 × 
30 mL), with subsequent evaporation of the solvent 
under reduced pressure yielding 220 mg of crude 
dipyrromethene  ligand.  The  ligand  100  mg  (0.19 
mmol) was dissolved in 50 mL of DCM, then N,N-
diisopropylethylamine (1.0 mL) and BF3.OEt2 (1.00 
mL) were added dropwise. After stirring the mixture 
at room temperature for 12 hours, it was neutralized 
with saturated NaHCO3 (100 mL) and washed with 
water; the organic layer was then dried over Na2SO4, 
filtered,  and  the  solvent  was  removed.  Silica  gel 
chromatography  (eluent:  CHCl3)  yielded 
NafmetBDP as a red powder. Yield: 64 mg (10%). 
1H-NMR (500 MHz, CDCl3):  [ppm]:  3.81 (s, 3H), 
3.90 (s, 6H), 6.67 (s, 1H), 6.89-6.86 (m, 3H), 7.04-
7.01 (dd, J:9.0 Hz, 4H), 7.17, (s, 1H), 7.35 (d, J:9.0 
Hz, 2H), 7.49 (d, J:7.0 Hz, 1H), 7.58-7.55 (m, 3H), 
7.96-7.92 (m, 2H), 7.99 (d, J:9.0 Hz, 2H), 8.05 (d, 
J:9.0 Hz, 2H), 8.24 (d, J:9.0 Hz, 1H). 13C-NMR (125 
MHz, CDCl3)  : 161.0, 160.8, 160.2, 158.1, 156.1, 
145.5,  142.6,  139.3,  135.6,  134.6, 134.0,  132.1, 
131.2,  130.0,  129.1,  128.9,  128.4, 128.3,  126.5, 
126.2,  126.1,  125.8,  125.4,  125.1, 125.0,  120.8, 
118.3, 114.5, 114.1, 113.9, 113.8, 55.3. HRMS (Q-
TOF-ESI)  m/z  Calcd:  636.23960  (C40H31BF2N2O3), 
found: 636.23846 [M]-, Δ = 1.79 ppm.

2.2.2. Synthesis of the compound NafmetZn
A mixture of the dipyrromethene ligand synthesized 
in  the  prior  step  (100  mg,  0.17  mmol)  and 
Zn(OAc)2.2H2O (25 mg, 0.11 mmol) was dissolved in 
n-butanol (15 mL) and subjected to stirring at 120 °C 
for  a  duration  of  4  hours.  After  cooling  to  room 
temperature, the reaction mixture was filtered, and 
the resulting blue solid was washed with 10 mL of 
cold EtOH and then dried in vacuum.  Blue-Brown 
solid,  yield:  152  mg  (72%).  1H-NMR  (500  MHz, 
CDCl3): [ppm]:  3.52 (s, 6H), 3.71 (s, 6H), 3.82 (s, 
6H), 6.40 (s, 2H), 6.58 (s, 2H), 6.74-6.69 (m, 12H), 
7.02  (s,  2H),  7.16-7.15  (m,  4H),  7.66-7.41  (m, 

16H), 7.87 (d, J:8.5 Hz, 2H), 7.96 (d, J:8.0 Hz, 2H). 
13C-NMR (125 MHz, CDCl3)  : 159.6, 158.8, 133.9, 
133.7,  132.4,  130.1,  128.6,  128.5, 128.3,  128.2, 
127.9,  127.7,  126.9,  126.1,  125.7, 117.7,  115.3, 
113.6, 113.3, 113.2, 55.3, 55.2, 55.1. HRMS (Q-
TOF-ESI)  m/z  Calcd:  1238.39612  (C80H62N4O6Zn), 
found: 1239.39946 [M+H]+, Δ = 2.81 ppm.

2.3. Photophysical Measurements
Compounds were initially  dissolved in  chloroform; 
after  evaporation,  final  solutions  at  1.0x10-5 M 
concentration  were  achieved  by  adding  THF.  The 
steady-state UV-vis spectra of the compounds were 
recorded  on  a  Shimadzu  UV-1800  scanning 
spectrophotometer,  while the fluorescence spectra 
were  measured  on  a  Perkin  Elmer  LS55 
spectrophotometer.  In fluorescence measurements 
conducted at 25 °C, a 1 cm quartz cell was used with 
the excitation and emission slit intervals set to 10.0 
nm and 8.0 nm, respectively. Baseline corrected UV-
vis spectra were collected from 200 to 1100 nm, and 
fluorescence  spectra  from  200  to  900  nm.  The 
BODIPY dyes were excited at  the wavelengths  of 
maximum UV-vis absorption. Fluorescence quantum 
(ΦF) yields were calculated using equation 1, with 
Rhodamine B (ΦF=0.70 in ethanol) as the reference 
(23,24).

ΦF=ΦF (Std ) 
F . AStd .n

2

FStd . A .nStd
2

(1)

In the equation: ΦF is the quantum efficiency of the 
sample; ΦF (Std) is the reference's quantum yield; F 
and  FStd are  the  areas  under  the  fluorescence 
emission  curves  for  the  sample  and  standard, 
respectively; A and AStd are absorbance values at the 
excitation wavelength for the sample and standard; n 
and nStd are the refractive indices of the solvents for 
the sample and standard.

2.4. DFT Calculations
Ground state  geometric  optimizations and excited 
state  calculations  were  conducted  using  Density 
Functional  Theory  (DFT)  and time-dependent  DFT 
(TDDFT). These methods provided results that were 
consistent  with experimental  data reported in  the 
literature  (25–27).  Computational  calculations and 
visualizations  regarding  the  compounds  were 
executed  utilizing  Gaussian  09  Rev.  C.01  and 
GaussView  5.0.9,  respectively  (28).  The  hybrid 
B3LYP functional with a mixed basis set was used to 
optimize molecular geometries. 6-311G was applied 
to NafmetBDP, and LANL2DZ to NafmetZn in the 
ground state at the gas phase.  Frequency analysis 
confirmed  optimised  structures  as  true  energy 
minima.  TDDFT calculated  the  dyes'  excited-state 
properties using the same functional and basis set as 
for the ground state. The keyword IOp (9/40=4) was 
employed to improve the precision of configuration 
coefficients in TDDFT calculations. Natural transition 
orbitals (NTOs) and hole-electron analysis of the final 
compounds were obtained from the transition density 
matrices  and  first  excited-state  energies, 
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respectively, using TDDFT calculations with Multiwfn 
(29).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization
The  asymmetrical  complexes  (NafmetBDP and 
NafmetZn)  were synthesized through a series  of 
procedural steps, as depicted in Scheme 2.
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Scheme 2: The synthesis of the target molecules.

The individual  preparation methodologies of  these 
compounds  are  documented  in  literature  and  are 
conducted under mild conditions, yielding moderate 
synthesis efficiency (4). Initially, the precursor 2,4-
bis(methoxyphenyl)-1H-pyrrole  underwent 
formylation  via  the  Vilsmeier-Haack  reaction. 
Subsequently, the ultimate product was synthesized 
through  acid-catalyzed  condensation  with  a 
secondary  pyrrole  compound  (2-methoxy-4-
naphthyl-1H-pyrrole), resulting in the formation of 
an asymmetric dipyrromethene structure. Partitioned 
into two fractions, the initially isolated crude product 
facilitated the synthesis of BODIPY using BF3.OEt2, 
and a Zinc (II) complex was subsequently prepared 
to  form  a  homoleptic  complex  utilizing  Zinc  (II) 
acetate salt. The BODIPY compound was subjected to 
purification via column chromatography, whereas the 
Zinc  (II)  complex  underwent  purification  through 
cold precipitation in the butanol reaction solvent. The 
characterizations were conducted using 1H/13C NMR 
and HRMS analysis, confirming the data matched the 
expected structures. The 1H-NMR measurements of 
the resulting compounds gave well-resolved spectra 
in  the  typical  range  of  0–9  ppm.  The  protons  in 
aromatic groups gave singlet or distinct multiplets in 
the range of 6.67-8.25 ppm, depending on coupling. 
The pyrrole hydrogen atoms located at the -2 and -6 
positions of the BODIPY core in  NafmetBDP were 
identified as two separate singlet peaks at 6.67 ppm 
and  6.89  ppm,  respectively.  In  contrast,  the 
hydrogen atom at the meso (8) position exhibited a 
singlet peak at 7.17 ppm. This observation aligns 
with  the  inherent  asymmetrical  attributes  of  the 
structure.  Furthermore,  the  methoxy  (-OCH3) 
hydrogens are situated in the -α (-3, -5) and -β (-1, 

