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Abstract: In order to get a better insight into the relationship between molecular structure and photovoltaic perfor-
mance, six monoazo dye molecules containing benzoic and cinnamic acid moieties were synthesized and their photovoltaic
properties were studied. Three of them have not been previously used in solar cells. Spectroscopic measurements of the
investigated compounds coupled with theoretical calculations were performed. Short-circuit current density, open-circuit
voltage, and fill-factor were determined. It was found that a larger amount of short-circuit current density will be gener-
ated if the HOMO–LUMO energy gap is lower, determined by the stability of the molecule and the electronic effect of the
donor moiety. Among both series of synthesized dye molecules, the highest obtained values of short-circuit current den-
sity were achieved with (2-hydroxynaphthalene-1-ylazo)benzoic acid and (2-hydroxynaphthalene-1-ylazo)cinnamic acid,
and thus they were regarded as promising candidates for application in dye-sensitized solar cells.

Key words: Dye-sensitized solar cells, azo dyes, short-circuit current, quantum chemical calculation, solvatochromism,
tautomerism

1. Introduction
The application of dye-sensitized solar cells (DSSCs), which contain a thin photoactive organic dye film
deposited on a nanoporous titanium dioxide (TiO2) layer, emerged as a brand new solid energy conversion,
low-cost fabrication, and low-environmental pollution potential solar technology almost three decades ago [1–
4]. The architecture of these cells represents a multicomponent system in which all factors of the device work
synergistically to transform sunlight into electricity. The photosensitizer, as one of the main components, has a
multifunctional role in the overall operative system of DSSCs. The absorption of incident light is very pertinent
for optimum solar cell performance. In that manner, a dye molecule should be thermo- and photostable and
able to absorb incident light in as wide of a UV-Vis light spectrum range as possible. For effective electron
injection from the LUMO of the dye molecule to the conductive band of TiO2 , the deposition of the dye
molecule should be optimal. It means that a molecule should be well adsorbed onto the metal oxide surface
via an anchoring group (–COOH, –SO3H, –H2PO3) . In this regard, azo dyes have attracted great attention
in recent years, possessing advantages over the rest of the organic photosensitive molecules. These include: (1)
facile manipulation, i.e. substitution on the azo (–N=N–) chromophore, (2) high values of molar extinction
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coefficients, and (3) they are cheaper to synthesize and less harmful to the environment than metal complexes.
These dyes have been widely used in many fields of technology, including photoactive materials, especially
DSSCs, as main competitors to both silicon solar cells and complexes based on ruthenium. Even though these
molecules do not give as satisfactory a degree of incident photon-to-current conversion as inorganic molecules,
azo dye solar technology is constantly progressing [1–5]. The application of azo dyes as sensitizers in DSSCs
has been extensively studied from both the experimental and theoretical points of view [1,4–8].

In the present study, a complex synthetic route was developed in order to enable the parallel synthesis
of a larger series of compounds. Three monoazo dye molecules were derived from benzoic acid and their three
homologous derivates were obtained from cinnamic acid (Figure 1) bearing the same electron-donor moiety. The
photovoltaic performance of these compounds has been measured and analyzed. Namely, compounds 2a and 5a
have been already used in DSSCs based on nanocrystalline TiO2 films by Nakajima et al. [1] and Prajongtat
et al. [5] as well as compound 2c by Zhang and Cole [8], and they have been chosen for comparison. Three
other dyes were not used in DSSCs before.

Figure 1. Reaction pathway for obtaining azo dyes derived from: benzoic acid (2) and cinnamic acid (5).
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The effects of the electron-donating capability of three commonly used units in the DSSC molecule
framework, namely hydroxynaphthyl, hydroxyphenyl, and N,N -dimethylphenyl, on photovoltaic performance
were compared for the first time. A detailed analysis of the azo-hydrazone tautomerism enabled the identification
of structural and electronic features relevant for the application of DSSCs. The presented investigation of the
photosensitizer performance of the synthesized compounds, coupled with a detailed quantum chemical study,
affords guidelines for the preparation of new and more effective azo dye candidates for DSSCs.

2. Experimental section

2.1. Materials and methods
All reagents and solvents used for obtaining the targeted compounds were purchased from companies such as
Macron, Acros, and Aldrich and were used without further purification. The melting points of all compounds
synthesized in the present study were obtained using an Electrothermal melting point apparatus. The UV
absorption spectra of the dye molecules were recorded on a UV-VIS 1700 Shimadzu spectrophotometer at room
temperature. All dyes were dissolved in spectral grade solvents, whereby the optical properties of the dyes were
monitored within the wavelength range of 220–650 nm. The concentration of all dye solutions was uniform (5
× 10−5 M). FT-IR spectra were recorded using a BOMEM MB-Series spectrophotometer, within the spectral
resolution range of 400–4000 cm−1 using KBr pellets. NMR characterization was performed on a Bruker Ascend
400 apparatus in pure DMSO, whereby 1H NMR and 13C NMR spectral data were gained at 400 and 100 MHz,
respectively, using tetramethylsilane (TMS) as an internal standard.

