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Abstract
A series of novel push–pull-based D–π–A-containing organic dyes have been synthesized using triphenylamine and carba-
zole act as π-conjugated donor and cyanoacrylic acid acceptor as well as anchoring group for application of dye-sensitized 
solar cells. These organic dyes D1, D2 and D3 exhibited excellent photophysical, electrochemical properties, superior stoke 
shift, high thermal stabilities and sufficient HOMO–LUMO energy levels, which is facilitated to dye regeneration and 
effective injection of electron from the excited state of the dyes into the conduction band (TiO2). Our results suggested that 
carbazole π-bridge has an important role in the photovoltaic performance. The D1 and D2 dyes are planar linear structure, 
longer π-conjugated bridging units, when compared to the starburst structure of D3 organic dye. Moreover, the carbazole 
π-bridged conjugated D1 dye showed promising photovoltaic conversion efficiency (η) of 1.4%, Voc = 735 mV, Jsc = 2.7 mA/
cm2, ff = 0.73 (fill factor), when compared with the conventional N719 and D5 organic dyes.
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Introduction

Energy demands and environmental pollution result in 
global warming, depletion of fossil fuels and large amount of 
energy consumption within world population, so we need an 
alternative energy source. Renewable energies are one of the 
most important economic and never-ending sources to fulfil 
the world needs. In 1991, Gratzel and co-workers [1, 2] dem-
onstrated dye-sensitized solar cells (DSSCs) to achieve 7.0% 
conversion efficiency, which is still considered as a mile-
stone in the emerging photovoltaic technology. Nowadays, 
dye-sensitized solar cells (DSSCs) have received great atten-
tion and significant interest to solve the worldwide energy 
demands. As an affordable renewable energy resource, 
DSSCs have low-cost substitutes with easily synthesized 
material, have low hazard risk, are environmental-friendly 
and have the most efficient devices to convert sunlight to 
electricity compared with the conventional solid p–n junc-
tion photovoltaic devices. The power conversion efficiency 
(PCE) of DSSCs has reached up to 7–14.3% in the past three 
and a half decades under standard conditions [3–8]. In gen-
eral, nanocrystalline TiO2 semiconductor photoanodes [9, 
10], adsorbed by Ru(II) bipyridyldicarboxylate complex as a 
sensitizer, iodide/triiodide (I−/I3

−) redox couple [11–14] and 
platinum (Pt) as the counter electrode [15–17]. In DSSC, 
dye molecules are chemisorbed on the TiO2 photoanodes 
and the dye molecules generate charge carriers by absorb-
ing the visible light. The excited charge carriers will trans-
fer electron to the conduction band of TiO2, followed by 
regeneration of dye by an iodide/triiodide redox couple at 
TiO2/dye/electrolyte interface [18]. In the past few decades, 
polypyridyl ruthenium complex- and metal porphyrin-based 
sensitizers were considered for high-performance DSSC 
applications [19], due to the high light-harvesting proper-
ties, high light to electric power conversion efficiency (PCE) 
and long-term stability, although these Ru dyes are facing 
the problem of costs and low abundance of ruthenium mod-
est extinction coefficients, tricky preparation techniques, 
challenging synthesis, environmental issues [20, 21]. Many 
efforts have been made to overcome the above drawbacks 
associated with Ru dye. Hence, metal-free organic dyes 
which contain donor–π–acceptor (D–π–A) are extensively 
developed to study the sensitizers in DSSCs, which can be 
easily designed for molecular structure and convenient pho-
tochemical and photophysical properties, inexpensive, envi-
ronmentally friendly and so many advantages [22]. DSSCs 
based on metal-free organic dyes reported by T. Takahashi 
et al., D–π–A-containing organic dye to achieve high PCE 
[23–25]. Encouraged by these results, many research groups, 

including our group, have demonstrated various metal-free 
organic push–pull configured dyes derived from electron-
rich donors such as merocyanine-based [26], carbazole-
based [27], fluorene-based [28–30], phenothiazine-based 
[31], hemicyanine-based [32, 33], coumarin-based [34, 
35], triphenylamine-based [36, 37], porphyrin-based [38], 
squaraine-based [39, 40] and indoline-based [41] organic 
dyes. Recently, Berlinguette et al. have reported the thio-
phene-bridged triphenylamine- and phenothiazine-based 
organic sensitizers to achieve 7.1% PCE [42], and several 
research groups reported triphenylamine-based [43] and 
carbazole-based [44] organic dyes that have been investi-
gated for DSSC applications [45–48]. In this regard, Zhen Li 
et al. reported different pyrrole- and thiophene-linked alkyl 
chain-containing photosensitizers used for DSSC application 
to achieve high conversion efficiency up to 9.7% [49]. Zhang 
et al. fabricated DSSCs with a novel benzothiadiazole- and 
ethynylthiophenezoic acid-based photosensitizer for efficient 
organic dye-sensitized solar cells to obtain 12.0% efficiency 
[50]. Subramanian et al. reported the influence of different 
strengths of donor units such as phenothiazine-, fluorene- 
and anthracene-based sensitizers with new anchoring mode 
to obtain 4.12% conversion efficiency [51].

In this work, we have successfully synthesized metal-free 
organic dyes D1, D2 and D3, which contain carbazole and 
triphenylamine π-bridged (D–π–A) systems shown in Fig. 1, 
where triphenylamine acts as a donor and cyanoacrylic acid 
as an anchoring group; these organic dyes were used for 
fabrication of DSSCs with TiO2 (P25) as photoanode. All 
the prepared dyes have good thermal stability, surface mor-
phology and required photophysical, photochemical, photo-
voltaic properties. Generally, carbazole and triphenylamine 
was included in the π-bridged system which is beneficial 
to reduce the band gap and cramped the dye aggrega-
tions. Hence, it has improved the light-harvesting proper-
ties. Finally, these dyes have been successfully utilized for 
sensitizing and high power conversion efficiency (η) 1.4% 
compared with traditional ruthenium dye (N719) as well as 
previously reported D5 organic dye [52, 53].