-7) positions in the BODIPY core exhibit two distinct 
chemical shifts. Even though the structure contains 
three methoxy groups, the ones located at the  -α 
position  gave  a  singlet  peak  at  3.90  ppm 
corresponding to six hydrogen atoms (Fig. 1a). The 
hydrogens belonging to the methoxy groups in the 
alpha position of the structure were observed as a 
singlet peak at 3.81 ppm (Fig. 1a). This shows that 
the  methoxy  hydrogens  at  distant  core  positions 
have limited influence on the chemical environment, 
despite  the  structure's  asymmetry.  This  indicates 
that  the  distant  methoxy  hydrogens  in  the 
asymmetric structure minimally affect the chemical 
environment. In the NafmetZn, the aforementioned 
methoxy peaks were detected as three singlets at 
3.82, 3.71, and 3.52 ppm, as expected (Fig. 1b). The 
methoxy  protons  located  adjacent  to  the  Zn 
coordination  center  (-α  positions)  displayed 
broadened peaks, a phenomenon attributed to the 
Zn  central  atom's  fully  occupied  d10 electronic 
configuration. In contrast, the protons positioned at 
the -β positions of the structure were characterized 
by  distinct  sharp  singlets  (Fig.  1b).  In  the 
NafmetZn,  it  was  ascertained  that  the  observed 
spectral peaks, primarily comprising multiplets, were 
in  agreement  with  the  hydrogen  numbers.  The 
differentiation of methoxy carbons, which are highly 
specific within these compounds, was evident in the 
13C  NMR  spectra  and  mirrored  in  1H  NMR.  The 
differentiation of methoxy carbons was apparent in 
the NafmetZn complex, identified at 55.3, 55.2, and 
55.1 ppm (Fig. 1d), whereas in the BODIPY analog, 
the  corresponding  carbons  exhibited  overlapping 
signals  (Fig.  1c).  The  carbon  numbers  in  the 
compounds match the natural asymmetric structures 
of the compounds.
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Figure 1: The scale of chemical shifts for NafmetBDP and NafmetZn for methoxy group peaks in 1H-NMR 

(left) and 13C-NMR (right).

Employing the ESI-TOF methodology, high-resolution 
mass spectra (HRMS) were acquired, and theoretical 
molecular masses were computed with consideration 
of isotopic contributions. The respective peaks were 
identified  as  the  molecular  ion  peaks  [M]- for 
NafmetBDP and  [M+H]+ for  NafmetZn.  The 
deviations in mass accuracy, expressed in parts per 
million (ppm, Δ), were ascertained to be 1.79 and 
2.81  for  the  mentioned  compounds,  respectively. 

The  HRMS/TOF  data  substantiated  that  the 
experimentally  observed  structures  corresponded 
with their theoretical values.

3.2. Photophysical Properties
The  absorption  and  fluorescence  spectra  of  the 
compounds  in  THF  at  room  temperature  were 
obtained. The related spectra of the dyes are shown 
in Figure 2a-b, with photophysical data in Table 1.
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Figure 2: (a) Normalised absorption and (b) fluorescence spectra of the dyes NafmetBDP (λexc: 597 nm, 

slit 10.0 nm; λems: 635 nm, slit 8.0 nm) and NafmetZn (λexc: 542 nm, slit 10.0 nm; ems slit 8.0 nm) in 
1x10-6 M THF (c) The samples of NafmetBDP and NafmetZn solutions in THF under ambient light and (d) 

under UV illumination (λexc:365 nm). From left to right, NafmetBDP and NafmetZn.
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The  absorption  spectrum  of  NafmetBDP, 
characterized  as  a  BODIPY  dye,  exhibited  a 
prominent  absorption  band  at  597  nm, 
corresponding to the S0-S1 (π-π*) transition. Broader 
and less intense absorption bands within the 250-500 
nm range, ascribed to the presence of substituted 
naphthyl and methoxy phenyl groups, correspond to 
transitions to higher energy states of S0-S2 and S0-S3. 
The  shoulder  attributed  to  the  0−1  vibrational 
transition associated with the main transition (S0-S1) 
in the high-energy region of the primary absorption 
band, typically observed in classical alkyl-substituted 
BODIPY  compounds  (4,30),  was  absent  in  this 
material. The full width at half maximum (FWHM) of 
the absorption band, covering the range of 500-650 
nm, has substantially increased due to the presence 
of  conjugated  aryl  substituents.  The  BODIPY 
fluorescence spectra display a single band from 580 
nm to 730 nm when excited at the wavelength of 
maximum  absorption,  notably  mirroring  the 
absorption spectra.  Upon excitation, the compound 
exhibits  a  pronounced  emission  at  635  nm, 
accompanied by a Stokes shift of 38 nm. The Stokes 
shift of the Boron complex (NafmetBDP) is greater 
compared  to  classical  alkyl-substituted  BODIPYs 
(4,30)—the emission  peak  exhibits  broadening 
similar  to  that  of  the  absorption  peak.  The 
NafmetZn complex gives a main absorption at 542 

nm along with a shoulder at 586 nm. The absorption 
intensities at higher energy levels, specifically within 
the 250-350 nm range, showed an enhancement, 
which is concomitant with the augmentation in the 
number  of  aromatic  substituents.  The  spectral 
bandwidth expanded from 61 nm to 81 nm, while the 
absorption coefficient elevated from 75400 to 89260 
when  compared  to  NafmetBDP.  The  molar 
absorption  coefficients  of  the  complexes  are 
sufficiently  high  at  the  maximum  of  the  S0→S1 

electronic  transition  band,  rendering  them 
comparable to structurally analogous BODIPYs. The 
Zinc  (II)  complex  does  not  exhibit  fluorescence 
regardless  of  the  excitation  wavelength. The 
observed fluorescence quenching may be attributed 
to the presence of aryl substituents at the -α and -β 
positions.  The  free  rotation  of  the  substituents 
enhances the probability of nonradiative transitions, 
thereby  resulting  in  considerable  fluorescence 
quenching  of  the  complexes  (22).  According  to 
literature  on  dipyrromethene-zinc  complexes,  the 
shoulder observed in the main absorption band is 
attributed to charge transfer transitions (31–33). The 
lower  absorption  band  identified  within  the  main 
absorption  band  in  the  experimental  UV-Vis 
spectrum of NafmetZn may appear to correspond to 
the charge transfer  transitions  between reciprocal 
ligands.

Table 1: Experimental and theoretical photophysical parameters of the compounds.
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(8%), H  L+1 (8%)
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H-1  L+1 (44%), H 
 L (42%), H  L+1 

(10%)

S0S3 2.29 / 540 0.76
H1  L (41%), H  

L+1 (40%), H -1 
L+1 (12%)

a: Rhodamine B in ethanol (ΦF =0.70) was used as the fluorescence standard for fluorescence quantum yield 
calculations, and correction for the solvent refractive index (η) was applied [THF: η = 1.4072, EtOH: 1.3614].

The proximal arrangement of aryl groups at the -α 
and  -β  positions  of  the  dipyrrin  core  resulted 
substantial bathochromic shift of the main absorption 
band. Beyond the π - π* transitions stemming from 
the  naphthyl  group,  the  n  -  π*  transitions  in 
methoxyphenyl subunits enhance the shifting. The 
substituent at the meso (8) position induces steric 
hindrance in the BODIPY core, thereby impeding the 
conjugation of distal aryl groups. Its absence results 
in the shift of BODIPY absorbance from the typical 
range of 500-550 nm to approximately 600 nm.
The Density  Functional  Theory  (DFT)  method has 
been  extensively  employed  to  elucidate  the 

photophysical characteristics of BODIPY dyes, as it 
gives  consistent  results  with  the  experimental 
findings  (26,27,34).  Therefore,  to  explain  the 
photophysical properties of the compounds analyzed, 
we  conducted  calculations  utilizing  DFT/TD-DFT 
methods.  The theoretical  data  that  include dipole 
moments (µ), the electronic excitation energies (Ev), 
corresponding oscillator strengths (f), and the main 
configurations  are  summarized  in  Table  1.  The 
optimized  structures,  natural  transition  orbitals 
(NTOs), and centroids of hole/electron (Chole & Cele) 
are demonstrated in Table 2.
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Table 2: Optimized structures, Natural transition orbitals (NTOs) for the lowest-energy transitions (S0-S1) 
of the compounds (isosurface value = 0.02 au), centroids of hole and electron (Chole & Cele, isosurface value 

= 0.0003 au).

Comp. Transition Optimized structure
NTOs

Chole & CeleElectron Hole

N
a
fm

e
tB

D
P

Dipole moment 
(μ): 5.99 De-
bye 

S0-S1

EE : 2.17 eV
t (Å): -1.683 
EC: 3.66 eV

N
a
fm

e
tZ

n

Dipole moment 
(μ): 1.42 De-
bye

S0-S1: 
EE :1.92 eV
t (Å): 1.049 
EC: 2.87 eV

S0-S2

EE : 2.27 eV
t (Å): -2.586 
EC: 3.09 eV

S0-S3

EE :2.29 eV
t (Å): -2.502 
EC: 2.87 eV

Blue and green isosurfaces represent Chole and Cele functions, respectively. EE and Ec represent the 
excitation energy and the Coulomb attractive energy, respectively. The t-index quantifies the extent of 

separation between the hole and electron along the charge transfer direction.