2.2. The preparation of electrodes and DSSC performance testing

The DSSC assembly was made by modified procedures [8,9]. FTO glass substrates (MTI Co.) with a deposited
TiO2 (Ti-Nanoxide D/SP, Solaronix) nanoporous layer were initially washed with detergent and water and
then rinsed with ethanol. A monolayer of TiO2 /Pt paste (14 µm) was applied on a well-dried FTO glass
in perpendicular shape of area 0.25 cm2 by doctor blade technique. Sintering of TiO2 and firing platinum
(Platisol T/SP, Solarnonix) layer was performed by gradually heating coated glass substrates on a hot plate to
480–485 ◦C. After the glass substrates with the deposited TiO2 layer were cooled to ∼50 ◦C, the dyeing of
photoelectrodes was performed by immersing the TiO2 -coated glass into the specified 0.5 mM solution of the
dyes and left as such for 24 h. The azo dyes were previously dissolved in 96% ethanol and the dye solution was
sonicated, boiled, and, after cooling to the room temperature, centrifuged. After the time spent in solution, the
glass substrates were slightly rinsed with ethanol, dried, and 2–3 drops of electrolyte (Iodolyte Z-150, Solaronix)
were applied to the TiO2 site before DSSC assembly.

After the DSSC unit had been assembled, it was subjected to illumination (Osram halogen lamp, 120
V/300 W, 100 mW/cm2) in order to record JSC –VOC curves (displayed in Section 3) and to determine the
basic operating parameters of the solar cell, such as JSC , VOC , fill factor (ff), and solar-cell efficiency (η) ,
consequently.

2.3. Quantum chemical investigation—a DFT analysis

To comprehend the relationship between electronic structure on the physicochemical properties of the targeted
dyes, DFT analysis was performed. All calculations were carried out with the program Gaussian 09 [10].
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The structures of dye molecules were optimized using the B3LYP functional [11] and M06-2X [12] with 6-
311++G(d,p) basis set. The M06-2X [12] functional was chosen to simulate the absorption spectra of dyes and
CT indexes. The absorption spectra of the dyes were simulated using TD-DFT and the solvent effect (ethanol)
was undertaken using the conductor-like polarizable continuum model (CPCM) [13].

2.4. Synthesis of dye molecules

All azo dyes were obtained by following the synthetic routes presented in Figure 1. Dye molecules derived
from benzoic acid were prepared by modified procedures [14,15]. Azo dyes with the cinnamic acid moiety were
prepared by a five-step synthetic route. 4-Nitrocinnamic acid (3A) was prepared from 4-nitrobenzaldehyde
(3) according to a literature procedure [16]. This acid was then esterified to obtain the methyl ester of 4-
nitrocinnamic acid (3B) [17] followed by reduction to produce methyl 4-aminocinnamate (3C) [18]. The targeted
azo dyes (5a–c) were synthesized via a diazotation reaction of the given amino ester followed by a coupling
reaction of the resulting diazonium salt with the corresponding coupling reagents, which was subsequently
hydrolyzed [19].

2.4.1. Synthesis of 4-(4-substitutedphenylazo)benzoic acids

2.4.1.1. Synthesis of 4-(2-hydroxynaphthalen-1-ylazo)benzoic acid (2a)

4-Aminobenzoic acid (1) (0.500 g, 3.65 mmol) was dissolved in 25% HCl solution (10.0 mL of hydrochloric acid
in 30.0 mL of water) and the mixture was stirred in an ice bath until the reaction temperature reached 0 ◦C.
To such prepared solution, the previously cooled aqueous solution of NaNO2 (0.252 g, 3.65 mmol of NaNO2 in
5.00 mL of dist. water) was added dropwise at 0 ◦C. The mixture was stirred further for 15 min after the last
portion of NaNO2 solution had been added. To the aqueous solution of NaOH (36.5 g, 0.913 mol of NaOH in
20.0 mL of dist. water), in which 2-hydroxynaphthalene (0.526 g, 3.65 mmol) was dissolved, the solution of the
previously prepared diazonium salt was added dropwise, keeping the temperature range between –2 and 0 ◦C.
The resulting mixture was stirred for about 1 h in an ice bath and then 2 h at room temperature. The pH value
of the total solution was leveled to 6–7 using 10% aqueous solution of sodium bicarbonate. The product was
filtered and dried over a vacuum and recrystallized from acetic acid, giving a yield of 65%; mp = 287–288 ◦C;
FT-IR (KBr, ν /cm−1) : 3444 (OH + NH), 1677 (C=O, COOH), 1625 (C=O), 1604 (C=C, C6H4) , 1504 and
1430 (C=N); 1H NMR (400 MHz, DMSO-d6 , δ/ppm): 15.88 (1H, s, NH), 8.47 (1H, d, J = 8.0 Hz, C10H6) ,
8.06 (2H, d, J = 8.8 Hz, C6H4) , 7.95 (1H, d, J = 9.6 Hz, C10H6) , 7.87 (2H, d, J = 8.8 Hz, C6H4) , 7.75 (1H, d,
J = 7.6 Hz, C10H6) , 7.62 (1H, ddd, J = 7.6 Hz; 0.8 Hz, C10H6) , 7.48 (1H, ddd, J = 7.4 Hz; 1.2 Hz, C10H6) ,
6.80 (1H, d, J = 9.6 Hz, C10H6) ; 13C NMR (100 MHz, DMSO-d6 , δ/ppm): 175.78 (COOH), 167.35 (C=O),
147.01 (C10H6) , 142.54 (C6H4) , 133.20 (C10H6) , 131.52 (2C, C6H4) , 130.60 (C10H6) , 130.00 (C10H6) ,
129.67 (C10H6) , 129.58 (C10H6) , 128.55 (C10H6) , 127.23 (C10H6) , 125.85 (C10H6) , 122.21 (C6H4) , 117.91
(2C, C6H4) .