Experimental section

Materials and methods

All the starting materials and reagents were purchased from 
Sigma-Aldrich and Alfa Aesar and used as received. Carba-
zole, triphenylamine, phosphorous oxychloride, cyanoacr-
ylic acid, methyl iodide and piperidine, all these chemicals 
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were purchased as such used in the reaction. Other commer-
cially available chemicals and solvents were used as received 
without further purification. Further, C–C cross-coupling 
reaction was carried out under the protection of nitrogen 
atmospheric conditions. Silica gel G plates (Merck) were 
used for TLC analysis with a mixture of petroleum ether 
(60–80 °C) and ethyl acetate as an eluent, and various sol-
vents are used in this photophysical study which were pur-
chased from commercial suppliers.

The melting points were measured in open capillary tubes 
and are uncorrected. The 1H and 13C NMR spectra were 
recorded on Bruker (Avance) 300 MHz and 400 MHz NMR 
instrument using TMS as an internal standard, and CDCl3 
and DMSO-d6 were used as solvents. Electronic absorption 
spectra were recorded on JASCO V-630 UV–Vis spectro-
photometer. The quartz cuvettes were used for all analysis 
by 1 cm path length. Photoluminescence (PL) was recorded 
on JASCO F-8500 fluorescence spectrophotometer. Fur-
thermore, the PL spectra were recorded with corresponding 
absolute absorption maximum as the excitation wavelength 
in a 1 cm width cell, and excitation and emission slits were 
set to 2.5 nm for all this measurement. Electrochemical 
measurements were recorded on cyclic voltammeter, CH 
instruments—model 680 Amp Booster—at room tempera-
ture with the use of a standard three-electrode electrochemi-
cal cell in acetonitrile-containing 0.1 M tetrabutylammo-
nium perchlorate (Bu4N+ClO4

‒) as a supporting electrolyte 
with glassy carbon working electrode, platinum wire as 
a counter electrode and saturated calomel as a reference 

electrode at the scan rate of 100 mVs−1. In addition, the 
resistance (RCT) value was measured on electrochemical 
impedance spectroscopy (EIS), bare GC, platinum wire and 
Ag/AgCl three-electrode system with 1 mM of K3[Fe(CN)6] 
containing 0.1 M KCl at scanning frequencies from 0.01 to 
100,000 Hz. A quantum chemical calculation was performed 
by using Gaussian 09 program, and the ground-state geom-
etries were optimized by using the restricted B3LYP/6-31G 
(d, p) functions at density functional theory (DFT) level.

9‑Methyl‑carbazole (1)

9-Methyl-carbazole was synthesized from following the pro-
cedure reported in the literature [54]. 1H NMR (300 MHz, 
CDCl3) δ: 8.08 (d, J = 7.8, 2H, ar CH), 7.49–7.41 (m, 2H, 
ar CH), 7.35 (d, J = 8.2 Hz, 2H, ar CH), 7.28–7.17 (m, 2H, 
ar CH), 3.77 (s, 3H, N–CH3); 13C NMR (75 MHz, CDCl3)
δ: 139.61, 129.49, 124.18, 124.08, 113.95, 111.82, 28.78 
(–CH3).

9‑Methyl‑carbazole‑3‑carbaldehyde (2)

9-Methyl-carbazole-3-carbaldehyde and 6-bromo-9-methyl-
9H-carbazole-3-carbaldehyde were synthesized from fol-
lowing the reported procedure [55], 1H NMR (300 MHz, 
CDCl3) δ: 9.98 (s, 1H, CHO), 8.39 (s, 1H, ar CH), 8.01 (d, 
J = 7.6 Hz, 1H, ar CH), 7.88 (d, J = 8.5 Hz, 1H), 7.50–7.43 
(d, 1H), 7.28 (dd, J = 15.8, 8.3 Hz, 3H), 3.67 (s, 3H, –CH3); 
13C NMR (75 MHz, CDCl3) δ: 192.08 (–CHO), 144.40, 

Fig. 1   Molecular structure of D1, D2, D3 and D5 metal-free organic dyes



1926	 Journal of the Iranian Chemical Society (2019) 16:1923–1937

1 3

141.71, 128.54, 127.02, 126.96, 123.84, 122.90, 120.64, 
120.53, 109.38, 108.76, 29.27 (–CH3).

6‑Bromo‑9‑methyl‑9H‑carbazole‑3‑carbaldehyde (3)

1H NMR (300 MHz, CDCl3) δ: 10.03 (s, 1H, CHO), 8.37 
(s, 1H, ar CH), 8.10 (s, 1H, ar CH), 7.97 (d, J = 8.6 Hz, 
1H), 7.55 (d, J = 8.7 Hz, 1H), 7.37 (d, J = 8.6 Hz, 1H), 7.22 
(d, J = 8.7 Hz, 1H), 3.77 (s, 3H, –CH3);13C NMR (75 MHz, 
CDCl3) δ: 191.92 (–CHO), 144.90, 140.57, 129.76, 129.19, 
127.88, 124.79, 124.44, 123.66, 122.15, 113.57, 110.91, 
109.37, 29.86 (–CH3).