Geometry  optimizations  revealed  that  the 
Borondipyrromethene core in NafmetBDP assumes 
a  planar  geometric  configuration,  while  the 
complexes exhibit  a pseudo-tetrahedral  geometry. 
The angles formed between the F-B-F atoms and the 
N-B-N atoms are calculated to be 109.3° and 109.4°, 
respectively.  The  dihedral  angles  between  the 
BODIPY moiety and the naphthyl and methoxyphenyl 
groups at the distal (1,7) positions were determined 
to be 52.8º and 39.94º, respectively. The dihedral 
angles between the methoxyphenyl  groups in the 
proximal (3,5) positions of the compound and the 
dipyrrin  core  were  determined  to  be  36.5º.  The 
influence of steric hindrance exerted by the naphthyl 
group results in a reduction of the angle at the distal 
positions.  Consequently,  this  enhances  the  π-π 
interactions  between  the  aromatic  structures 
situated at the proximal positions and the planar core 
framework. Consequently, it can be inferred that the 
proximal  positions  exert  a  more  pronounced 
bathochromic  effect  on  the  photophysical 

characteristics  of  the  compound.  In  the  Zn  (II) 
complex,  the  dihedral  angles  of  the  naphthyl-
dipyrrine  entities  increased  from  52.8°  to  68.2°, 
whereas  the  angles  involving  the  methoxyphenyl 
substituents exhibited minimal alteration. The most 
significant modification was observed at the proximal 
(3,5)  positions,  where  the  angle  decreased  from 
36.5° to 19.9°. The formation of a stable homoleptic 
complex  with  the  Zinc  (II)  ion  between  the  two 
macrostructures  was  facilitated  by  adjusting  the 
angles to achieve values approaching linearity.

Also,  the complexes have polar character, and the 
dipole moments were 5.99 and 1.42 Debye for the 
NafmetBDP and  NafmetZn,  respectively.  The 
molecular  dipole  moments  were  oriented  at 
approximately 45° from the dipyrrin core towards the 
exterior  of  the  molecules.  The  tetrahedral 
configuration  of  the  two  identical  ligands  in  the 
NafmetZn resulted  in  a  reduction  of  the  dipole 
moment, which aligns with theoretical predictions.
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The main transition in BODIPY (NafmetBDP) occurs 
between HOMO→LUMO (99% contribution) due to 
electronic excitations from the S0-S1 energy levels 
(Table  1),  while  in  the  NafmetZn,  absorption 
processes  also  involve  the  HOMO-1 and  LUMO+1 
orbitals. The calculated energy band gaps (ΔE = |
EHOMO − ELUMO|) for the compounds were found to 
be 2.17 eV and 2.27 eV, respectively, aligning well 
with experimental data. It should be noted that the 
main transition calculated for the Zinc (II) complex 
exhibits a low oscillator strength (<0.01) and does 
not constitute a band maximum. The main transition 
corresponds  to  the  S0-S2 transition  (f:  0.71)  as 
indicated in Table 1. The singlet excitation energies 
(EE) calculated by the TDDFT method for absorption 
spectra (λcal) validated the experimental values (λexp), 
with λexp/λcal ratios of 1.05 and 0.99 for NafmetBDP 
and NafmetZn, respectively (Figure S1.).

Natural transition orbitals (NTOs) were calculated to 
visualize electronic transitions, representing excited 
electron-hole pairs from transition density matrices 
via TDDFT. Table 2 lists the NTOs and centroids of 
hole/electron isosurfaces for the singlet transitions of 
the  dyes.  The  detailed  isosurfaces  of  all  singlet 
transitions belonging to  NafmetBDP are given in 
supplementary material. Within the NTO isosurfaces, 
the main distribution regions for the electron and 
hole are denoted by green and blue, respectively. 
The  calculations  indicate  that  the  distribution  of 
excited  electrons  and  holes  across  the  molecule 
constitutes the main S0-S1 transition. The transition 
occurs without the involvement of charge transfer 
(CT), and is predominantly localized on the BODIPY 
core (Table 2, Chole & Cele, isosurface). However, it was 
determined that during high-energy transitions (S0-
S2, S0-S3), a net charge separation (t>0) occurred 
from  the  BODIPY  core  to  distal  positions.  The 
electrons  for  the  transitions  were  exclusively 
localized on the dipyrrin skeleton, while the holes 

were partially spread on the substituents at the -1, 
-3, -5, -7, and -8 (meso) positions. The centroids of 
the hole and electron, denoted as Chole/Cele, facilitated 
the  smoothness  of  the  electron/hole  distribution 
behavior as outlined in Table 2. There is a significant 
overlap between the electron and hole pairs for the 
S0-S1 transition in NafmetBDP.

Notably, in the low-energy S0-S1 transition (EE: 1.92 
eV) of the NafmetZn, the two ligands exhibit charge 
separation manifesting as electrons and holes. In this 
context, Zinc (II) functions as a connecting entity 
between the opposing ligands, facilitating a charge 
transfer  process.  In  the  main  transitions  of  this 
complex  (characterized  by  elevated  Oscillator 
Strength values of  f: 0.71 and 0.76, respectively), 
S0-S2 and S0-S3, the negative  t index indicates the 
absence of  charge separation,  demonstrating that 
the pertinent transitions are not charge transfers. 
Instead,  these  are  locally  excited  electronic 
transitions originating from dipyrrin groups. The both 
complexes  exhibited  higher  Coulomb  attractive 
energies  (Ec,  exciton  binding  energies),  reducing 
exciton dissociation compared to transition energies 
(EE).

3.3. Thermal Properties
A  significant  attribute  of  the  dyes  applicable  to 
technical fields is the range of temperatures at which 
these  compounds  maintain  thermal  stability  and 
exhibit  no  alterations  in  their  spectral  properties. 
Therefore, the thermal properties of the compounds 
were determined in an inert N2 atmosphere utilizing 
thermogravimetric  analysis  (TGA).  The  thermal 
stability of the compounds has been characterized 
through a variety of quantifiable metrics. Figure 3 
presents  the  thermal  degradation  graphs  of  the 
compounds, while Table 3 provides the associated 
thermogram parameters.

Table 3: The decomposition temperatures and thermal stability of the compounds.

Compound
T

max
(°C

)*

Mass 
loss (%)

Decomposition 
rate (%/min)

**T10% 
(°C)

T30% 
(°C)

T50% 
(°C)

NafmetBDP

200
360
590
760

17
41
70
97

2.11
2.96
2.37
1.42

164 286 426

NafmetZn

447
878
947
994

10
48
57
67

0.97
1.27
1.86
2.39

440 665 890

*Maximum decomposition temperatures based on DTG plot. ** T10% (the temperature at which 10% of the 
initial mass is lost), etc.
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Figure 3: TGA thermogram of the compounds at a temperature ramp of 10 °C/min under N2.

The thermal degradation of compounds, similar to 
that of other dipyrromethene dyes, occurs as a result 
of intramolecular oxidation-reduction reactions (35). 
The  thermal  destruction  processes  of  the 
NafmetBDP and NafmetZn occurred in four stages, 
as evidenced by the TG curves displaying phases of 
sample weight loss. NafmetBDP underwent primary 
decomposition at 200 °C in an inert N2 atmosphere, 
while the Zinc (II) complex (NafmetZn) began to 
decompose at a higher temperature of 447 °C. The 
most rapid degradation of the BODIPY derivative was 
observed in the second phase at 360 °C. Hence, it 
can be inferred that the thermal stability of the metal 
complex  is  considerably  elevated  despite  the 
presence of identical organic substituents. Between 
200-900 °C, the degradation phases showed reduced 
rates and mass loss, likely due to the breaking of 
covalent  bonds  and  the  carbonization  of  organic 
groups in the dipyrromethene framework. It should 
be noted that even at 994 °C, representing the final 
stage of decomposition, 33% of the structure of the 
Zn (II) complex persisted. The decomposition rates 
(%/min) of the BODIPY derivative are considerably 
greater,  almost  by  two  orders  of  magnitude,  in 
comparison  to  those  of  the  Zinc  (II)  complex. 
Utilizing T10% temperatures as a comparison basis, 
it is observed that NafmetBDP decomposes at 164 
°C  and  NafmetZn at  440  °C,  indicating  that 
NafmetZn exhibits nearly threefold greater thermal 
stability. The carbonization efficiencies at  700 °C, 
generally regarded as a reference point, are 89% for 
NafmetBDP and 33% for NafmetZn, respectively. 
The  coordination  of  homoleptic  metal  with  an 
identical ligand resulted in an enhancement of the 
thermal stability of the dipyrromethene core when 
compared  to  its  coordination  with  Borondifluoride 
(BF2). The comparatively reduced thermal stability of 
BODIPY relative to Zinc (II) dipyrromethene might be 

attributed to the involvement of fluorine atoms in 
intramolecular  redox  processes.  The  residue 
observed  at  elevated  temperatures  in  the 
thermogram of the compound  NafmetZn may be 
due to lower oxidation potential  of  Zinc atoms in 
contrast  to  the  substantially  higher  oxidation 
potential of fluorine atoms and the strong covalent 
nature  of  B–F  bonds  (36,37).  Consequently,  the 
formation  of  ZnO  and  carbonized  products  may 
occur, given that the analysis was conducted under a 
nitrogen  atmosphere. The  incorporation  of  aryl 
groups  into  pyrrole  moieties  has  been  found  to 
significantly influence the thermal stability of Zinc 
(II)  dipyrromethenates  when  compared  to  their 
alkyl-substituted  counterparts as  reported  in  the 
literature (35).