2.4.1.2. Synthesis of 4-(4-hydroxyphenylazo)benzoic acid (2b)

The same synthetic procedure as the one for compound 2a was applied: 4-Aminobenzoic acid (0.500 g, 3.65
mmol), 25% aqueous solution of HCl (30.0 mL), NaNO2 (0.250 g, 3.62 mmol) in water (5.00 mL); phenol (0.350
g, 3.72 mmol), NaOH (2.00 g, 0.0500 mol) in 20.0 mL of water. Yield 68%; mp = 258–260 ◦C; FT-IR (KBr,
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ν /cm−1) : 3237 (OH), 1688 (C=O, COOH), 1604 (C=C, C6H4) , 1505 (N=N); 1H NMR (400 MHz, DMSO-d6 ,
δ/ppm): 11.77 (1H, s, COOH), 8.19 (2H, d, J = 8.4 Hz, C6H4) , 7.97–7.92 (4H, m, C6H4) , 7.06 (2H, d, J =
8.8 Hz, C6H4) ; 13C NMR (100 MHz, DMSO-d6 , δ/ppm): 167.32 (COOH), 162.15 (C6H4) , 155.00 (C6H4) ,
146.77 (C6H4) , 132.56 (C6H4) , 131.03 (2C, C6H4) , 125.79 (2C, C6H4) , 122.55 (2C, C6H4) , 116.56 (2C,
C6H4) .

2.4.1.3. Synthesis of 4-[4-(N,N-dimethylamino)phenylazo]benzoic acid (2c)

The synthetic procedure was the same as the one described for compound 2a. 4-Aminobenzoic acid (0.500 g, 3.65
mmol), 50% HCl solution (30.0 mL), NaNO2 (0.252 g, 0.365 mmol) in 5.00 mL of water; N,N -dimethylaniline
(0.465 mL, 3.67 mmol) in 25% aqueous solution of HCl. Yield 45%; mp = 249–250 ◦C; FT-IR (KBr, ν /cm−1) :
3433 (OH), 1682 (C=O, COOH), 1597 (C=C, C6H4) , 1521 (N=N); 1H NMR (400 MHz, DMSO-d6 , δ/ppm):
13.17 (1H, s, COOH), 8.15 (2H, d, J = 8.4 Hz, C6H4) , 7.92–7.89 (4H, m, C6H4) , 6.91 (2H, d, J = 9.2 Hz,
C6H4) , 3.15 (6H, s, CH3) ; 13C NMR (100 MHz, DMSO-d6 , δ/ppm): 167.40 (COOH), 155.51 (C6H4) , 153.44
(C6H4) , 144.13 (C6H4) , 131.40 (C6H4) , 130.97 (2C, C6H4) , 125.74 (2C, C6H4) , 122.20 (2C, C6H4) , 112.04
(2C, C6H4) , 40.30 (2C, N(CH3)2) .

2.4.2. Synthesis of 4-arylazocinnamic acids

All of the targeted 4-arylazocinnamic acids were obtained by modified synthetic procedures [14,15,20–24]. FT-
IR, 1H NMR, and 13C NMR results of 3A–C correspond to those in the literature [20,23,24].

2.4.2.1. Synthesis of 4-nitrocinnamic acid (3A)

A mixture of 4-nitrobenzaldehyde (3) (25.0 g, 165 mmol), sodium acetate (19.7 g, 229 mmol), and acetic
anhydride (34.7 g, 340 mmol) was put in a 500-mL round-bottomed flask equipped with a stirrer and a condenser
and heated in an oil bath (180 ◦C). The mixture was held as such for about 13 h, whereby the content of the
flask was well stirred. After the reaction product had been obtained, it was cooled slightly and then poured
into 300–400 mL of water, after which suction via a Buchner funnel was performed, followed by several rinses
with distilled water and a 10% ammonia solution. The solid was again washed with distilled water and taken
to drying, giving a yield of 60%; mp = 274–277 ◦C.