(E)‑6‑(4‑(diphenylamino)
styryl‑9‑methyl‑9H‑carbazole‑3‑carbaldehyde (4)

6-Bromo-9-methyl-9H-carbazole-3-carbaldehyde 
3 (0.8  g, 2.84  mmol), N,N-diphenyl-4-vinylaniline 
(0.85  g, 3.12  mmol), o-tolylphosphine (4  mol  %) and 
PdCl2(PPh3)2(4 mol %) were dissolved in dry DMF/toluene 
(1:1) mixture. The resulting reaction mixture was purged 
under nitrogen atmosphere for 30 min, after that, K2CO3 
(1.1 g, 8.53 mmol) was added, and then, reaction mixture 
was heated at 110 °C for overnight. After the completion of 
reaction, the resulting mixture was passed through the Celite 
bed and washed with ethyl acetate. Finally, organic layer 
was washed with saturated brine solution and dried over 
anhydrous Na2SO4, and the crude product was purified by 
column chromatography using petroleum ether/ethyl acetate 
(92:8) as an eluent, to afford 4 orange solid in 70% yield. 
(1H NMR (300 MHz, CDCl3) δ: 10.10 (s, 1H, CHO), 8.61 (s, 
1H, ar CH), 8.24 (s, 1H, ar CH), 8.04–7.99 (m, 1H), 7.71 (d, 
J = 8.7 Hz, 1H), 7.46 (d, J = 3.7 Hz, 2H), 7.43 (d, J = 4.0 Hz, 
2H), 7.31–7.26 (m, 4H), 7.25–7.30 (m, 2H), 7.18 (s, 2H), 
7.11 (d, J = 5.0 Hz, 4H), 7.03 (d, J = 7.3 Hz, 1H), 3.89 (s, 
3H, CH3); 13C NMR (75 MHz, CDCl3) δ: 192.13 (–CHO), 
171.44, 148.0, 145.18, 141.18, 141.55, 129.81,129.69, 
127.78, 127.64, 127.56, 127.04,125.82, 124.84, 124.18, 
123.38, 118.81, 109.71, 109.29, 106.45, 30.11 (–CH3). 
ESI–MS m/z: [M + H]+ calcd. for C34H26N2O 478.2035, 
found 478.2038.

(E)‑6‑(4‑(bis(4‑methoxyphenyl)amino)
styryl)‑9‑methyl‑9H‑carbazole‑3‑carbaldehyde (5)

Compound 5 was synthesized according to procedure 
4 using compound 3 (0.8 g, 2.84 mmol); 4-methoxy-N-
(4-methoxyphenyl)-N-(4-vinylphenyl)aniline (0.94  g, 
2.84 mmol), o-tolylphosphine (4 mol %) and PdCl2(PPh3)2 
(5 mol %) were dissolved in dry DMF/toluene (1:1) mixture. 
After the completion of the reaction, the crude product was 
purified by column chromatography using petroleum ether/
ethyl acetate (90:10) as an eluent, to afford 5 as yellow solid 

in 68% yield; 1H NMR (300 MHz, CDCl3) δ: 10.09 (s, 1H, 
CHO), 8.60 (d, J = 1.0 Hz, 1H, ar CH), 8.22 (s, 1H, ar CH), 
8.03–7.99 (m, 1H, ar CH), 7.71–7.67 (m, 1H, ar CH), 7.44 
(d, J = 8.5 Hz, 2H, ar CH), 7.39 (d, J = 2.3 Hz, 1H, ar CH), 
7.37 (d, J = 2.3 Hz, 1H, ar CH), 7.12 (dd, J = 3.5 Hz, 2H, ar 
CH), 7.08 (d, J = 8.9 Hz, 4H, ar CH), 6.94 (d, J = 8.6 Hz, 
2H, ar CH), 6.84 (d, J = 8.9 Hz, 4H), 3.87 (s, 3H, N–CH3), 
3.81 (s, 6H, OCH3); 13C NMR (75 MHz, CDCl3) δ: 192.15 
(–CHO), 156.30, 145.22, 141.43, 141.22,131.08, 129.01, 
127.59, 127.45, 127.41, 127.26, 127.06, 126.77, 126.98, 
125.98, 125.73, 123.66, 121.20, 121.09, 121.06, 118.63, 
115.12, 109.68, 107.03, 55.91, 29.88 (–CH3). ESI–MS m/z: 
[M + H]+ calcd for C36H30N2O3 538.2325, found 538.3347.

(E)‑2‑cyano‑3‑(6‑((E)‑4‑(diphenylamino)
styryl)‑9‑methyl‑9H‑carbazol‑3‑yl)acrylic acid (D1)

A mixture of compound 4 (0.2  g, 0.44  mmol) and 
cyanoacetic acid (45 mg, 0.53 mmol) was dissolved in 
10 mL of acetonitrile; subsequently, piperidine (56 mg, 
0.66 mmol) was added into reaction mixture at refluxed for 
about 6 h. After the completion of the reaction, the reaction 
mixture was quenched with dilute HCl to remove the unre-
acted piperidine and then extracted with ethyl acetate two 
times, and the collective organic solvent was washed with 
brine solution and dried over anhydrous sodium sulphate. 
The solvent was evaporated under reduced pressure, and the 
crude product was purified by column chromatography using 
petroleum ether/chloroform (70:30); red-coloured solid was 
obtained. Yield is 85%; FT-IR (powder, cm−1) 3430, 2924, 
2214, 1666, 1547, 1493, 1428, 1363, 1285, 1118, 749, 695. 
1H NMR (400 MHz, DMSO-d6) δ: 12.35 (b s, 1H, COOH) 
8.80 (s, 1H, ar CH), 8.38 (s, 1H, ar CH), 8.27 (s, 1H, ar CH), 
8.22 (d, J = 8.7 Hz, 1H, ar CH), 7.79 (d, J = 8.8 Hz, 1H, ar 
CH), 7.75 (d, J = 8.8 Hz, 1H, ar CH), 7.64 (d, J = 6.5 Hz, 1H, 
ar CH), 7.51 (d, J = 8.8 Hz, 2H, ar CH), 7.30–7.26 (m, 5H, ar 
CH), 7.24 (d, J = 7.2 Hz, 1H, ar CH), 7.02–6.98 (m, 6H, ar 
CH), 6.93 (d, J = 8.4 Hz, 2H, ar CH), 3.90 (s, 3H, N-CH3); 
13C NMR (75 MHz, DMSO-d6) δ: 164.65 (–COOH), 155.15, 
147.55, 143.98, 141.41, 132.41, 131.23, 130.12, 126.02, 
128.48, 127.90, 126.56, 125.82, 125.67, 124.57, 123.77, 
123.70, 123.17, 122.99, 128.82, 118.10, 119.03, 110.94, 
110.86, 30.04 (–CH3). ESI–MS m/z: [M + H]+ calcd for 
C37H27N3O2 545.210, found 545.2097.