4. CONCLUSION

In  summary,  novel  homoleptic  BODIPY  and 
[Zn(dipyrrin)2] complexes were synthesized from an 
asymmetric dipyrromethene ligand, with structures 
confirmed by NMR and HRMS. Their photophysical 
properties in solution were examined using UV-visible 
absorption  and  fluorescence  spectroscopy.  The 
absorption  band's  FWHM  from  500-650  nm 
significantly  increased  due  to  conjugated  aryl 
substituents. While the BODIPY fluorescence spectra 
display a single band from 580 to 730 nm, similar to 
the absorption spectra at the maximum absorption 
wavelength, the Zinc (II) complex does not fluoresce 
at any excitation wavelength. Aryl groups positioned 
at the -α and -β sites of the dipyrrin core cause a 
significant bathochromic shift in the main absorption 
band.  The  shift  is  further  enhanced  by  n  -  π* 
transitions in methoxyphenyl subunits and π - π* 
transitions  from  the  naphthyl  group,  extending 
BODIPY absorbance from the typical range of 500-
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550 nm to ca. 600 nm. Density Functional Theory 
(DFT) calculations and electron-hole analysis reveal 
that  the  complexes  have  a  pseudo-tetrahedral 
geometry and polar character. The calculations show 
that  the  main  S0-S1 transition  involves  the 
distribution of excited electrons and holes across the 
molecule, and it is mainly localized on the BODIPY 
core without charge transfer in NafmetBDP. During 
high-energy  transitions,  charge  separation  occurs 
from  the  dipyrrin  core  to  distant  positions,  with 
electrons localized on the dipyrrin skeleton and holes 
spread on the substituents at the -1, -3, -5, -7, and 
-8 positions. In NafmetZn complex, charge-transfer 
transitions  between  reciprocal  ligands  cause  the 
main  absorption  band's  redshift,  as  shown  by 
electron-hole  analysis.  The  proximal  positions 
significantly enhance the bathochromic effect on the 
compounds' photophysical properties.  According to 
TGA,  the  coordination  of  Zinc  (II)  resulted  in 
considerable  thermal  stability  and  enhanced 
degradation temperatures. NafmetZn demonstrates 
a thermal stability that is nearly three times greater 
than  BODIPY  analogue.  Aryl  groups  in  pyrrole 
moieties significantly enhanced the thermal stability 
of Zinc (II) dipyromethenates compared to their alkyl 
counterparts.  This  work  shows  that  chromophoric 
dipyrromethene  complexes  hold  promise  for 
developing photostable and thermostable materials 
capable of energy transfer in the visible spectra.
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Abstract: Currently, energy and greenhouse gas emissions are the biggest problems. As a result of 
overpopulation and high energy consumption, non-renewable energy sources are continuously depleting. 
Greenhouse gases are also being emitted at a very high rate. The modern world must use renewable energy 
sources, among which solar energy is safe and available everywhere. Solar energy is efficiently transformed 
into electrical energy by photovoltaics (solar cells). During the past decades, DSSC the type of thin-film 

photovoltaics, gained importance due to cost-effectiveness, durability, ease of fabrication, and low toxicity. 
These cells convert sunlight into electricity with a power conversion efficiency of approximately 20%. Glass 
substrate, photo-anode, sensitizer, electrolyte and counter electrode are the key components of DSSCs. 
Among these, sensitizers are the most important part of these cells that absorb photons, generate electrons, 
create electron-hole-pair and produce electricity. In the beginning, only ruthenium metal complexes were 
used as dyes, but now a large number of organic, inorganic and natural compounds are widely used to 
enhance the overall performance of these cells. This is an in-depth review on solar cells but mainly focuses 

on the construction, operating principle, and performance of DSSCs. In this review, we not only presented a 
library of sensitizers used in DSSCs but also gives a brief comparison between these sensitizers to help future 

research. 
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1. INTRODUCTION 
 

Energy plays a vital role in the country's economic 

development, but with an increase in population, 
modernization and decreasing energy resources, its 
demand is constantly rising (1,2) Today, countries 
development is negatively affected by energy 
shortage (3). Nearly 80% of the world's energy 
demand is met by fossil fuels such as oil, gas, and 
coal (4). Using these resources to produce energy 

generates massive CO2 emissions, which mainly 
contribute to global warming and climatic 
disturbances (1). 
 
Energy resources are classified into two classes: 
renewable and non-renewable (5). Among them, 

non-renewable sources of energy, like fossil fuels 

(coal, gas, natural gas, and petroleum) are 
economically more important and depleting rapidly 
but import a negative role on the environment, 
producing a large amount of harmful gases (6), such 
as carbon dioxide (CO2), methane or natural gas 

(CH4), chlorofluorocarbons or CFCs (CCl2F2), nitrous 
oxide or laughing gas (N2O), ozone (O3) and 

peroxyacetyl nitrate (PAN) responsible for trapping 

heat radiated from earth’s surface (7), ultimately 
raising the temperature of earth and causing 
photochemical smog (8). Around 60% of the world's 
population lives in Asia and faces environmental 
challenges due to the excessive use of fossil fuels. In 
China, Taiwan, Pakistan, India, Hong Kong, Macao, 
Nepal, Bangladesh, Indonesia, Malaysia and in other 

developing countries, carbon dioxide and other 
pollutants are causing serious ecological changes (9). 
In contrast, renewable energy sources include wind, 
solar, geothermal, and hydropower (10). Today, 
renewable energy is essential, clean, sustainable, 
fascinating and stabilizes modern energy demand 

(11). 

 
2. SOLAR ENERGY 
 
Earth receives solar radiations as light and energy. 
Due to its abundance and ease of availability, solar 
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energy can meet the global energy demand. As 
energy demand grows in developing countries, they 

are seeking reliable sources of energy (12). A large 
portion of Europe's solar resources are located in 
Spain. In 2016, Spain led the PV market with 2.6 GW 
of grid-connected installations. In response, the 
global PV market has grown by around 5600 MW 

(13). After Spain, Germany ranked second in the 
world for PV installations. Approximately a third of all 
PV power installed globally is in Germany (14). In 
terms of energy production, China ranks second 
behind the United States. The solar energy potential 
of China is enormous (15). In 2010, energy 

production was 0.15GW. By 2020, it is projected to 
increase to 4-8 GW and in 2030, it is expected to 
reach 16.9TG (16,17). Solar radiation is most 
prevalent in Asian countries as compared to others 

because of long sunshine duration (12). 
 
2.1. Solar Cell 

Solar cells or photovoltaics convert sunlight directly 
into electricity by using the photovoltaic effect (12). 
The photovoltaic effect was discovered in 1839 by 
Alexandre Edmond Becquerel. The first silicon 
photovoltaic cells were created by Russell Ohl in 
1946. Increasing the efficiency of solar cells is a 
major goal in solar cell development (18). 

Photovoltaic technology is currently based on the 
creation of electron holes in multiple layers (p-type 
and n-type materials) of semiconductor materials. 
The p-type and n-type junctions are arranged so that 
when light of sufficient energy strikes them, an 

electron is ejected and moves from one layer to the 

next. Electrons and holes are created in the process, 
which generates electricity (19). Solar cells convert 
solar energy into electricity as a function of the 
proportion of incoming solar output to the maximum 
electrical power produced by the cell under 
concentrated loads. Because it is so effective and 
thought to be so relevant, this predictable metric is 

now widely used for judging the worth of products 
(20). 
 
2.1.1. Types of solar cells 
Based on manufacturing material, cost, efficiency, 
size and life cycle, solar cell technologies can be 
roughly categorized as: 

 
a) 1st generation solar cells: Silicon wafer based 
solar cells are “first-generation solar cells” made 
from single silicon crystals (monocrystalline) or many 
silicon crystals (poly-crystalline) (21,22) with 
efficiencies of 26.7% and 22.3%, respectively (23). 

Due to their rigidity, these cannot bend easily but 
covers 86% of the market with a maximum efficiency 
of 40%. 
 
b) 2nd Generation Solar Cells: Thin-film solar cells 
are “second generation solar cells”, made of copper 
indium gallium selenide (CIGS) (24), cadmium 

telluride (CdTe), CZTs (25,26), Gallium Arsinide 
(GaAs) and amorphous silicon (a-Si) (27) having 

efficiencies of 23.4% (23,28), 21.0% (23), 37.4% 
(29) and 10.2-13.4% (23). Due to their flexibility, 
durability, stability, low cost, high optical 
absorbance, light weight, and portability, these are 
widely used in wearable electronic devices, 

agricultural infrastructure, space applications, and 
transportation but are extremely toxic because of the 

poisonous metals (30). 
 
c) 3rd Generation Solar Cells: Unlike previous 
generations, third-generation solar cells are 
designed to improve efficiency, cost-effectiveness, 

and versatility while overcoming some limitations 
associated with previous generations. Third-
generation solar cells encompass a number of 
different approaches, each with its own set of 
characteristics and potential applications. These 
includes, Nano crystal based SC (31), Polymer SC, 

Thermo-photovaltic (32), Dye sensitized SC (33), 
Graphene based SC (34), Quantum dots SC (35) and 
concentrated SC (22,36) with efficiencies of 5.14% 
(37), 18% (38), 40% (39), 11.1% (23) -15.4 (40), 

14.1% (41), 12% (42), and 25% (43). These solar 
cells exhibit different efficiency with inexpensive 
material (44), and because of modernization and the 

increased demand for energy, researchers are 
always working to increase it. 
 
