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Abstract 

       In this work, four free metal-organic dyes were synthesized as a donor-π bridge-acceptor system in a one-pot 

condensation reaction and were used as sensitizers in DSSCs. To explore the effect of substituents of the efficiency of the 

DSSCs, three different types of substituents were applied at the –NH position on the imidazole ring: nitrobenzene, alkyl chain 

and phenyl coded (PP2, PP3 and, PP4) respectively. All these dyes are characterized by 1H NMR, 13C NMR, UV-Vis, and 

mass spectroscopy. The energy band gap and structures of all dyes were estimated via applied tools of computational based on 

the density functional theory method (DFT). The dye PP3 with the alkyl chain substitution displayed the highest power 

conversion efficiency (PCE) of 2.01% (Jsc = 3.75 mA cm-2, Voc = 0.73 mV, FF = 73.9%) while the PP2 dye with the 

nitrobenzene substitution showed the lowest energy gap (2.55 eV) and lowest PCE 0.96%  (Jsc = 1.59 mA cm-2, Voc = 0.080 

mV, FF = 61.6%).         
Keywords: photovoltaics, DSSCs, organic dyes, DFT, and imidazole derivatives. 

1. Introduction 

In recent years, the development of semiconductor 

compounds has got significant attention by 

researchers communities, and industries due to their 

application in many optoelectronic devices such as 

photovoltaic (PV) [1-3], molecular sensors [4, 5], 

organic light-emitting diodes (OLEDs) [6, 7], organic 

field-effect transistors (OFETs) [8, 9] and others. 

Many types of semiconductors are used in the 

optoelectronic fields, and organic dyes are one of the 

most important semiconductors that used in these 

fields and particularly in PV due to their variety of 

synthetic ways, lower cost, lightweight, and 

environmentally friendly [10, 11]. Among these 

benefits, organic dyes are successfully used in dye 

sensitized solar cells (DSSCs) and achieved 14.3% 

efficiency by using organic sensitizer (E)-2-cyano-3-

[5-[5-[5-[5-(9-ethylcarbazol-3-yl)-3-hexylthiophen-2-

yl]-3-hexylthiophen-2-yl]-3-hexylthiophen-2-yl]-3-

hexylthiophen-2-yl]-N-(4-trimethoxysilylphenyl) 

prop-2-enamide (ADEKA-1)[12-14]. The structure of 

DSSC is consists of five parts; the first part is a 

working electrode and is made from nanoparticles of 

semiconductor material (TiO2 or ZnO) with specific 

properties such as high surface area, high porosity, 

high conductivity, and high stability. The second part 

is transparent conducting oxide and should have high 

conductivity and high transparency such as ITO or 

FTO. The third part is the counter electrode and is 

usually made from metal with specific properties 

such as high surface area and high stability. The 

fourth part is electrolyte system with stable redox 

material such as iodine redox couple I
-
/I3

-
. The last 

part is a photosensitizer and usually used organic 

compound with a special design.[15-18] The design 

and optoelectronic properties of organic dyes are 

played the main role in the efficiency of the DSSCs 

for an instant, the dye should be designed from three 

parts, donor, π-bridge, and acceptor, also other 

properties should be presented in the organic dye 

such as low energy gap (less than 3.0 eV), absorb in 

visible to near IR region, LUMO level of the dye 

should be higher the conduction band of the nano-

semiconductors (TiO2) and HOMO level should be 

lower the redox mediator part.[19-22] The major 

drawbacks of used organic dyes in DSSCs are related 

to the lower power conversion efficiency (PCE) due 

to their aggregation of the molecules on the surface 

of the semiconductor and that lead to inhibit the 

active layer (dye) to generate the electrons from 

incident light. Furthermore, dye aggregation has 

increased the recombination between the surface of 

the TiO2 (CB band) and redox solution (I
-
/I3

-
).[23, 24]            
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 Among the variety of organic dye, imidazole 

based sensitizer are usually used in DSSCs due to 

their several properties, for instant, the imidazole has 

a conjugated chain which is lead to improve the 

transition of charge between donor and acceptor, also 

the imidazole ring could be a decrease of charge 

recombination after injection the electron on the 

surface and that is because of decreasing the density 

of positive charge by delocalizing the electron on the 

imidazole ring.[25-29] 

 In this study, we design and synthesize four new 

imidazole derivatives dyes and then used them as a 

dye in DSSCs. All these dyes were synthesized by 

using a one-pot reaction to reduce synthesis time and 

the cost of purifications, scheme 1 was shown the 

synthetic route for PP1, PP2, PP3, and PP4 

sensitizer.  