(E)‑3‑(6‑((E)‑4‑(bis(4‑methoxyphenyl)amino)
styryl)‑9‑methyl‑9H‑carbazol‑3‑yl)‑2‑cyanoacrylic 
acid (D2)

A mixture of compound 5 (0.5  g, 0.82  mmol) and 
cyanoacetic acid (84  mg, 0.9  mmol) was dissolved in 
10 mL of acetonitrile solvent; subsequently, piperidine 
(0.1 g, 1.23 mmol) was added into the reaction mixture 
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and refluxed for about 6 h. After the completion of the 
reaction, the reaction mixture was quenched with dilute 
HCl to remove the unreacted piperidine and then extracted 
with ethyl acetate two times; after that, collective organic 
solvent was washed with brine solution and dried over 
anhydrous sodium sulphate. Finally, the solvent was evap-
orated under reduced pressure and the crude product was 
purified by column chromatography using petroleum ether/
chloroform (70:30) to get red solid. Yield is 85%; FT-IR 
(powder, cm−1) 3428, 2921, 2206, 1575, 1491, 1334, 1256, 
1114, 970, 821, 697, 619. 1H NMR (400 MHz, DMSO-
d6) δ: 12.31 (b s, 1H, COOH) 8.76 (s, 1H), 8.34 (s, 1H, 
ar CH), 8.23 (s, 1H, ar CH), 8.20 (d, J = 6.8 Hz, 1H, ar 
CH), 7.72 (d, J = 9.2 Hz, 1H, ar CH), 7.75 (d, J = 8.8 Hz, 
1H, ar CH), 7.65 (d, J = 8.5 Hz, 1H, ar CH), 6.99 (d, 
J = 8.3 Hz, 4H, ar CH), 6.88 (d, J = 8.4 Hz 4H, ar CH), 
6.73 (d, J = 8.4 Hz, 2H, ar CH), 3.89 (s, 3H, –CH3), 3.70 
(s, 6H, OCH3);13C NMR (75 MHz, DMSO-d6) δ: 164.73, 
156.28, 154.43, 154.40, 148.14, 143.80, 141.23, 141.20, 
140.52, 130.70, 129.97, 128.30, 127.66, 127.19, 126.79, 
123.32, 122.97, 128.82,119.92, 118.76, 115.48, 110.85, 
110.77, 101.35, 55.76 (–OCH3), 29.99 (–CH3). ESI–MS 
m/z: [M + H]+ calcd. for C39H31N3O4 605.2317, found 
605.2328.

(Bis(4‑(bis(4‑methoxyphenyl)amino)phenyl)amino)
benzaldehyde (6)

4-(Bis(4-iodophenyl)amino)benzaldehyde (0.5  g, 
0.95  mmol), bis(4-methoxyphenyl)amine (0.43  g, 
1.90 mmol) and bis(tri-tert-butylphosphine)palladium(0) 
(4 mol %) were added into the Schlenk tube and dissolved 
in dry toluene under the protection of nitrogen atmosphere 
for about 30 min. After that, NatOBu (0.22 g, 2.3 mmol) 
was added into the reaction mixture and heated at 95 °C 
for about 12 h. After the completion of the reaction to 
monitor TLC, the resulting mixture was passed through 
the Celite bed and washed with ethyl acetate. The organic 
layer was further washed with a saturated brine solu-
tion and dried over anhydrous Na2SO4. The crude prod-
uct was purified by column chromatography silica gel, 
using petroleum ether/ethyl acetate (85:15) as an eluent 
to afford yellow solid. Yield is 72%; 1H NMR (300 MHz, 
CDCl3) δ: 9.75 (s, 1H, –CHO), 7.64 (d, J = 8.8 Hz, 2H, ar 
CH), 7.08 (d, J = 9.0 Hz, 8H, ar CH), 6.99 (d, J = 8.9 Hz, 
4H), 6.93 (d, 2H, ar CH), 6.89 (d, J = 9.1  Hz, 4H, ar 
CH), 6.84 (d, J = 9.0 Hz, 8H, CH), 3.80 (s, 12H, OCH3); 
13C NMR (75 MHz, CDCl3) δ: 192.55 (–CHO), 155.99, 
147.54, 130.79, 129.54, 129.21,128.79, 127.72, 127.27, 
127.15, 126.52, 126.43, 124.45, 123.56, 122.97, 120.47, 
114.77, 55.49 (–OCH3). ESI–MS m/z: [M + H]+ calcd. for 
C47H41N3O5, 727.3045 found 727.3016.