3. DYE SENSITIZED SOLAR CELL 
 
A DSSC is also known as Gratzel's cell, a thin-film 
solar cell that converts sunlight into electricity using 

a dye that can either be organic or inorganic (45). In 
1991, Michael Grätzel and Brian O'Regan invented 
them. Due to their structure and materials, these are 
more suitable for certain applications than traditional 
silicon-based solar cells. Originally, DSSCs were a 

part of the second generation, but improvements in 

their design and materials contribute to their 
classification as third-generation solar cells (46). Due 
to their dramatic applications (47), like low cost (48), 
easy fabrication (49), flexibility (50), light weight, 
transparency (51), ease of manufacturing (52), 
efficiency (53), reuse of dyes and low toxicity, these 
are widely used nowadays (54). 

 
Dye + Semiconductor + sunlight= Efficiency 
 
3.1. Components of Dye Sensitized Solar Cell 
Dye-Sensitized Solar Cells (DSSCs) comprise crucial 
elements, each playing a vital role in converting 
sunlight into electricity (55). The primary 

components include: 
 
3.1.1. Glass-substrate 
Glass substrate, the transparent and conducting 
surface on which the photo electrode is deposited 
(56). Mostly, FTO (Fluorine doped tin oxide) (57) and 

ITO (Indium tin oxide) (58) are used as conducting 
glass substrates. Conducting glass provides electrical 
conductivity necessary for shuttling electrons 
between anode and external circuit and allows 
sunlight to pass through photo-anode without 
significant absorption or reflection (59). 
 

3.1.2. Photo-anode 
Light absorption and electron generation in DSSC 

take on anode known as Photo-anode or photo-active 
electrode (60). Typically consists of nanocrystalline 
titanium dioxide (TiO2) layered on a conductive glass 
substrate, with TiO2 acting as the semiconductor. The 
nanocrystalline TiO2 provides a large surface area for 
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sensitizer, allowing sufficient light absorption 
(61,62). Except titanium oxide, other materials like 

ZnO (63), SnO (64), NiO (65), and CuO (66). The 
main function of photo-anode is to absorb light and 
facilitate electron injection into the semiconductor 
(51). 
 

3.1.3. Sensitizer 
The most important component of DSSC is dye, also 
known as sensitizer or photosensitizer, that is 
responsible for the absorption of light, permute 
electrons to the excited states, and generating 
electron hole (67). This dye is usually naturally 

extracted from plants (68), inorganic metal ions 
(69), organic compounds (70) that are absorbed on 
titanium surface. 
 

3.1.4. Electrolyte 
Electrolyte in DSSC is a redox couple that shuttles 
electron between anode and cathode; it accepts 

electrons from phto-anode, regenerates sensitizer 
and completes the circuit, allowing the cell to convert 
sunlight into electrical energy continuously (33,71). 
Different electrolytes are used to increase the 
efficiency of cells, like I-/I3

- redox couple (71), 
Cu+/Cu+2 (72), Co2+/Co3+ (73), cobalt-polypyridine 
(74), Br-/Br3

- (62), LiI and N,N-methylpyrrolidinium 

dicyanamide (75). 
 
3.1.5. Counter electrode 
Counter electrode is a cathode, which is made from 
conducting material that collects and transfers 

electrons from external circuit (76) and also 

catalyzes the redox reaction of electrolyte or redox 

couple (77). Different types of counter electrodes are 
now used to improve efficiency, like Pt (78), carbon 

(79), black carbon (80), graphene (81), transition 
metals (82), conducting polymers (83), carbides, 
nitrides and charcoginides (77). 
 
3.2. Working of DSSC 

The working of DSSC is continuous and cyclic, and 
the main steps include (84,85). 

a. Dye adsorption: Nano-crystalline titanium 
oxide coated on conducting glass, on which 
dye is adsorbed. 

b. Excitation of Sensitizer: Dye becomes 

electronically excited by absorbing photons 
from sunlight. 

c. Electron-hole-pair creation: Electrons are 
injected into the semiconductor material by 

sensitizer, and electron-hole pairs are 
created. 

d. Electron transportation: Electrons moved 

through the semiconductor material towards 
the external circuit and generated the 
electric current. 

e. Redox reaction of electrolyte: By accepting 
electrons, the electrolyte is reduced, and 
electrons return to sensitizer for 
regeneration to its original state. As, 

electrolyte is redox couple, it oxidized to its 
original state by releasing electrons. 

f. Generation of electric current: Through the 
external circuit, the released electrons are 
directed to the counter electrode, where they 

generate an electric current. 

 

 
Figure 1: DSSC’s working principle. 
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3.3. Efficiency of DSSC 
Efficiency of DSSC was calculated by the given 

formula (68) 
 

𝜂 =
𝐽𝑎𝑐  × 𝑉𝑜𝑐  × 𝐹𝐹

𝑃𝑖𝑛
× 100 

 
Jac= short circuit current; the largest current that 
may be drawn from solar cell (mA cm-2); Voc= open 
circuit voltage (mV), the maximum voltage available 
from solar cell; Pin= input power or power density of 

incident light, light power per unit area; FF= fill factor 
(It shows how effectively solar cells convert sunlight 
into electrical energy. The typical range is 0.5 to 
0.85; represented in percentage, a high number 
denotes great efficiency (86) & can be calculated by 
the formula below (87). 

 

𝐹𝐹 =
𝑃𝑚

(𝐽𝑎𝑐 × 𝑉𝑜𝑐)
 

Pm= maximum power output 
 
3.4. Sensitizers/Dyes Used in DSSC’s 

Sensitizer is the most important part in DSSC, which 
absorbs photons and is responsible for injection of 
electrons (88). This sensitizer must have a) broad 
absorption spectra that cover the visible region and 
NIR b) anchoring groups that strongly bind with 
semiconductor layers like –COOH, –CN, –NH2, –
PO3H2, (89,90) c) cost-effectiveness (91,92), d) 

chemically compatible with all components like 
electrolyte and semiconductor material (93), e) 

stable (94), and f) non-toxic (95). A large number of 
sensitizers can be used in DSSC, and researchers are 
trying to synthesize dyes with maximum efficiency 
(96). Normally these dyes are categorized as: 

 
Natural photosensitizers 
Synthetic photosynthesizes 

 
3.4.1. Natural sensitizers 
Natural dyes offer a great potential for reducing the 
environmental impact of solar cell production and 

increasing sustainability due to their abundant 
affordability and eco-friendly nature. These dyes can 
be extracted from insects, plants, flowers, etc., and 
offer a wide range of colors like green, purple, blue, 

red, orange and many more. These natural dyes 
absorbing a broad range of light wavelengths makes 
them a viable option for improving the efficiency and 

performance of solar cells. many compounds like 
(97). In contrast to artificial dyes, natural dyes are 
readily available, less expensive, simple to make, 
non-toxic, eco-friendly, and completely 
biodegradable (95). Usually, they belong to the 
anthocyanin family, which can be found in red, blue, 

orange, purple, violet, and intermediate shades (95). 
As well as the purple-red color of autumn leaves, the 
red color of budding and young shoots is also due to 
anthocyanin (98). Anthocyanin is frequently used as 
sensitizer due to widespread availability, solubility in 
water, eco-friendliness and cost-effectiveness but 

mostly absorb visible light (95). Except for 

anthocyanin, chlorophyll, and carotenoids, extracted 
from plant leaves can also be used as dye sensitizers 
(68). However, chlorophyll alone is not favorable for 
DSSC and gives low efficiency due to the steric 

hindrance of its long chains (52). These natural 
photosensitizers showed different efficiencies 

summarized in Supplementary Table S1. Here, a 
total of 145 natural sensitizers with their efficiencies 
were summed up to show the importance of these 
natural sensitizers. These sensitizers are easy to 
extract but difficult to store, as they easily 

decompose with temperature change or light 
interaction. 
 
3.4.2. Synthetic sensitizers 
Today, a variety of synthetic sensitizers are used, 
including organic and inorganic compounds. 

 
I. Organic sensitizers: Furthermore, organic dyes 

are now a practical alternative to inorganic dyes, 

which are perceived to be hazardous, costly, and 

difficult to synthesize (99). Researchers are 

investigating a wide range of organic compounds 

because of their benefits, which include low cost, 

ease of synthesis, environmental friendliness, 

stability, co-sensitization, a broad absorption 

spectrum, and redox mediators that enhance 

injection as well as electron transport (70). These 

compounds include carboxylic acids (100), indoles 

(101), hydrazones (102), pyridines (103), 

phorphyrins (104), Schiff bases (105), and aromatics 

that are currently used as sensitizers in DSSCs 

(70,106). The first usage of organic compounds as 

DSSC dyes occurred in the 2000s. Initially, DSSCs 

use eight organic dyes—methyl orange, crystal 

violet, fast green, aniline blue, alcian blue, methyl 

orange, and carbolfuchsian—as dye sensitizers. 

Eosin Y was expected to be the best among all of 

them, with the maximum efficiency of 0.399 (Voc = 

0.671, Jsc = 1.02, and FF = 58.1) (107). Due to pi-

conjugation, donor electrons and heteroatoms, these 

metal-free organic sensitizers exhibited high 

efficiency (52). 