2.4.2.2. Synthesis of methyl 4-nitrocinnamate (3B)

4-Nitrocinnamic acid (3A) (13.7 g, 77.3 mmol), anhydrous methanol (350 mL), and sulfuric acid (10.0 mL) were
poured into a 500-mL round-bottom flask equipped with a stirrer and a condenser and heated in an oil bath (200
◦C). The mixture was energetically stirred and heated for about 8 h. After the reaction had finished (which
could be seen by the formation of white crystals by cooling), the excess of methanol was removed via distillation
of the mixture. The product, which still contained a significant amount of methanol, was extracted from the
mixture using chloroform and a 10% aqueous solution of sodium bicarbonate. The product was recrystallized
from ethanol to give a yield of 73%; mp = 98–101 ◦C.
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2.4.2.3. Synthesis of methyl 4-aminocinnamate (3C)

Methyl 4-nitrocinnamate (3B) (10.0 g, 48.3 mmol), methanol (210 mL), distilled water (25.0 mL), and ammo-
nium chloride (4.43 g, 82.8 mmol) were put into a 250-mL round-bottom flask equipped with a magnetic stirrer.
Zinc dust (31.6 g, 0.483 mol) was added gradually, taking care that the reaction mixture did not overheat. After
the whole portion of zinc dust was added, the flask was equipped with a condenser and gradually heated in an
oil bath. The reaction mixture was kept at reflux temperature for about 5 h. After the reaction had finished,
the product was filtered by suction and then extracted using chloroform and a 10% aqueous solution of sodium
bicarbonate. The crude product was recrystallized from diethyl ether to give a yield of 70%; mp = 109–111 ◦C.

2.4.2.4. Synthesis of methyl 4-(2-hydroxynaphthalen-1-ylazo)cinnamate (4a)

To a solution of methyl 4-aminocinnamate (3C) (0.500 g, 2.82 mmol), hydrochloric acid (1.45 mL), and water
(100 mL), previously cooled to 0 ◦C, a clear cooled solution of sodium nitrite (0.950 g, 13.8 mmol) in 10.0 mL
of water was added dropwise, maintaining the noted temperature. 2-Hydroxynaphthalene (0.505 g, 3.50 mmol)
was dissolved in aqueous NaOH (0.210 g, 5.25 mmol, in 5.00 mL of water) and well stirred until the temperature
of the clean solution reached 0 ◦C. To this solution was added a solution of diazonium salt dropwise, maintaining
the temperature at 0 ◦C. After the whole portion of diazonium salt was added, the mixture was stirred for about
30 min in an ice bath and then for 2 h at room temperature. The product was collected by vacuum filtration
and left to dry. Yield 78%; mp = 158–161 ◦C; FT-IR (KBr, ν /cm−1) : 3445 (NH), 1715 (C=O, COOH),
1632 (C=O, COOCH3 + C=C, CH=CH), 1600 (C=C, C6H4) , 1499 and 1436 (C=N); 1H NMR (400 MHz,
DMSO-d6 , δ/ppm): 15.85 (1H, s, NH), 8.50 (1H, d, J = 8.4 Hz, C10H6) , 7.94 (1H, d, J = 9.6 Hz, C10H6) ,
7.88–7.83 (4H, m, C6H4) , 7.76 (1H, d, J = 7.6, C10H6) , 7.70 (1H, d, J = 16.0 Hz, CH=CH), 7.63–7.59 (1H, m,
C10H6) , 7.49–7.45 (1H, m, C10H6) , 6.84 (1H, d, J = 9.2 Hz, C10H6) , 6.68 (1H, d, J = 16.0 Hz, CH=CH), 3.75
(3H, s, CH3) ; 13C NMR (100 MHz, DMSO-d6 , δ/ppm): 173.21 (C=O, ester), 167.15 (C=O), 145.98 (C10H6) ,
144.08 (CH=CH), 141.69 (C6H4) , 133.23 (C10H6) , 133.17 (C10H6) , 130.48 (2C, C6H4) , 130.31 (C10H6) ,
129.83 (C10H6) , 129.54 (C10H6) , 128.45 (C10H6) , 126.86 (C10H6) , 125.26 (C10H6) , 122.09 (C10H6) , 119.01
(2C, C6H4) , 118.13 (CH=CH), 51.95 (CH3) .

2.4.2.5. Synthesis of methyl 4-(4-hydroxyphenylazo)cinnamate (4b)

Methyl 4-aminocinnamate (3C) (0.500 g, 2.82 mmol), hydrochloric acid (0.920 mL), and water (100 mL) were
put into a 100-mL beaker equipped with a magnetic stirrer and mixed in an ice bath (0 ◦C) to complete
solution. The aqueous solution of sodium nitrite (0.140 g NaNO2 in 5.00 mL of water), previously well mixed
and cooled, was added dropwise. The whole mixture was cooled to 0 ◦C and added dropwise to the aqueous
solution of phenol (0.310 g, 3.29 mmol) in KOH (0.540 g, 9.62 mmol in 25.0 mL of dist. water), recently cooled
to 0 ◦C as well. After the diazotation was carried out, the reaction mixture was further stirred for about 2
h at room temperature. The product was collected by filtration and recrystallized from ethanol and water to
give a yield of 54%; mp > 320 ◦C; FT-IR (KBr, ν /cm−1) : 3426 (OH), 1686 (C=O, COOCH3) , 1627 (C=C,
CH=CH), 1592 (C=C, C6H4) , 1505 (N=N); 1H NMR (400 MHz, DMSO-d6 , δ/ppm): 10.51 (1H, s, OH),
7.99 (2H, d, J = 8.8 Hz, C6H4) , 7.92–7.89 (4H, m, C6H4) , 7.81 (1H, d, J = 16.0 Hz, CH=CH), 7.03 (2H, d,
J = 8.8 Hz, C6H4) , 6.82 (1H, d, J = 16.4 Hz, CH=CH), 3.82 (3H, s, CH3) ; 13C NMR (100 MHz, DMSO-d6 ,
δ/ppm): 167.03 (C=O, COOCH3) , 161.85 (C6H4) , 153.40 (C6H4) , 145.81 (C6H4) , 143.99 (CH=CH), 136.32
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(C6H4) , 129.99 (2C, C6H4) , 125.62 (2C, C6H4) , 123.04 (2C, C6H4) , 119.42 (CH=CH), 116.51 (2C, C6H4) ,
52.05 (CH3) .