(E)‑3‑(4‑(bis(4‑(bis(4‑methoxyphenyl)amino)phenyl)
amino)phenyl)‑2‑cyanoacrylicacid (D3)

A mixture of compound 6 (0.5  g, 0.69  mmol) and 
cyanoacetic acid (64 mg, 0.76 mmol) was dissolved in 
10  mL of acetonitrile solvent, and piperidine (85  mg, 
1.03 mmol) was added to reaction mixture at refluxed for 
about 6 h. After the completion of reaction, the reaction 
mixture was quenched with dilute HCl to remove unreacted 
piperidine base and finally extracted with ethyl acetate two 
times; the collective organic solvent was washed with brine 
solution and dried over anhydrous sodium sulphate. Finally, 
the collective solvent was evaporated under reduced pres-
sure; the crude product was purified by column chromatog-
raphy using petroleum ether/chloroform (65:35) to obtain 
the dark red-coloured solid. Yield is 80%; FT-IR (powder, 
cm−1) 3432, 2919, 2218, 1585, 1504, 1238, 1175, 1030, 
827, 713, 574. 1H NMR (400 MHz, DMSO-d6) δ: 12.01 
(b s, 1H, COOH), 7.98 (s, 1H), 7.88 (d, J = 7.2 Hz, 2H, ar 
CH), 7.02 (d, J = 9.0 Hz, 10H, ar CH), 6.88 (d, J = 7.8 Hz, 
10H), 6.72 (d, J = 7.8 Hz, 4H), 6.71 (d, J = 9.1 Hz, 2H), 
3.11 (s, 12H, OCH3); 13C NMR (75 MHz, CDCl3) δ:159.94 
(–COOH), 157.94, 149.50, 146.65, 139.69, 130.28, 129.46, 
128.24, 127.47, 126.93, 125.50, 124.14, 124.08, 118.80, 
114.31, 55.36 (–OCH3). ESI–MS m/z: [M + H]+ calcd. for 
C50H42N4O6 794.3107, found 794.3109.

(E)‑2‑cyano‑3‑(5‑((E)‑4‑(diphenylamino)styryl)
thiophen‑2‑yl)acrylic acid (D5)

The D5 (E)-2-cyano-3-(5-((E)-4-(diphenylamino)styryl)
thiophen-2-yl)acrylic acid dye was synthesized from fol-
lowing the reported procedure [52, 53].

Results and discussion

Synthesis and characterization of organic dyes

Synthesis of (E)-2-cyano-3-(6-((E)-4-(diphenylamino)
styryl)-9-methyl-9H-carbazol-3-yl) acrylic acid (D1), (E)-
3-(6-((E)-4-(bis(4-methoxyphenyl)amino)styryl)-9-me-
thyl-9H-carbazol-3-yl)-2-cyanoacrylic acid (D2) and (E)-
3-(4-(bis(4-(bis(4-methoxyphenyl)amino) phenyl) amino) 
phenyl)-2-cyanoacrylic acid (D3) is shown in Scheme 1 
and Fig. 1. A new series of D1, D2 and D3 dyes are synthe-
sized from commercially available starting materials such 
as carbazole and triphenylamine. The formylation reaction 
of aldehyde derivatives like carbazole and triphenylamine 2 
was prepared by Vilsmeier–Haack reaction; then, bromina-
tion was carried out using N-bromosuccinimide in DMF sol-
vent; further, Mizoroki–Heck and Buchwald–Hartwig C–C 
and C–N coupling reactions were carried out, respectively. 



1928	 Journal of the Iranian Chemical Society (2019) 16:1923–1937

1 3

Finally, the desired products of D1–D3 were obtained by 
condensation of the respective aldehydes with cyanoacetic 
acid by Knoevenagel condensation reaction in the presence 
of piperidine. Further, the synthesized materials were con-
firmed by 1H NMR, 13C NMR, ESI–MS, FT-IR and their 
photophysical and optical properties such as UV–visible, 
fluorescence, thermogravimetry, electrochemical impedance 
spectroscopy and photovoltaic performance were studied.

Optical properties

The electronic absorption spectra of compounds D1, D2 
and D3 were recorded in dry THF solution and are shown 
in Fig. 2a, and corresponding data are listed in Table 1. 
In this case, compound shows a major absorption band 
appeared at 360, 370 and 434 nm, respectively, which are 
attributed to intramolecular charge transfer (ICT) through 
the whole molecule such as triphenylamine to cyanoacrylic 
acid group, providing efficient charge separation at the 

excited state. We observed such charge transfer transition 
is dependent on the solvent polarity, which is confirmed 
by solvatochromism. Moreover, in the solvatochromism 
studies, similar absorption bands were observed at fixed 
wavelength in different solvents, such as toluene, dichlo-
romethane, THF and ethanol, but slightly positive shift 
in DMF solvent was observed (Fig. S1), which suggested 
that DMF has slightly basic character in nitrogen lone pair 
and interaction with cyanoacrylic acid. In addition to that, 
the absorption spectra were strongly affected by the acid-
ity or alkalinity of the solutions (Fig. S2). In addition, 
molar extinction coefficient of maximum absorption band 
for D1 is ε = 33,650 M−1 cm−1, D2 ε = 31,100 M−1 cm−1 
and D3 ε = 13,350 M−1 cm−1. Moreover, the D3 dyes show 
lower molar extinction coefficient; it can be speculated 
that there is an increase in co-planarity between elec-
tron donor part triphenylamine to electron acceptor part 
cyanoacrylic acid in the ground state. In addition to that, 
the longer wavelength has high molar extinction coefficient 

Scheme  1   Synthetic routes of target organic dyes D1, D2 and D3. 
Reagent and conditions: (a) DMF, POCl3, rt; (b) N-bromosuccinim-
ide, DMF; (c) N,N-diphenyl-4-vinylaniline, PdCl2(PPh3)2, tri(o-tolyl)

phosphine, K2CO3, 110 °C, overnight; (d) cyanoacrylic acid, piperi-
dine, acetonitrile, rt; (e) bis(4-methoxyphenyl)amine, bis(tri-tert-
butylphosphine)palladium(0), NatOBu, toluene, 110 °C, overnight
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and broader absorption region is beneficial to improve the 
light-harvesting properties which leads to the improved 
photovoltaic performance and is more useful for the photo-
current generation in DSSC applications [56]. The D3 dye 
is redshifted due to an increase in the conjugation length 
and the number of triarylamine units, when compared with 
D1 and D2 dyes [57]. The dye D2 represents redshift for 
10 nm compared with D1 dye; it may be attributed to elec-
tron-donating group (–OMe) attached to the triarylamine 
moieties. Furthermore, the Stokes shift decreases from D1 
to D3, probably due to donor group equally shared the 
electron transportation with the acceptor group in D3 [58]. 