 

As a result of ongoing research, a wide variety of 

organic compounds are currently employed as DSSC 

sensitizers. To aid in comprehension, the material is 

summarized in Supplementary Table S2. During the 

past 15 years, organic sensitizers gained importance 

due to high yield, easy storage and reuse sensitizers. 

 

II. Inorganic Sensitizers: In DSSCs, metal 
complexes, particularly transition metal complexes, 
show better photovoltaic performance and higher 
stability than organic and natural dyes due to their 
unique optical and electrical properties (108). Once 
photons are absorbed, they effectively transfer 
electrons into the semiconductor material, which is 

usually titanium dioxide, to initiate the production of 
an electric current. The long-term performance of 
DSSCs depends on the greater stability and lifespan 
provided by certain metal-based dyes. In DSSC, 
ruthenium-based complexes are most extensively 

used; for over 30 years, they exhibited high 

efficiency of up to 80% due to their versatility, high 
absorption, and ability to form stronger bonds with 
donor nitrogen of ligands (52) but are costly, toxic, 
and decompose with the passage of time (109). 
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Copper complexes not only act as sensitizers but also 
work as redox mediators (110). Except these, nickel 

(111), iron (112), zinc (113), osmium and many 
other transition metal complexes are also used as 
sensitizers. Some metal-based sensitizers are 
summarized in Supplementary Table S3. 
 

It is expected that the DSSC innovation will be used 
to fulfill many prospective power requirements like 
economic growth, energy sustainability, and the 
conservation of the environment. Furthermore, 
DSSC is one of the most prominent renewable 
technologies that help reduce environmental 

problems. Globally, researchers are focusing on 
improving dye-sensitized solar cells’ efficiency. To 
improve DSSC performance, a variety of strategies 
are being explored, and dye material is one of them. 

As DSSC's performance is directly affected by 
sensitizers as they are the most prevalent 
component. Sensitizers mentioned above are some 

of the reported metal-free, natural, and metal-based 
sensitizers. Scientists are constantly working to 
synthesize/modify the reported sensitizers to 
enhance their efficiency, flexibility, and 
environmental compatibility. 
 
4. DETAILED COMPARISON (DISCUSSION) OF 

PHOTOSENSITIZERS USED IN DSSC 
 
To gain a deeper insight into DSSCs, it is essential to 
explore the various types of photosensitizers, the 
heart of DSSC. These sensitizers are key to the 

efficiency, stability, and overall performance of 

DSSCs, as they facilitate light absorption and 
electron transfer to the semiconductor. In this 
section, we will present a comprehensive comparison 
of the main categories of photosensitizers—natural 
dyes, organic (metal-free) dyes, and metal-based 
dyes—based on literature. By exploring their 
mechanisms, efficiencies, absorption spectra, as well 

as their advantages and challenges, we aim to 
provide a detailed understanding of each type. This 
comparison will not only shed light on the potential 
of these photosensitizers but also highlight how 
ongoing innovations could shape the future of 
DSSCs, positioning them as a leading technology in 
the pursuit of sustainable energy solutions. 

 
I. Natural photosensitizers 
As these are plant-based dyes extracted from plants 
like chlorophyll, anthocyaninand, carotenoid, as well 
as natural materials like animal-based ones like 
blood, meat or coal. 

 
Mechanism of Natural Sensitizers: Natural dyes, 
like anthocyanins and chlorophyll, are effective due 
to their broad absorption range, capturing sunlight 
by their chromophoric structures, which absorb 
visible light through conjugated systems. When 
these dyes absorb photons, their electrons get 

excited and move to the conduction band of a 
semiconductor. The dyes are anchored to the 

semiconductor, allowing electron transfer and 
oxidation. The dye is then regenerated by accepting 
electrons from a redox mediator in the electrolyte, 
restoring it for more light absorption. Meanwhile, the 
electrons travel through the semiconductor to an 

electrode, generating electric current, while the 
mediator recharges the dye. 

 
Efficiency of Natural Photosensitizers: The 
efficiency of natural photosensitizers varies but has 
significant promise for efficient light absorption and 
energy conversion, particularly chlorophyll, a widely 

studied natural pigment that has PCE up to 2%. 
Similarly, anthocyanins, derived from fruits like 
blueberries, exhibit PCE of about 5%, carotenoids 
from pumpkin and carrots have an efficiency of 1%, 
while curcumins from turmeric have an efficiency of 
up to 2%. Besides these, sensitizers derived from 

animal sources like fish scales and hair have high 
efficiency, up to 8%, while coal is also a natural 
material that exhibits PCE of about 5%. 
 

Stability of Natural Sensitizers: Natural dyes are 
less stable, as these are easily affected by sun 
exposure or environmental conditions, pH, humidity, 

and temperature as well. However, extra care, 
modifications or addition of stabilizers, preservatives 
can increase their life spam. 
 
Absorption Spectrum of Natural 
Photosensitizers: Natural sensitizers generally 
have a broad absorption spectral range from UV to 

visible, like anthocyanin (400-800nm), chlorophyll 
(400-450nm & 650-700nm), betalains and 
carotenoids (400-550nm), curcumins (400-500) and 
flavonoids (250-500nm). 
 

Advantages of Natural Photosensitizers: Natural 

dye sensitizers offer a range of compelling 
advantages that significantly enhance both their 
environmental and economic benefits. 
 
a. Renewability & Sustainability: Derived from 

renewable materials, these dyes are more eco-
friendly compared to synthetic alternatives. For 

example, anthocyanins from blueberries and red 
cabbage are not only abundant but also 
biodegradable, reducing environmental impact 
and supporting sustainability in solar technology. 

b. Simple Extraction & Cost-effective: The 
extraction process for natural dyes is often 
simpler and more cost-effective, like betalains 

from beets exemplify this with their affordable 
extraction methods. Broad Absorption Spectra: 
Natural dyes have broad absorption spectra, 
such as chlorophyll from green plants, which 
efficiently captures light across both blue and red 
wavelengths. 

c. Biocompatible & Non-toxic: Natural dyes, like 
carotenoids from carrots and pumpkins, are 
biocompatible and non-toxic. 

d. Diverse Color Change: The diverse color 
properties of natural dyes, like curcumin from 
turmeric, which change color depending on pH 
(yellow in acidic and red in basic conditions), can 

be optimized for light absorption and efficiency. 
e. Low Carbon Footprints: Natural dyes generally 

have a lower carbon footprint, as their extraction 
and processing consume less energy compared 
to the production of complex synthetic dyes. 
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Disadvantages of Natural Photosensitizers: 
Despite their ecological benefits, natural dye 

sensitizers have several disadvantages. 
a. Lower Stability: One of the primary challenges is 

their limited stability; natural dyes like 
anthocyanins from blueberries and betalains 
from beets are prone to degradation under 

continuous light exposure and oxidative 
conditions, which can diminish their performance 
over time. For example, chlorophyll, although 
efficient in light absorption, often suffers from 
degradation and reduced efficacy in DSSCs due 
to its sensitivity to environmental factors. 

b. Low Efficiency & Performance: Additionally, 
natural dyes generally exhibit lower quantum 
efficiency compared to synthetic dyes such as 
ruthenium complexes, which can achieve 

efficiencies above 10%. This lower efficiency, 
coupled with issues related to dye solubility and 
charge transfer, can limit the overall 

performance of DSSCs utilizing natural dyes. 
c. Change Transfer Issues: The production and 

processing of natural dyes can sometimes be 
inconsistent, not always facilitating electron 
transfer, leading to variability in their quality and 
effectiveness. 

 

Future prospects of Natural Photosensitizers: 
As the world is facing an energy crisis, it is today’s 
requirement to develop or use such material that is 
more environmentally friendly. Researchers are 
continuously trying to increase the life span, stability 

and efficiency of natural sensitizers through chemical 

modifications. 
 
II. Organic (Metal-Free) Dyes 
The unique nature (donor-ϖ-acceptor) of organic 
sensitizers makes them more feasible and attractive 
as photosensitizers for DSSC with high efficiency and 
non-toxic nature. 

 
Mechanism of Organic Photosensitizers: In 
organic compounds, conjugate systems facilitate 
light absorption. Generally, these compounds have 
donor groups (D-ϖ-A system), like thiophene and 
carbazole, and acceptor groups, like cyanoacrylic 
acid. Sometimes, these have extended conjugated 

systems like vinyl groups, conjugated chains, rings, 
and anchoring groups that strongly bind with 
titanium oxide. After absorption, electrons are 
promoted from ground state to excited state. This 
excitation usually occurs as the electron moves from 
ϖ (lower energy orbit) to ϖ* (high energy orbit). 

 
Efficiency of Organic Photosensitizers: The 
efficiency of organic sensitizers is much higher than 
the natural dyes. Their efficiency increased with an 
increase of conjugate systems (ring/chain), donor 
groups. Thiophene-based derivatives have high 
efficiency up to 9% while cyanoacrylic acid 

derivatives have PCE more than 12%. 
 

Stability of Organic Sensitizers: Organic 
sensitizers are durable, stable and resistant in 
normal conditions. However, these sometimes show 
photo-degradation (loss of activity or color via light 
exposure), thermal degradation (damage due to 

heat), and oxidative degradation (damage due to 
oxidative environment). But modifications can 

enhance their lifespan and longevity. 
 