2. Materials and methods 

2.1 General information 

All starting material and solvents were supplied 

from Alfa Aesar® and Sigma-Aldrich. The 
1
H NMR 

and 
13

C NMR were carried out on Bruker Avance III 

400 and recorded at 400 MHz and 100 MHz for 
1
H 

NMR and 
13

C NMR spectra respectively. Melting 

point (m.p.) was obtained on a Stuart (SMP30). The 

FT.IR was recorded on Shimadzu (FT.IR-8400S) 

spectrophotometer. The UV-Vis was carried out on 

Shimadzu (UV-1800) spectrophotometer. Elemental 

analysis was recorded on a Horeaus (CHN Rapid 

analyzer). The mass spectroscopy was obtained on a 

Bruker (Micro ToF QII).       

2.2 Synthesis of 4-(4,5-diphenyl-1H-imidazol-2-

yl)benzoic acid (PP1) 

A mixture of terephthalaldehydic acid 0.75 g (5.0 

mmol), benzyl 1.0 g (5.0 mmol), ammonium acetate 

0.38 g (5.0 mmol) and iodine 0.12 g (0.5 mmol) were 

added in 7.0 mL of ethanol and the mixture was 

stirred at 75 ℃ for 11 hr. The reaction was monitored 

by TLC and after reaction completion; the mixture 

was treated with Na2S2O3 solution (5%). Afterword, 

the product was filtered, washed by diethyl ether and 

dichloromethane (two times) and then dried under 

vacuum, the last the product was recrystallized from 

hot ethanol affording PP1, 76% as a light yellow 

powder. m.p. 264-266  C. 
1
H NMR δ, 400 MHz, 

DMSO-d6: 12.99 (s, 1H, -NH), 8.23 (d, J = 8.4 Hz, 

2H, H-Ar), 8.06 (d, J = 8.4 Hz, 2H, H-Ar), 7.52-7.60 

(m, 4H, H-Ar), 7.25-7.49 (m, 6H, H-Ar). 
13
C NMR δ, 

100 MHz, DMSO-d6: 167.57, 145.00, 139.23, 

136.53, 134.54, 132.97, 130.51, 130.38, 130.32, 

130.15, 129.91, 128.93, 128.33, 128.08, 127.89, 

127.67, 127.52, 127.18, 125.74, 125.49. FT.IR (v, 

cm
-1

): N-H (3356), O-H ( 0022-0022 ), C=O (1689), 

C=N (6121). MS (EI, m/z): calcd. for C22H16N2O2: 

340.1, found 340.3. Elemental analysis, calcd (CHN): 

C, 77.63; H, 4.74; N, 8.23, found: C, 77.21; H, 4.62; 

N, 8.22.      

2.3 Synthesis of 4-(1-(4-nitrophenyl)-4,5-

diphenyl-1H-imidazol-2-yl)benzoic acid (PP2) 

A mixture of terephthalaldehydic acid 0.75 g (5.0 

mmol), benzil 1.0 g (5.0 mmol), ammonium acetate 

0.38 g (5.0 mmol) , 4-nitroaniline 0.69 g  (5.0 mmol) 

and iodine  0.12 g (0.5 mmol) were added in 7.0 mL 

of ethanol and the mixture was stirred at 75 ℃ for 11 

hr. The reaction was monitored by TLC. After 

reaction completion, the mixture was treated with 

Na2S2O3 solution (5%). Afterword, the product was 

filtered, washed by diethyl ether and dichloromethane 

(two times) and then dried under vacuum; the last 

product was recrystallized from hot ethanol affording 

PP2 70% as a yellow powder. m.p. 269-271  C. 
1
H 

NMR δ, 400 MHz, DMSO-d6: 8.20-8.28 (m, 4H, H-

Ar), 8.03-8.18 (m, 4H, H-Ar), 7.52-7.63 (m, 4H, H-

Ar), 7.13-7.49 (m, 6H, H-Ar). 
13
C NMR δ, 100 MHz, 

DMSO-d6: 167.57, 157.47, 145.58, 145.00, 139.29, 

134.56, 130.47, 130.32, 130.24, 130.08, 129.99, 

129.82, 129.69, 128.92, 128.67, 128.59, 128.35, 

128.24, 128.08, 127.61, 127.50, 127.18, 126.88, 

125.50. FT.IR (v, cm
-1

): O-H ( 0022-0022 ), C=O 

(1687), C=N (1122), NO2 (1535 and 1392). MS (EI, 

m/z): calcd. for C28H19N3O4: 461.1, found 461.3. 