The organic dyes anchored to a nanocrystalline TiO2 
surface is also shown in Fig. 2b. Although the absorption 
wavelength of organic dyes adsorbed on TiO2 film D1, D2 
and D3 is redshifted to 10, 12 and 26 nm, respectively, and 
broader absorption band was observed in comparison with 
those in solution state which is shown in Fig. 2a, this posi-
tive shift attributed to the interactions between TiO2 and 
organic dyes, restricted rotation of dye molecule and π–π 
stacking interaction between the organic dyes [59] are listed 
in Table 1. The fluorescence spectra of all the compound 
D1, D2 and D3 were also recorded in dry THF solution and 
are shown in Fig. 3a. The compounds shows emission band 
appeared at 471, 487 and 533 nm, respectively.

FT‑IR spectra

The FT-IR spectrum of compound D1, D2 and D3 powder 
dyes is adsorbed on TiO2 film and is shown in Fig. 3b–d; 
for the powder sample of three dyes, D1, D2 and D3, char-
acteristic stretching bands for carboxylic acid functional 
group C=O are clearly observed at around 1670, 1653 and 
1623 cm−1, respectively. In addition to that, we measured all 
the dye molecules adsorbed on nanocrystalline TiO2 surfaces 
[60, 61] and found that around 1725, 1703 and 1659 cm−1, 
respectively, from this observed results C=O stretching fre-
quency shifted to 45 cm−1 higher wavenumber than the pow-
der IR spectrum. Its suggested that restricted rotation of dye 
molecules, π–π stacking attraction between the organic dye 
and Bronsted acid site on TiO2 surfaces are strongly binding 
with –COO− acid group.

Electrochemical characteristics

In order to investigate the electrochemical proper-
ties of D1, D2 and D3 dyes, they are characterized by 
cyclic voltammetry techniques in acetonitrile-contain-
ing 0.1  M solution of tetrabutylammonium perchlo-
rate (Bu4N+ClO4

‒) as a supporting electrolyte, with the 
scan rate 100 mv/s. The potentials were referenced to 
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Fig. 2   a Normalized UV–Vis absorption spectra of organic dyes D1, D2 and D3 in dry THF solutions. b Solid-state absorption spectra of the 
organic dyes (thin film)

Table 1   Photophysical 
properties of the D1, D2 and D3 

a Maximum absorption wavelength of organic dyes in dry THF solutions 2 × 10−5 M
b Maximum absorption wavelength for dye adsorbed on a thin film of TiO2 surfaces
c Energy gap calculated from UV–visible spectrum

Entry Solution λabs/(nm)a 
(ε × 104 M−1 cm−1)

Film λabs (nm)b λem (nm) ∆υ (cm−1) ∆E (eV)c

D1 292 (2.505), 360 (3.365) 370 471 6547 3.45
D2 295 (2.485), 370 (3.110) 382 487 6493 3.32
D3 304 (2.300), 430 (1.335) 456 533 4494 2.80
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ferrocene/ferrocenium (Fe/Fe+) as an internal standard, 
which is shown in Figs. 4, 5. All these characteristic 
data are listed in Table 1. The D1, D2 and D3 showed 
quasi-reversible oxidation peak potential at 0.67, 0.48 
and 0.34 V, respectively. It is suggested that a successive 
formation of the cation radical should be attributed to the 
removal of electrons from triphenylamine donor to accep-
tor carboxylic acid group. In addition, the corresponding 
reduction peak potential was also appeared; these results 
suggested that dye molecules are stable in that particu-
lar oxidized state. The HOMO levels of D1, D2 and D3 
(0.67 V, 0.48 V, 0.34 V versus NHE, respectively) are 
adequately positive than the iodide/triiodide (0.40 V) 
redox potential value, which suggests that the oxidized 
dyes could be efficiently regenerated with enough driv-
ing force. Hence, the oxidized dyes and electron injected 
were increased in respective order D1 > D2 > D3. Fur-
ther, the dyes accept electrons from redox couple elec-
trolyte (I−/I3

−) thermodynamically [62]. The HOMO and 
LUMO energy levels of all the dyes were analysed from 
absorption spectral analysis, and all these data provided 
in Table 2.

Thermal properties

The thermal stability of D1, D2 and D3 dyes was carried out 
thermogravimetric analysis under nitrogen atmosphere, tem-
perature range up to 800 °C, heating flow rate at 5 °C min−1 
which is represented in Fig. 6. The thermogram of three 
dyes represented good thermal stability with no weight loss 
observed at low temperature. Moreover, the decomposition 
temperature starts at D1 dye, range of 247–291 °C, D2 dye 
the range of 285–371 °C and D3 dye range of 335–424 °C, 
corresponding to 10%, 14% and 15% weight loss observed 
respectively, the order of stability D3 > D2 > D1. Further-
more, the D3 dye represented more thermally stable when 
compared with D2 and D1 dyes, due to C2 symmetric nature 
of dye [60]. Based on these observed results, all these dyes 
are thermally stable, suitable for device fabrication to facili-
tate an enhanced lifetime for DSSC device.