2.4.2.6. Synthesis of methyl 4-[4-(N ,N-dimethyl)phenylazo]cinnamate (4c)

N,N -Dimethylaniline (0.360 mL, 2.82 mmol) was dissolved in a 30% aqueous solution of hydrochloric acid
(25.0 mL) and left stirring in an ice bath until the temperature reached 0 ◦C. At this temperature, a previously
made and cooled solution of diazonium salt was added dropwise, keeping the temperature within a range of –2
to 0 ◦C. Diazonium salt was prepared in the same manner as for compounds 4a and 4b. The crude product,
collected by filtration, was recrystallized from DMSO to give a yield of 44%; mp = 187–190 ◦C; FT-IR (KBr,
ν /cm−1) : 1703 (C=O, COOCH3) , 1631 (C=C, CH=CH), 1601 (C=C, C6H4) , 1518 (N=N); 1H NMR (400
MHz, DMSO-d6 , δ/ppm): 7.88 (2H, d, J = 8.4 Hz, C6H4) , 7.83–7.79 (4H, m, C6H4) , 7.73 (1H, d, J = 16.0
Hz, CH=CH), 6.85 (2H, d, J = 8.8 Hz, C6H4) , 6.72 (1H, d, J = 16.0 Hz, CH=CH), 3.75 (3H, s, CH3) , 3.08
(6H, s, N(CH3)2) ; 13C NMR (100 MHz, DMSO-d6 , δ/ppm): 167.09 (C=O, COOCH3) , 153.93 (C6H4) , 153.29
(C6H4) , 144.18 (C6H4) , 143.20 (CH=CH), 135.37 (C6H4) , 129.94 (2C, C6H4) , 125.56 (2C, C6H4) , 122.70
(2C, C6H4) , 118.83 (CH=CH), 112.08 (2C, C6H4) , 51.96 (CH3 , COOCH3) , 40.32 (2C, N(CH3)2) .

2.4.2.7. Synthesis of 4-(4-hydroxyphenylazo)cinnamic acid (5a)

Methyl 4-(4'-hydroxyphenylazo)cinnamate (4a) (55.0 mg, 0.195 mmol) was added in a round-bottom flask along
with previously dissolved KOH (5.05 g, 90.0 mmol) in ethanol (30.0 mL) and well mixed at reflux temperature
for about 13 h. After the hydrolysis was done, which was monitored on TLC (CH2Cl2/MeOH = 19/1), the
reaction mixture was poured into 100 mL of water, acidified, left overnight, and after that filtered over a vacuum.
The crude product was recrystallized from acetic acid to give a yield of 72%; mp = 285–287 ◦C; FT-IR (KBr,
ν /cm−1) : 3434 (OH + NH), 1675 (C=O, COOH), 1625 (C=C, CH=CH + C=O), 1600 (C=C, C6H4) , 1501
and 1431 (C=N); 1H NMR (400 MHz, DMSO-d6 , δ/ppm): 15.84 (1H, s, NH), 12.42 (1H, s, COOH), 8.48 (1H,
d, J = 8.0 Hz, C10H6) , 7.93 (1H, d, J = 9.6 Hz, C10H6) , 7.83 (4H, s, C6H4) , 7.74 (1H, d, J = 8.0 Hz, C10H6) ,
7.63 (1H, d, J = 16.0 Hz, CH=CH), 7.60 (1H, t, J = 7.6 Hz, C10H6) , 7.46 (1H, t, J = 7.4 Hz, C10H6) , 6.84
(1H, d, J = 9.6 Hz, C10H6) , 6.57 (1H, d, J = 16.0 Hz, CH=CH); 13C NMR (100 MHz, DMSO-d6 , δ/ppm):
172.71 (COOH), 168.03 (C=O), 145.85 (C10H6) , 143.47 (CH=CH), 141.52 (C6H4) , 133.59 (C10H6) , 133.16
(C10H6) , 130.28 (2C, C6H4) , 130.23 (C10H6) , 129.78 (C10H6) , 129.50 (C10H6) , 128.42 (C10H6) , 126.78
(C10H6) , 125.13 (C10H6) , 122.03 (C10H6) , 119.65 (CH=CH), 119.09 (2C, C6H4) .