Absorption Spectrum of Organic Sensitizers: 
Organic sensitizers show variable absorption spectral 
ranges like coumarins 450-470 nm, anthraquinones 

400-500 nm, thiazines 300-400nm, conjugate 
polymers 450-550 nm, aniline derivatives 200-300 
nm, and azo dyes 400-500 nm. 
 
Advantages of Organic Photosensitizers: There 
are several advantages to using them as sensitizers. 

a. Flexibility: The main advantage of organic 
sensitizers is their flexibility; can undergo 
structural modifications to enhance their 
performance, like D-ϖ-A system.  

b. Cost-Effective: Thiophene derivatives are 
normally low-cost as compared to metal 
complexes and easy to store natural ones.  

c. Low Toxicity: Another main advantage is low 
toxicity; these do not contain any toxic metals 
and are therefore supposed to be 
environmentally safe.  

d. Easy Modifications: As these contain different 
functional groups that are easily modified to 
increase efficiency, like cyano- or carboxylic 

derivatives.  
e. Broad Absorption Spectrum: These also have 

broad absorption spectra and the ability to 
absorb light of a long range of wavelengths, like 
squaraine dyes. 600-850 nm. 

 

Disadvantages of Organic Sensitizers: With 
several advantages, organic sensitizers also have 
some disadvantages. 
a. Photostability: The main disadvantage is their 

photostability like cyanine dyes that decompose 
when in contact with UV light.  

b. Electrolyte interaction: Sometimes, these dyes 

react with electrolytes, especially when iodine-
based electrolytes are used.  

c. Purification challenges & Efficiency: Another 
notable disadvantage is their purification after 
synthesis; efficiency of organic dyes normally 
decreases in such cases with impurity. 

 

Future prospects for Organic Sensitizers: 
Organic photosensitizers offer promising potential for 
energy development in the modern era. However, to 
fully realize their capabilities, improvements are 
needed through green synthesis methods, the 
incorporation of functional groups to broaden the 

absorption range, and the development of hybrid 
systems to enhance both efficiency and stability. 
 
III. Metal-Based Dyes 
Due to high efficiency and excellent stability, metal-
based photosensitizers play a pivotal role. These 
dyes are normally complexes of ruthenium, 

platinum, palladium, iron, zinc or cobalt that exhibit 
broad absorption spectra. 

 
Mechanism of Metal-based Photosensitizers: 
Transition metals like ruthenium or osmium, which 
are essential for effective light absorption and 
electron transfer, are used for metal-based dye 
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sensitizers in DSSC. In these dyes, the transition 
metal center serves as the primary photoactive site, 

responsible for absorbing light and exciting electrons. 
Meanwhile, the surrounding ligands play a dual role: 
they enhance light absorption by extending the dye's 
absorption spectrum and anchor the dye to the 
semiconductor surface, ensuring stable and efficient 

charge transfer. 
 
Efficiency of Metal-based Sensitizers: The 
efficiency of metal-based dyes is highest among all 
the sensitizers used in DSSC, like zinc complexes 
(13%), ruthenium complexes (13%), iron complexes 

(7%), and cobalt (10%). 
 
Stability of Metal-based Photosensitizers: 
Among all the photosensitizers, ruthenium metal-

based photosensitizers are good photostable, 
chemically stable and have the highest lifespan, 
while iron exhibits lower. Sometimes, these metal-

based sensitizers exhibit ligand loss, react with 
electrolyte or oxidize. 
 
Absorption Spectrum of Metal-based 
Photosensitizers: Normally, ruthenium-based 
complexes exhibit a 400-700 nm spectral range, 
while iron and cobalt are 400-600 nm. 

 
Advantages of Metal-based Sensitizers: Metal-
based complexes exhibit impressive advantages. 
a. High Efficiency: Ruthenium- and osmium-based 

photosensitizers exhibit high efficiency up to 

13%. 

b. Broad Absorption Range: Ruthenium complexes 
with their broad absorption range of 400-700 
nm. 

c. Excellent stability: Metal-based dyes show 
excellent photostability and chemical stability as 
compared to organic dyes.  

d. Low toxicity: Certain metals like copper, cobalt 

and zinc complexes are less toxic and eco-
friendly with high efficiency. 

e. Flexible nature: Metal complexes have a flexible 
nature due to their bonding atoms, ligand 

modifications, metal combination and ligand 
variation. 

 
Disadvantages of Metal-Based 
Photosensitizers: Despite their high efficiency, 

metal-based dyes have some disadvantages. 
a. Toxic nature: Ruthenium-based sensitizers are 

toxic and raise environmental issues. 
b. High Cost: Some metals like osmium, ruthenium, 

and palladium are expensive and need high costs 
for commercialization.  

c. Decomposition: Some metal-based sensitizers 
decompose and undergo ligand-dissociate or 
ligand-exchange reactions in the presence of 
electrolytes, like cobalt complexes, that can 

easily react with electrolytes. 
 
Future prospects for Metal-Based 

Photosensitizers: The future of metal-based 
sensitizers for dye-sensitized solar cells (DSSCs) 
looks very promising. Advancements are being made 
in developing new metal complexes that enhance 
efficiency by extending light absorption into the 
infrared spectrum. Efforts to reduce costs include 
using more abundant and affordable metals like iron 

and copper, along with optimizing production 
methods. Key improvements are also focused on 
enhancing the stability of these sensitizers, 
increasing their photostability, and ensuring 
compatibility with various electrolytes. With a 

growing emphasis on sustainability through eco-

friendly and recyclable materials and the integration 
of DSSCs with technologies such as hybrid systems 
and flexible substrates, these advancements are set 
to make metal-based DSSCs more efficient, cost-
effective, and commercially viable, leading to 
broader adoption in the renewable energy sector. 
 

Based on the above data, a brief comparison 
between these sensitizers is presented below for 
better understanding. 

 
Property  Natural Metal-free Metal-based 

Source Extracted from plant or 

any living material 

Synthesized  Synthesized, often 

used transition metal 

complexes 
Light absorption 

range 
Limited  Broad  Broad  

Toxicity  Non-toxic Vary, low as compared 
to metal-based  

High due to presence 
of heavy metals 

Cost  Low  Low but vary High/expensive 
Bio-degradability High  Vary  Low/none 

Eco-friendly nature High Differ  Very low/none 
Stability  Low, normally 

decompose on 
exposure to light 

Moderate, sometimes 
decompose on 
exposure to light 

High  

Sensitivity  Low High as compared to 

natural 

High  

Flexibility & 
modification 

None  High due to tailored 
structure  

High  

Efficiency  ~10 ~11 ~14 
Example  Chlorophyll, 

anthocyanin etc. 
Indole, imidazole, 
hydrazone, aromatics, 
pyridines etc. 

Ruthenium, osmium, 
cobalt etc., metal 
complexes 
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5. CONCLUSION 
 

Currently, the world is facing a serious energy crisis. 
Increasing consumption has led to the depletion of 
non-renewable energy resources. Solar energy is 
considered to be the most efficient renewable 
resource due to its abundant supply. One of the most 

promising energy sources for the future of our planet 
is solar energy, which plays a crucial role in meeting 
the global energy challenge. Compared to other 
forms of energy, solar energy is inexpensive and 
continuous. In recent years, solar and photovoltaic 
cells have become a hot topic. These cells convert 

sunlight directly into electricity via photovoltaic 
effect. Among all the solar cells, dye-sensitized solar 
cells are the thin-filmed, 3rd-generation solar cells 
and are widely used due to easy fabrication, a large 

number of sensitizers, inexpensiveness, and broad 
EM spectra. Photosensitive dyes absorb sunlight, 
generating electron-hole pairs. A photosensitive dye 

can be extracted from living organisms or synthetics, 
e.g., metal-based or metal-free compounds. 
Researchers are exploring novel sensitizers to 
improve DSSC performance, but the efficiency of 
these devices is less than 20%. During the past few 
years, the energy crisis has become the most potent 
problem. The current review summarized all possible 

dye sensitizers (natural and synthetic) 
used/synthesized during the last 15 years with 310 
references, 145 natural sensitizers, 275 organic-
based (metal-free) and 115 metal-based 
photosensitizers, and hope that it will be a potential 

increment in future research. 
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Abstract: In this study, Eu3+/TEMPTMA-based hybrid aqueous redox flow battery system at 1.35 V in neutral 
pH containing 1 M KCl media was introduced and this battery system was monitored for a long-term cycling 
performance. During battery and electrochemical studies, capacity change, self-discharge rate and coulombic 
efficiencies  are  examined  and  diffusion  constant  (D0)  values  are  calculated  for  Eu3+ and  TEMPTMA 
respectively. As a result, the adopted Eu3+/TEMPTMA-based aqueous redox flow battery system exhibits good 
performance, reversibility and stability such as >99.97% per cycle (>99.88% per day) discharge capacity 
within containing 0.25 M Eu3+ in 1 M KCl as negolyte at 120 cycles and 29 days battery testing against little  
excess of 0.5 M TEMPTMA in 1 M KCl as posolyte.
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1. INTRODUCTION

Energy arrangements are essential for governments 
to make strides the environment and decrease their 
reliance  on  remote  vitality  sources  (1).  In  this 
manner, renewable vitality frameworks are accepting 
more consideration than ever. On the other hand, 
vitality capacity gadgets can guarantee the long-term 
maintainability of renewable energies (2).