The SEM images of bare TiO2 film and D1, D2 and 
D3 dyes adsorbed on TiO2 surface are presented in Fig. 7. 
Hence, the TiO2 film showed irregularly arranged particle-
like morphological structure; this TiO2 film was prepared by 
doctor blade method and then immersed into a dye solution 
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Fig. 3   a Emission spectra of organic dyes in dry THF solutions. b–d FT-IR spectra of organic dyes D1, D2 and D3 coated on a TiO2 surface
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of (0.3 mM in DMF) for about 12 h; the structural mor-
phology of dyes that adsorbed TiO2 film showed disturbed 
particle arrangement and porous structure, which indicates 
that all these dye molecules are adsorbed on TiO2 surfaces.

Theoretical investigations

In order to investigate effect of electronic structure and 
electron distributions of D1, D2 and D3 on the perfor-
mance of DSSCs, geometries and energy levels were 
optimized by density functional theory (DFT) and calcu-
lated by B3LYP/6-31G (d, p) level as shown in Fig. 8. 
The energy band gaps and optimized structure for D1, D2 
and D3 dyes were calculated to be 3.16, 3.26 and 2.62 eV, 
respectively. At the HOMO level, all the dyes D1, D2 and 
D3 have high electron density mainly across the donor 
triphenylamine moieties [63]. The electron densities of 
the LUMO of the three dyes are located the cyanoacr-
ylic acid group through the π-conjugated linkers; further, 
the excited state of all dyes responsible for strong visible 
absorption is potentially strongly coupled to TiO2 surface 
by virtue of cyanoacrylic contribution, which is favourable 
for efficient electron injection to anode. The calculated 
experimental and theoretical values are summarized in 
Table 2.
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Fig. 4   Cyclic voltammograms corresponding to oxidation of organic dyes in acetonitrile 0.1 M Bu4NClO4. a D1; b D2; and c D3

Fig. 5   Molecular orbital energy-level diagram of all dyes, the TiO2 
CB and the I−/I3

− redox potential
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Photovoltaic performance

The current–voltage (I–V) curves of synthesized organic and 
commercial dyes (D1, D2, D3, D5 and N719) were meas-
ured under AM 1.5 sun illumination (100 mW cm−2) and are 
shown in Fig. 9, and the corresponding photovoltaic param-
eters are summarized in Table 2. DSSCs made with D1 dye 
presented best performance for power conversion efficiency 
of 1.4% (compared to conventional N719 dye which has 
6.1% and D5 organic dye which has 2.2% under the same 
condition), which has Voc of 0.735 V, Jsc of 2.7 mA cm−2 
and ff of 0.73. Notably, devices made with D3 dye also 
showed similar photovoltaic performance (η = 1.3%) with 
D1 dye, but interestingly the Jsc value of D3 dye is slightly 
higher (3.3 mA cm−2) and Voc (0.700 V) is much lower, 
when compared with D1 device; this may be due to a large 
planar π-conjugated system extending from the electron 
donor moiety to the electron acceptor moiety and D3 dye 
molecule contains two effective (–OMe) donating groups 
introduced in triphenylamine core; anchoring groups also 
directly attached to the triphenylamine core lead to larger 
wavelength and lower band gap to obtain higher Jsc. Moreo-
ver, the D1 and D2 dyes have intramolecular charge transfer 

effect over long distance [64]; upon light illumination con-
ditions, electrons are not effectively injected into the TiO2 
conduction band, so overall efficiency is reduced; the power 
conversion efficiency was calculated according to the fol-
lowing equation.

 where Jsc is the photocurrent density of short-circuit cur-
rent, Pin is the incident power density, Voc is the open-circuit 
voltage and ff denotes the fill factor.

On the other hand, the significantly low photovoltaic 
performance of DSSC based on D2 device is 0.8%, when 
compared with D1 and D3 devices, due to the back elec-
tron transfer from the electrons injected into TiO2 to excited 

PCE =

ff × V
oc
× J

sc

Pin

Table 2   Energy-level 
parameters and the 
electrochemical properties of 
D1, D2 and D3 dyes

a Onset oxidation potential
b First and second oxidation peak potentials
c HOMO (eV) = − (Eonset + 4.76); LUMO = HOMO − Eg
d Determined from UV–Vis absorption spectra
e Determined from DFT calculations

Compounds Eonset (V)a Ep1
ox (V)b Ep2

ox (V)b HOMO (eV)c LUMO (eV)c Eg (eV)d Eopt (eV)e

D1 0.22 0.42 0.67 − 4.98 − 1.58 3.45 3.16
D2 0.21 0.32 0.48 − 4.97 − 1.65 3.32 3.23
D3 0.02 0.12 0.34 − 4.78 − 1.98 2.80 2.62
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Fig. 6   Thermogravimetric analysis of D1, D2 and D3 dyes

Fig. 7   SEM images of a crystalline TiO2 b–d D1, D2 and D3 dye 
molecules adsorbed on TiO2 film
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dye. The Jsc and Voc for D1 and D3 devices (2.7 mA cm−2, 
0.735 V) and (3.3 mA cm−2, 0.700 V) are higher than those 
for D2 dye (1.6 mA cm−2 and 0.67 V). In addition to that, 
the formation of intermolecular π–π stacking aggregations, 
recombination process and self-quenching of the dyes are 
the major drawbacks for the low power conversion efficien-
cies. The photovoltaic performance of all the dyes shows 
maximum values; each dye was constructed and fabricated 
for four devices.