2.4.2.8. Synthesis of 4-(2-hydroxynaphhalen-1-ylazo)cinnamic acid (5b)

The procedure for obtaining 4-(2-hydroxynaphthalene-1-ylazo)cinnamic acid was the same as that for obtaining
compound 5a. Quantities of reactives were: 50.0 mg (0.156 mmol) of methyl 4-(2-hydroxynaphthalen-1-
ylazo)cinnamate (4b), KOH (5.05 g, 90.0 mmol), and ethanol (30.0 mL). Yield 59%; mp = 246–249 ◦C;
FT-IR (KBr, ν /cm−1) : 3403 (OH), 3238 (OH, COOH), 1692 (C=O, COOH), 1625 (C=C, CH=CH), 1588
(C=C, C6H4) , 1503 (N=N); 1H NMR (400 MHz, DMSO-d6 , δ/ppm): 12.34 (1H, s, COOH), 10.55 (1H, s,
OH), 7.96 (2H, d, J = 8.4 Hz, C6H4) , 7.92–7.89 (4H, m, C6H4) , 7.74 (1H, d, J = 16.0 Hz, CH=CH), 7.05
(2H, d, J = 8.8 Hz, C6H4) , 6.71 (1H, d, J = 16.0 Hz, CH=CH); 13C NMR (100 MHz, DMSO-d6 , δ/ppm):
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172.45 (COOH), 167.88 (C6H4) , 153.28 (C6H4) , 145.81 (C6H4) , 143.35 (CH=CH), 136.59 (C6H4) , 129.79
(2C, C6H4) , 125.55 (2C, C6H4) , 123.04 (2C, C6H4) , 120.91 (CH=CH), 116.52 (2C, C6H4) .

2.4.2.9. Synthesis of 4-(4-(N ,N-dimethylamino)phenylazo)cinnamic acid (5c)

For obtaining 4-[4'-(N,N -dimethylamino)phenyl-azo]cinnamic acid a similar synthetic procedure as the one
for compound 5a was performed. A mixture of methyl 4-[4'-(N,N -dimethyl)phenylazo]cinnamate (4c, 50.0
mg, 0.161 mmol), KOH (5.05 g, 90.0 mmol), and ethanol (35.0 mL) was poured into a round-bottom flask
and vigorously stirred under reflux for 21 h. The reaction was monitored by TLC. The crude product was
recrystallized from ethanol and water to give a yield of 43%; mp > 320 ◦C; FT-IR (KBr, ν /cm−1) : 1674
(C=O, COOH), 1622 (C=C, CH=CH), 1598 (C=C, C6H4) , 1518 (N=N); 1H NMR (400 MHz, DMSO-d6 ,
δ/ppm): 7.89 (2H, d, J = 8.8 Hz C6H4) , 7.86 (4H, s, C6H4) , 7.59 (1H, d, J = 16.0 Hz, CH=CH), 6.93 (2H,
d, J = 9.2 Hz, C6H4) , 6.73 (1H, d, J = 16.0 Hz, CH=CH), 3.16 (6H, s, N(CH3)2) ; 13C NMR (100 MHz,
DMSO-d6 , δ/ppm): 168.41 (COOH), 153.50 (C6H4) , 153.18 (C6H4) , 143.17 (C6H4) , 142.11 (CH=CH),
136.14 (C6H4) , 129.50 (2C, C6H4) , 125.48 (2C, C6H4) , 122.70 (2C, C6H4) , 122.24 (CH=CH), 112.06 (2C,
C6H4) , 40.32 (2C, N(CH3)2) .

3. Results and discussion
3.1. Tautomerism and solvatochromism of the dyes

Four of the six synthesized azo dye molecules theoretically exhibit azo-hydrazone tautomerism, due to the
presence of the hydroxy group in ortho- (2a and 5a) and para- (2b and 5b) positions to the azo bridge (Figure
2).

According to FT-IR data (Section 2), strong, wide bands for 2a and 5a can be noted at 3444 and 3434
cm−1 , which can be attributed to mutual –NH hydrazone and –OH carboxy stretchings. On the other hand,
wide bands at 3237 and 3238 cm−1 for 2b and 5b, respectively, originate from –OH stretchings of a carboxy
group, whereas, for 5b, a band at 3403 cm−1 is ascribed to –OH stretching of a phenolic group. The bands at
1500–1700 cm−1 are assigned to the stretching vibrations of C=O and C=N groups of dye molecules 2a and
5a. The existence of these bands in the FT-IR spectra confirms the hydrazone structure of dye molecules and
supports the literature data [25,26]. Moreover, compounds 2b and 5b show the absence of stretching of the
second carbonyl band, which would have originated from the noncarboxylic C=O group in the 1630–1700 cm−1

domain [27,28], if the mentioned azo dye molecules had been found as hydrazone tautomers. The bands at 1505
and 1503 cm−1 are assigned to –N=N– stretching vibrations for 2b and 5b, respectively [29,30].

The 1H NMR spectra of compounds 2a and 5a show solitary peaks at 15.93 and 15.84 ppm, respectively,
originating from the –NH group of hydrazone tautomer. Dye molecules 2b and 5b show no lone peaks in this
region and it can be assumed that they exist only as azo tautomers. Signals of peaks at 173.22 and 172.71 ppm
in the 13C NMR spectra for molecules of 2a and 5a, respectively, are ascribed to a carbonyl C atom present in
hydrazone form. The 13C NMR spectra of compounds 2b and 5b do not exhibit these peaks, supporting the
fact that in these dye molecules an azo tautomer is dominant. These data are consistent with those given in
the literature [31–33].