Elemental analysis, calcd (CHN): C, 72.88; H, 4.15; 

N, 9.11; found: C, 72.60; H, 4.12; N, 8.98. 

2.4 Synthesis of 4-(1-(2-(diethylamino)ethyl)-

4,5-diphenyl-1H-imidazol-2-yl)benzoic acid (PP3) 

A mixture of terephthalaldehydic acid  0.75 g (5.0 

mmol), benzil 1.0 g (5.0 mmol), ammonium acetate 

0.38 g (5.0 mmol), N1,N1-diethylethane-1,2-diamine 

1.4 mL (5.0 mmol) and iodine 0.12 g (0.50 mmol) 

were added  in 7.0 mL of ethanol anf the reaction was 

stirred at 75 ℃ for 11 hr. The mixture was monitored 

by TLC and after reaction completion; the mixture 

was treated with Na2S2O3 solution (5%). Afterword, 

the product was filtered, washed by diethyl ether and 

dichloromethane (two times) and then dried under 

vacuum; the last product was recrystallized from hot 

ethanol affording PP3 68% as an orange powder. 

m.p. 216-219   C. 
1
H NMR δ, 400 MHz, DMSO-d6: 

8.16 (d, J = 7.4 Hz, 2H, H-Ar), 7.96 (d, J = 7.4 Hz, 

2H, H-Ar), 7.54-7.56 (m, 4H, H-Ar), 7.37-7.40 (m, 

6H, H-Ar), 3.17-3.19 (m, 4H, -2CH2), 3.45 (q, J = 7.1 

Hz, 4H, -2CH2-CH3),1.05 (t, J = 7.1 Hz, 6H, -2CH3). 
13

C NMR δ, 100 MHz, DMSO-d6: 167.50, 146.56, 

137.22, 134.96, 132.64, 131.41, 131.28, 130.82, 
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130.24, 130.17, 130.01, 129.93, 129.67, 129.60, 

129.49, 129.12, 128.94, 128.57, 126.71, 126.55, 

51.63, 46.96, 43.27, 11.80. FT.IR (v, cm
-1

): O-H 

(3400-2400), C-H (2978), C=O (1681), C=N (1599). 

MS (EI, m/z): calcd for C28H29N3O2: 439.2, found 

439.4. Elemental analysis, calcd (CHN): C, 76.51; H, 

6.65; N, 9.56; found: C, 76.45; H, 6.67; N, 9.49.  

2.4 Synthesis of 4-(1,4,5-triphenyl-1H-imidazol-

2-yl)benzoic acid (PP4) 

A mixture of terephthalaldehydic acid 0.75 g (5.0 

mmol ), benzil 1.0 g (5.0 mmol) ammonium acetate 

0.38 g (5.0 mmol) , aniline  0.45 mL  (5.0 mmol) and 

iodine  0.12 g  (0.50 mmol) were dissolved in 7 mL 

of ethanol and the reaction was stirred at 75 ℃ for 6 

hr. The reaction was monitored by TLC and after 

reaction completion; the mixture was treated with 

Na2S2O3 solution (5%). Afterword, the product was 

filtered, washed by diethyl ether and dichloromethane 

(3 × 15 mL) and then dried under vacuum; the last 

product was recrystallized from hot ethanol affording 

PP4 71% as a dark yellow powder. m.p. 250-253   C .
 

1
H NMR δ, 400 MHz, DMSO-d6: 7.83 (d, J = 8.1 Hz, 

2H, H-Ar), 7.48-7.52 (m, 4H, H-Ar), 7.24-7.35 (m, 

13H, H-Ar). 
13

C NMR δ, 100 MHz, DMSO-d6: 

145.46, 137.80, 136.89, 134.68, 134.63, 134.54, 

132.47, 131.59, 131.51, 130.69, 130.60, 130.56, 

130.47, 130.31, 130.09, 130.01, 129.76, 129.58, 

129.43, 129.14, 129.03, 128.97, 128.69, 128.58. 