After that, scrutinizing the obtained photovoltaic 
parameters of sensitizer DSSCs, the incident photon-to-
current conversion efficiency (IPCE) studies were per-
formed for D1, D2 and D3 dye-fabricated devices; images 
of the cells are shown in Figs. 10, 11, and their corre-
sponding results are listed in Table 3. Generally, higher 
IPCE spectra correspond to better Jsc values. In addition, 
the light-harvesting properties and electron injection 

Dye HOMO LUMO Optimized structure

D1

D2

D3

Fig. 8   Frontier molecular orbital of HOMOs and LUMOs calculated at B3LYP/6-31G (d, p) level and optimized structure of dyes D1, D2 and 
D3 
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ability depend on the Jsc value. The IPCE spectra of all the 
organic dyes D1, D2 and D3 exhibited a similar shape with 
different IPCE values 24.4%, 15.2% and 18.1%, and the 
wavelengths 418, 400 and 540, respectively, which may 
be attributed to the varied electron collection efficiencies 
with different core units. These results indicated that the 
D1 dye has better efficiencies compared with other two 
organic dyes.  

Electrochemical impedance spectroscopy

In order to investigate the open-circuit voltage properties 
and charge recombination process in DSSCs, the electro-
chemical impedance spectroscopy was measured under dark 
condition. Th obtained Nyquist plots best fit to the Randles 
circuit model (Rs[C1 – Rp]) for dyes D1, D2 and D3 shown 
in Fig. 12a, where Rs represents the solution resistance, C1 
represents constant phase element and Rp represents polari-
zation resistance. In addition to that, Nyquist plot shows that 
larger semicircle in higher-frequency regions corresponds 
to charge recombination resistance at TiO2/dye/electrolyte 
interface [15, 17]. In addition, the RCT values of these dyes 
D1, D2 and D3 are calculated from EIS shown in the follow-
ing order: D2 (9.014 KΩ) > D3 (8.008 KΩ) > D1(4.979 KΩ). 
After that, lower value of RCT indicates high charge loss in 
TiO2/dye/electrolyte interface, and also faster charge recom-
bination and larger dark current [15, 44]. The larger value 
of RCT indicates more effective suppression and recombina-
tion of the injected electrons with I−/I3

− in electrolyte [18]. 
Furthermore, Bode phase plot is drawn to analyse electron 
lifetime at the TiO2/dye/electrolyte interface calculated using 
τn = 1/(2πf). Moreover, the f values of D1, D2 and D3 dyes 
at 32.1 Hz, 120.2 Hz and 10.5 Hz are shown in Fig. 12b, 
c. The electron lifetime values are represented in the fol-
lowing order: D3 (15 ms) > D1 (4.96 ms) > D2 (1.32 ms), 
respectively, because of larger lifetime that the current in 
dark for DSSCs. Bode phase plots show phase angles of D1, 

Fig. 10   IPCE spectra of D1, D2 and D3 dye-based DSSCs

Fig. 11   Photographs of the 
dyes D1, D2 and D3 a in DMF 
solvent and b adsorbed on TiO2 
film

Table 3   Photovoltaic 
performances of DSSCs based 
on D1, D2 and D3 

Measured under irradiation of AM 1.5 G simulated solar light (100 mWcm−2) at room temperature
a,b RCT value and electron lifetime calculated from Nyquist plot and Bode phase plot using τn = 1/(2πf)
c,d Comparison with commercial available ruthenium bipyridyl dye and D5 organic dye [34]

Device Jsc (mA/cm2) Voc (V) ff (%) η (%) RCT (KΩ)a τn (ms)b

N719c 12.5 0.785 62.3 6.1 – –
D1 2.7 0.735 73.8 1.4 4.97 4.97
D2 1.6 0.673 74.8 0.8 9.01 1.32
D3 3.3 0.700 59.1 1.3 8.08 15
D5d 5.4 0.705 59.23 2.2 – –
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D2 and D3 dyes as 62.5, 68.1 and 72.4 theta, respectively; 
the D1 has less phase angle compared to other dyes. It is 
suggested that electron transfer reaction was facile at these 
interfaces [65].

The results show promise for D1, D2 and D3 dyes are 
generally stimulate in this field of dye development, but are 
disappointing. After that the synthesized organic dye 5 was 
compared with commercially available bench mark N719 
dye [52]. In future to improve the metal-free organic dye 
development in combination with the co-absorbent and addi-
tives or perovskite absorber materials (CH3NH3PbI3), it may 
be possible to achieve high power conversion efficiencies.

Conclusions

In this study, we have successfully synthesized three 
push–pull organic dyes D1, D2 and D3 containing triph-
enylamine as a donor and cyanoacrylic acid as an auxiliary 
acceptor and employed them as photosensitizers in DSSCs. 
D1 and D2 composed of carbazole π-conjugated spacer 
unit has planar linear structure and has longer π-conjugated 
bridging units. We also believe that the flattened structure 
of D1 and D2 leads to more efficient charge transport, which 
is compared to triphenyl-bridged starburst structure of D3 
dye; D1 dye exhibited comparatively high molar extinction 
coefficients, better electron collection efficiency, light-har-
vesting properties and slow carrier recombination than D2 
and D3 dyes, which shows that all properties are beneficial 
to enhance the device performance. Furthermore, DSSC 

performance based on these dyes provides different results. 
Hence, D1 dye gives highest η values compared to D2 and 
D3 dyes, due to excellent photophysical, electrochemical 
properties, superior stoke shift, efficient electron injection 
and fast dye regenerations. A maximum power conversion 
efficiency value of 1.4% has been obtained under simulated 
AM 1.5 irradiation (100 mW/cm2) with a DSSCs based on 
D1 dye (Voc = 735 mV, Jsc = 2.70 mA/cm2, ff = 0.73); in addi-
tion to that, the comparison with 6.1% of N719 reported 
inorganic dye and that with 2.2% of D5 reported organic 
dyes under the same conditions. Overall dyes structure 
D1 appear more promising to the development of efficient 
organic sensitizer, which can be possible through the more 
sophisticated structural modification for the future material 
development.

Supplementary Information

All the structural characterization data are available in elec-
tronic supplementary information’s section.
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used in the studies, b Bode amplitude, c Bode phase angle plots obtained in dark conditions
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