In 2a and 5a, there is a strong intramolecular hydrogen bond in both tautomers, forming a six-membered
pseudo ring within the molecules. The factor serving in favor of the hydrazone form is the fact that the
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Figure 2. Azo-hydrazone tautomerism in 5a and 5b (similar scheme can be depicted for compounds 2a and 2b).

intramolecular hydrogen bond is stronger than in the azo form due to higher bond polarities (Figure 2) [34–36].
The dominance of the azo form in phenylazo dyes 2b and 5b may be attributed to the loss of the aromatic
character of the ring in the hydrazone form, while in the case of hydroxyazonaphthalene dyes (2a and 5a) this
loss is limited to only one of the naphthalene rings. In light of this, the tautomers of 2a and 5a are expected
to be of similar stability and thus the equilibrium between azo and hydrazone forms is highly dependent on the
microenvironment of the particular tautomers [37,38].

Three solvents of different properties: ethanol, DMSO, and acetonitrile, were used to investigate the
solvatochromism of the six selected azo dye molecules (Figure 3). The experimentally obtained absorption
maxima, as well as molar extinction coefficient values, are given in Table 1.

It can be presumed from Figure 3 that strong absorption peaks of compounds in all three solvents arise
from π–π∗ transitions between two corresponding aryl rings. High-energy bands originate from n–π∗ electron
transitions between phenyl rings of benzoic/cinnamic acid and the bridging azo unit [37,38]. It can be noted
that all compounds derived from cinnamic acid (compounds 5a–c) are bathochromically shifted with respect
to those derived from benzoic acid (compounds 2a–c, respectively) due to extended conjugation. Molecule
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Figure 3. UV-Vis absorption spectra of the synthesized dye molecules in: a) ethanol, b) DMSO, and c) acetonitrile.

Table 1. Experimentally determined values for main absorption maxima and extinction coefficents for six synthesized
azo dyes in three different solvents.

Compound EtOH DMSO CH3CN
λmax, [nm] ε, [m2/mol] λmax, [nm] ε, [m2/mol] λmax, [nm] ε, [m2/mol]

2a 486 1612 485 2400 479 2074
2b 357 2278 370 1988 357 2238
2c 415 2716 453 2140 437 2702
5a 494 1748 501 2146 492 2216
5b 372 1356 381 2294 369 2586
5c 429 818 458 902 433 620

2a is bathochromically shifted with respect to 2b and 2c due to the better electron-donating effect of the
2-hydroxynaphthalene unit. There is an influence of intramolecular stabilization present in azo dye 2a, which
also contributes to the red-shifting of the same. The same trend can be noted within the 5a–c series. It can be
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noted that the UV-Vis spectra of 2a and 5a in all solvents have shoulders on both the lower and higher energy
sides, which is the consequence of azo-hydrazone tautomerism in these solutions (Figure 2).

Hydrochloric acid and solid sodium hydroxide were added dropwise to the ethanolic solutions of dye
molecules 2a and 5a in order to establish the influence of an acid/base on the equilibrium (Figures 4a and 4b).

Figure 4. Influence of HCl and NaOH added on absorption maximum of a) 2a and b) 5a.

It can be noted that the addition of acid only hyperchromically shifted the absorbance maxima of both
2a and 5a dye molecules. This is the indicator of hydrazone tautomer dominance in solution since it dominates
at lower pH [39]. On the other hand, the addition of NaOH stretched the peaks of both 2a and 5a molecules;
shoulders on the higher energy side of both molecules disappeared, while the main peaks as well as the peaks on
the lower energy side were hypsochromically shifted. Two new main absorption peaks emerged, centered at 456
nm and 469 nm for 2a and 5a, respectively, while the peaks from the higher wavelength shifted to 494 nm for
2a and 500 nm for 5a. Moreover, the intensity of the very same absorption peaks decreased (hypochromic shift
occurred). This phenomenon in the alkaline medium could be an indicator of deionization, i.e. the existence of
deprotonated species of both molecules 2a and 5a as presented in Figure 5 [33].

3.2. Photovoltaic measurements and computational study
3.2.1. DSSC operational performance simulation
Extensive work has been performed so far on the design and synthesis of the optimal azo dye molecule with
D–π–A structure since this type of structure has been shown as one of the most prominent molecular structures
for efficient photovoltaic performance [1,4,5,8]. Table 2 summarizes experimentally obtained data of structural
analogues of the investigated azo dyes in this paper bearing the same/similar backbone.

The JSC –VOC curves of DSSCs based on six azo dye molecules containing benzoic (2a–c) and cin-
namic acid moiety (5a–c), along with di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-
dicarboxylato)ruthenium(II) dye (N719) as the referent one, are presented in Figure 6. The rest of the
DSSCs'key operating parameters, such as maximum power (Pmax) , fill factor (ff), and conversion efficiency
(η) are calculated by Eqs. (1) and (2) and presented in Table 3 [41,42].

The shape of the JSC –VOC curve is determined by ff, which basically represents the ratio of theoretically
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Figure 5. Possible anion/dianion formation in ethanolic solution of 5a hydrazone tautomer in alkaline medium (similar
scheme can be presented for 2a).

Table 2. Reported data for some azo dye molecules.

Comp.