FT.IR (v, cm
-1

): O-H (3400-2500), C=O (1708), C=N 

(1606). MS (EI, m/z): calcd. for C28H20N2O2: 416.1, 

found 461.3. Elemental analysis, calcd (CHN): C, 

80.75; H, 4.84; N, 6.73; found: C, 80.62.45; H, 4.92; 

N, 6.71.  

2.6 Fabrication process of DSSCs using Doctor 

Blade’s method. 

The TiO2 paste was prepared by adding 3.00 mL 

ethanol, 0.5 mL concentrated acetic acid to 1.00 g of 

TiO2 nanoparticle (10-20 nm). The mixture was 

vigorously stirred and sonicated until a white pasty 

substance was obtained. A conductive glass (ITO) 

was washed two times by absolute ethanol then a 

clear tape is applied on a conductive face of ITO to 

draw a border of TiO2 paste and fix the thickness of 

the paste between 50-60 nm. A few drops of TiO2 

paste were applied on the conductive surface of ITO 

and flattened by the doctor blade method. The 

homogenous layer of TiO2 was annealed at 400  C for 

45 minutes by using a hot plate and then cooled at 

room temperature for 15 minutes. 

 

 

Scheme 1: Synthetic route for PP1, PP2, PP3, and 

PP4 sensitizers. 

 

The counter electrode (ITO with TiO2) was immersed 

into a solution of synthesized dye (ethanol : THF, 5 

:1) for 2 hours, figure 1, then rinsed with ethanol to 

remove the aggregate dye. The counter electrode was 

prepared by sketching the graphite by pencil on the 

conductive surface of another ITO glass.  

The electrolyte solution was prepared by using 

0.50 M KI, 0.05 M I2 in ethylene glycol, and 

acetonitrile with a volume ratio of 4 : 1. A few drops 

of the electrolyte solution were added to the surface 

of TiO2 and then the counter electrode was combined 

with the working electrode by using a binder clip and 

finally tested by photon incident beam to measure the 

efficiency of the prepared solar cell.[2] 

3. Result and discussion 

3.1 Syntheses 

Four different substituted imidazole derivatives 

dyes were synthesized according to a previous 

literature method [30] and scheme 1 was shown the 

synthesis of these compounds. The electron-donating 

and electron-withdrawing groups were used as 

substituents on the imidazole by using cyclo 

condensation reaction between aldehyde and benzil in 

presence of ammonium acetate and iodine as a 
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catalyst. The mechanism of the reaction was carried 

out by using the iodine molecule to bond with the 

oxygen of aldehyde and that used to increase the 

reactivity of the carbonyl group by formation the 

diamine intermediate [30]. All the products were 

purified by recrystallization and characterized by 1H 

NMR and mass spectroscopy. The yields of all 

products are around 70%.      

 

 
 

Figure 1: The fabrication process of DSSCs . 

 

3.2 Optical properties: 

 

The UV-Vis spectra of all dyes were investigated 

in EtOH as a solvent and were shown in figure 2. All 

dyes exhibit a major absorption band between 329-

335 nm. These absorption bands were ascribed of 

localization aromatic π-π* transition and table 1 was 

summarized the corresponding data. Noticeably, the 

dye PP2 has a clearly high molar extinction 

coefficient (17200 M
-1

 cm
-1

) and a stronger 

absorption band than other dyes which indicates that 

has a good ability for light harvesting. This result 

could be attributed to donating and accepting groups 

between imidazole and nitrobenzene respectively. 

The optical energy gap (Eg,opt) was essentially 

estimated by using the Einstein-Plank equation 

(equation 1) and PP2 has the lowest optical energy 

gap (2.96 eV) if compared with other dyes which 

means that has a good electron transition from 

HOMO to LUMO than other dyes.  

 

                   ………(1) 

 

Where λonset is the onset of absorption spectra on 

the low energy side. 

 

 

Table 1: The optical properties and simulation energy for all synthesized dyes. 