Redox flow batteries (RFBs) are a striking innovation 
course among existing vitality capacity frameworks 
(3).  These  batteries  have  a  structure  where 
electrolyte  arrangements  are  put  away  in  two 
partitioned tanks and vitality  is  delivered through 

chemical responses in one cell when it is compared to 
traditional  batteries  (4).  One  of  the  greatest 
preferences of RFBs is that their vitality and control 
capacities can be scaled autonomously which is of 
course  related  to  the  utilized  chemicals  in  such 
battery frameworks (5). Integration with renewable 
energy  sources  such  as  solar  power  and/or  wind 
power, RFBs may give long term applications with 
higher/longer  vitality  capacities  as  extraordinary 
advantage (6). There is also a calculate that creates 
it troublesome for such vitality capacity framework to 
be  commercially  far  reaching  due  to  utilized 
chemicals´ costs and components in case of large-
scale application (7).
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Scheme 1: The schematic illustration of redox-flow battery system including power source, redox cell 
(electrodes, ion exchange membrane, current collectors), reservoirs, tubing and pumps.

Aqueous redox flow batteries (ARFBs) are defined as 
water-based electrolytes to store and release energy 
(8). Non-aqueous redox flow batteries (NARFBs) are 
defined  as  organo-solvent  based  electrolytes  (9). 
Water-based electrolytes provides superior  energy 
and  higher  ionic  conductivity  in  redox  forms.  In 
addition, the low cost and easy accessibility of water 
and salts make these batteries economical and non-
flammability also increases safety in utilize (10). All 
properties  can  be  numbered  as  their  points  of 
interest  in  comparison  to  non-aqueous  RFBs, 
aqueous RFBs are more naturally promising (11).

A greater variety of chemicals are available through 
hybrid redox flow batteries (HRFBs), which integrate 
both organic and inorganic components (12). This 
gives you additional choices for enhancing battery 
performance.  Generally  speaking,  hybrid  systems 
provide a better energy density than pure systems. 
In particular, hybrid systems have great promise for 
integrating renewable energy sources. More energy 
storage capacity  results  from this  (13).  However, 

depending  on  the  chemical  combinations  used, 
hybrid  batteries  may also  be  more affordable.  In 
general, organic components are less expensive than 
inorganic  ones,  and  overall  expenses  can  be 
decreased by combining them (14). Longer life and 
improved  chemical  stability  can  be  obtained  by 
combining the benefits of both organic and inorganic 
components  in  these  hybrid  systems.  All  things 
considered, hybrid redox flow batteries are versatile 
and  may  be  tailored  to  meet  a  range  of  energy 
storage requirements (15).

Europium is one of the rare lanthanide group metals 
(16). It has been suggested to be used in aqueous 
redox  flow  batteries  in  the  literature  due  to  its 
relative electrochemical stability, reversibility and its 
reasonable  production  amount  and  cost  when 
compared to traditional vanadium-based redox flow 
batteries  (16,17).  Eu3+/Eu2+ reduction  can  be 
comparable with other redox-active species (Table 
1).

Table 1: Potential and role comparisons of redox-active species in aqueous media.

Redox-active species Potential 
(V vs SHE)

Posolyte/Negolyte

dMe-Vg2+ -0.45 Negolyte

Eu3+ -0.36 Negolyte

bPpN(Me)3-Vg2+ -0.33 Negolyte

V3+ -0.25 Negolyte

[Fc-CH2N(Me)3]+ +0.61 Posolyte

Fe2+ +0.77 Posolyte

TEMPTMA+ +0.98 Posolyte

VO2+ +1.00 Posolyte

In this study, a Eu3+/TEMPTMA-based which adopts 
one-electron battery system at 1.35 V in neutral pH 
containing  1  M  KCl  media  is  tested  (Scheme 2). 
During battery and electrochemical studies, capacity 

change, charge-discharge and coulombic efficiencies 
are examined, and diffusion constant (D0) values are 
calculated for Eu3+ and TEMPTMA respectively.
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Scheme 2: The schematic illustration of redox reactions between TEMPTMA radical as posolyte and Eu3+ as 
negolyte in 1 M KCl as common electrolyte.

2. MATERIALS AND METHODS

Europium oxide (99.9%) was purchased from Alfa 
Aesar,  Germany  (Thermo  Fisher  Scientific),  and 
TEMPOL (99%) was purchased from Jinan Refined 
Chemicals, China. Dimethylamine (DMA) and AgNO3 

was  purchased  from  Sigma-Aldrich  (Merck), 
Germany.  Iodomethane  (99.5%)  was  purchased 
from  Acros  Organics,  Spain  (Thermo  Fisher 
Scientific). Other chemicals and supplements were 
obtained from VWR, Finland. AgCl was prepared by 
addition excess KCl to AgNO3 solution in water. AgCl 
was  suspended  in  isopropanol  and  covered  with 
aluminum foil. TEMPTMA and EuCl3 were prepared in 
accordance to designed synthetic methodologies (see 
supporting information).

All  cyclic  voltammetry  analyses  were  performed 
using  a  PalmSens  4  potentiostat  with  PSTrace 
software from PalmSens BV (the Netherlands) using 
2  mm  glassy  carbon  disk  electrode  as  working 
electrode (WE), 0.5 mm Pt wire as counter electrode 
(CE), and Ag/AgCl in 3.5 M KCl as reference electrode 
(RE).  The  experiments  were  carried  out  applying 
95% of automatic IR drop compensation (Ru values 

ranging from 15 ohm to 30 ohm) evaluated with the 
ZIR tool. The glassy carbon disk working electrode 
was  polished  with  0.25  μm  diamond  powder 
(Büehler) and rinsed with distilled water during each 
measurement.

The EPR measurements were performed using Bruker 
Magnettech MS5000X on X-band (9.4 GHz) at room 
temperature with a typical organic radical adjustment 
setup  for  microwave  power  (10-20  mW)  and 
magnetic field (200 – 650 mT) in quartz capillary 
which were sealed then with special plastic rubbers 
up and down. The resulting spectrum was processed 
using ESRStudio software and Origin.

3. RESULTS AND DISCUSSIONS

Before  performing  battery  experiments,  regular 
cyclic  voltammetry  analyses  were  run  for  Eu3+, 
TEMPTMA, and a mixture of Eu3+/TEMPTMA solutions 
to  check  reversibility  and  electrochemical 
compabilities. The cyclic voltammogram of mixture 
of  Eu3+/TEMPTMA  also  gave  us  understanding  on 
detection of the battery voltage which is found to be 
1.35 V (Figure 1).
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Figure 1: The cyclic voltammogram of mixture of Eu3+/TEMPTMA in 1 M KCl using glassy carbon as working 
electrode (WE), Pt wire as counter electrode (CE) and Ag/AgCl in 3.5 M KCl as reference electrode (RE), 

scan rate: 100 mV/s.

A slightly capacity decay occurred at the early stages 
of the battery testing and after a while, the battery 
was  stabilized  and  discharge  capacity  was  slowly 
recovered to reach the certain amount to be restored 
(Figure 2). This could be explained that Eu(III) and 
Eu(II) ions can be found in various structures such as 
altered  aqua  and  chloro  complexes  and  those 

molecular rearrangements are more certain without 
decomposition. After 120 cycles within applying 100 
mA current, charging at 1.35 V and applying 50 mA 
current, discharging at 0 V currents around 29 days, 
the battery system and the capacity are preserved 
successfully.
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Figure 2. The experimental Coulombic efficiency and discharge capacity profile by day-based time and 
cycle numbers.



Tuna A and Peljo P. JOTCSA. 2025; 12(1): 47-52 RESEARCH ARTICLE

51

Additionally, we also tested self-discharge which was 
not considered in previous studies (17,18). In order 
to test self-discharge phenomenon, we tested our 
battery system for 5 hours period after being charged 

to Eu(II) to be found self-discharge 0.25 M Eu3+ in 1 
M KCl is 0.0023% per hour, 0.0552% per day (Figure 
3).

Figure 3: The self-discharge observation profile after charging at a certain time and rest mode for 5 hours.

It  is  concluded  that  Eu3+/TEMPTMA-based  one-
electron  battery  system at  1.35  V  in  neutral  pH 
containing  1  M  KCl  media  showed  good  cycling 
performance.  Our  results  were  further  compared 
with other Eu3+ batteries (16,17).

4. CONCLUSIONS

In conclusion, a hybrid aqueous redox flow battery of 
Eu3+ was  tested  as  a  negolyte  material  against 
TEMPTA+ as a posolyte material in neutral pH 1M KCl 
supporting electrolyte. Eu3+-based this 1.35 V redox 
flow battery  system showed  a  good  stability  and 
reversibility  under  these  circumstances.  Self-
discharge phenomenon was also considered and it 
found to be negligible as the charged-state battery is 
stable. The preliminary cost analyses also made to be 
compared  regarding  vanadium  and  Li-based 
batteries. As a results, Eu(III) ions are promising for 
long-term  redox  flow  battery  applications  as 
compared  to  other  heavy  metals,  europium  is 
relatively  non-toxic  substance  which  carries  no 
important biological role in living organisms.
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