  

Dye λmax/nm ε/M
-1

 cm
-1a 

Eg,opt/eV
 

HOMO/e

V
b
 

LUMO/e

V
b
 

Eg/eV
b
 

PP1 329 6000 3.35 -5.77 -2.53 3.24 

PP2 333 17200 2.96 -6.05 -3.46 2.58 

PP3 330 6400 3.18 -5.72 -2.43 3.29 

PP4 329 7900 3.36 -5.74 -2.48 3.26 
a
 Extinction coefficient (given from A=εcl) 

b
 Values obtained by computational study (DFT calculation) 
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Figure 2: The absorption spectra of PP1, PP2, PP3, 

and PP4 dyes (EtOH 1×10
-4

 M) 

3.3 Computational studies 

All dyes are calculated in vacuum at density 

functional theory (DFT) B3LYP by using the 6-

311G* as a basis set for optimization geometry and 

frequency calculations [31]. There are no generated 

imaginary frequencies in all computational 

calculations which are indicated that the optimized 

structures are true energy minima. The electron 

distribution of the highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital 

(LUMO) are shown the localization of electrons 

between donor and acceptor parts in the molecule. As 

shown in figure 3 , the HOMOs in all dyes are mainly 

distributed at the auxiliary donor area (phenyl-

imidazole unit), while the LUMOs are localized on 

nitrobenzene for PP2 dye and acceptor area (benzoic 

acid) for PP1, PP3, and PP4 which could lead to 
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giving best electron injection efficiency between the 

dye and TiO2 surface. The dihedral angle between 

imidazole ring and benzoic acid in PP1, PP2, PP3, 

and PP4 is 2.34 , 0.31 , 26.5 , and 1.20  respectively. 

So, PP3 could be shows good solubility and better 

anti-aggregation on the surface of TiO2 due to the 

steric effect between molecules and that leads to 

improving the efficiency of the DSSCs. 

 

 

 

Figure 3: HOMOs and LUMOs for all dyes, 

predicted by DFT calculation. 

 

3.4 DSSCs test  

The performances of the solar cells are 

investigated by SMU unit, Ketly 2450 (simulator), 

and all dyes were measured under standard condition 

AM 1.5 at 100 mW cm
-2

. The open-circuit voltage 

(Voc) and short circuit current (Jsc) were calculated 

from the J-V curve. The fill factor (FF) and efficiency 

of the solar cells were determined using the following 

equations: 

                        ………….(2) 

                 ……..………(3) 

 

Where Imax is the maximum power point current, 

Vmax is the maximum power point voltage of the solar 

cell, and I0 is the total incident irradiance.  

The J-V curve for all dyes is shown in figure 4 and 

the values of Jsc, Voc, FF, and PCE are shown in table 

2. In comparison between dyes, the highest PCE was 

represented with PP3 dye and that could be attributed 

to the solubility of the dye due to their alkyl chain 

that bonded with N of imidazole ring which is 

prevent the aggregation of the dye on the surface of 

TiO2. While, the lowest PCE was represented with 

PP2 and this result could be due to the electron 

distribution of LUMO which is concentrated on 

nitrobenzene instead of benzoic acid and that could 

prevent the injection of an electron from dye to the 

 TiO2. The PP2 dye has exhibited the lowest PCE and 

Jsc value when compared to that of PP1, PP3, and 

PP4 compounds, which could be attributed to the  

short electron lifetime and separation of LUMO from 

the acceptor group of the dye             
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 Figure 4: J-V curve of DSSCs sensitized by PP1, 

PP2, PP3, and PP4. 

 

 

 

 

 

 

 

Table 2: photovoltaic parameters for all dyes under standard condition. 

 

Dye Jsc (mA cm
-2

) Voc (mV) FF (%) PCE (%) 

PP1 2.03 0.700 73.6 1.05 

PP2 1.59 0.800 61.6 0.960 

PP3 3.75 0.730 73.9 2.01 

PP4 2.91 0.790 76.7 1.78 
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4. Conclusion 

In this study, a series of four organic dyes based 

on an imidazole ring was designed and synthesized as 

a donor, π-bridge, and acceptor groups to apply in 

DSSCs. Furthermore, to investigate the efficiency of 

the solar cells by using different types of 

substitutions group on imidazole ring. These groups 

have enhanced the solubility by minimizing the 

aggregation of the dye. Interestingly, the PP2 dye has 

the lowest energy gap (2.55 eV) and lowest PCE 

value 0.96% (Jsc = 1.59 mA cm-2, Voc = 0.080 mV, 

FF = 61.6%), and that could be attributed to the 

electron distribution on LUMO which is delocalized 

on the nitrobenzene instead of benzoic acid part and  

that is effective to the efficient of the electron 

injection from the dye to the surface of TiO2. On the 

other hand, PP3 has the best efficiency of 2.01% (Jsc 

= 3.75 mA cm-2, Voc = 0.73 mV, FF = 73.9%) and 

that could be attributed to the excellent solubility of 

the dye and good electron distribution of HOMO and 

LUMO.  
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