R1 = CH3 R2 = COOH [4] R1 = CH3 R2= COOH [8] R1 = CH2CH3 R2= NO2 [40] R3 = COOH [1] R3 = CH=CHCOOH [1] R3 = COOH [5] R3 = CH=CHCOOH [5]

EHOMO, [eV] cis- –5.76 cis- –5.30 –3.20 –8.792 –1.474 –6.05 –5.93
trans- –5.77 trans- –2.16

ELUMO, [eV] cis- –2.30 cis- –5.28 –5.60 –8.727 –1.502 –2.91 –2.95
trans- –2.63 trans- –1.91

ECB(TiO2), [eV] –4.10 –4.04 –4.94 / –3.98
EI−/I3−, [eV] –4.80 –4.94 –4.94 / –4.90
Package Gaussian 03 Gaussian 09 Gaussian 09 MOPAC7 Gaussian 09

Optimiz. method/ set PBE0/6-31+G∗∗ B3LYP and 3-21g∗/6-31g(d,p) B3LYP and 6-31+g(d,p) / B3LYP/6-31G(d,p) and
TD-B3LYP/6-311G(d,p) methods

Solvent/ Medium DMSO Vacuum / / /

obtainable maximum power and power achieved upon illumination of the DSSCs. The value of ff is on a scale
from 0 to 1, referring to total to no electrical and electrochemical losses occurring during the DSSC operation,
respectively. A higher value of ff means that the JSC –VOC curve will take a more rectangular form. This
parameter is theoretically presented in Eq. (1):

ff =
Jmp×Vmp

JSC×VOC
, (1)

where Jmp [mA/cm2 ] stands for short-current density at maximum power and Vmp [V] is voltage at maximum
power.
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Figure 6. Short-current density-voltage curves of DSSCs of six targeted azo dyes and N719 dye as a referent one.

Table 3. DSSC main parameter features for six azo dyes synthesized in this paper.

Compound JSC [mA/cm2] VOC [mV] ff Relative efficiency (η) vs. N719 [%]
N719 1.6 540 0.4 100
2a 0.283 200 0.28 4.57
2b 0.0182 7.7 0.22 0.00886
2c 0.0794 100 0.22 0.5
5a 0.884 380 0.4 40
5b 0.0839 200 0.37 1.77
5c 0.245 62 0.28 1.22

Total solar cell efficiency, i.e. energy-conversion efficiency, as one of the main indicators of operational
quality of DSSCs, can be calculated from Eq. (2):

η =
Pmax

Pin
=
JSC×VOC×ff

Pin
, (2)

where P in is the power of incident light (100 mW/cm2 at AM 1.5).
Values of energy-conversion efficiencies of the six synthesized azo dye molecules are expressed in percent-

ages related to the Ru-complex dye (N719), which is marked here as a compound with high energy-conversion
efficiency [43].

Dye molecules 2a and 5a showed a satisfactory yield of short-current densities, bearing in mind the high
potency of N719. Owing to a superior electron-donating effect of the 2-hydroxynaphthalene moiety, combined
with intramolecular stabilization through hydrogen bonding, these molecules will be considered substrates in
the further investigation for DSSC application.

1195



MATOVIĆ et al./Turk J Chem

3.2.2. DFT simulation analysis
For a better comprehension of electron charge transfer in the six synthesized azo dye molecules upon excitation,
DFT analysis was performed. Figure 7 shows electron distribution in the ground and excited states of a particular
azo dye molecule. It can be noted that frontier molecular orbitals (FMOs), highest occupied molecular orbitals
(HOMOs), and lowest unoccupied molecular orbitals (LUMOs) are spread over entire molecules in both series,
2a–c and 5a–c. The HOMOs are mainly located at hydroxynaphthyl (2a and 5a), hydroxyphenyl (2b and
5b), and N,N -dimethylaniline ring (2c and 5c), while the LUMOs are diffused over benzoic acid, i.e. cinnamic
acid moiety of the molecules. According to this, it can be concluded that, upon excitation, electron density
shifts from the electron-donor part of an individual molecule toward the electron-acceptor moiety of the same.

Figure 7. Distribution of frontier molecular orbitals (HOMO–LUMO) of individual azo dye molecules.

As it was mentioned earlier, a photosensitizer has to fulfill several basic conditions to become valid and
hence potent. For optimal electron injection, the LUMO energy level of the selected dye molecule must be
higher than that the energy level of the conduction band (CB) of TiO2 (around –4.00 eV). On the other hand,
the HOMO energy level must be lower than the energy value of I−/I−3 redox potential (around –4.80 eV) in
order for rapid reduction of the oxidized dye molecule to occur [4].

Figure 8 depicts the excitation energies of the selected azo dye molecules, calculated by B3LYP method in
a vacuum. It can be seen that all HOMO–LUMO energy gaps are within the range of roughly 2.90–3.60 eV, where
all LUMO–CB of TiO2 energy gap values are sufficient for generating enough driving force for effective electron
injection. In the same manner, all HOMO energy levels have lower values than I−/I−3 redox couple level, which
is crucial for the regeneration of the oxidized dye molecule and efficient charge separation. Within the 2a–c
series, molecule 2a has the lowest value of HOMO–LUMO energy gap, which is 3.01 eV for azo and 2.99 eV for
hydrazone tautomer (Figure 8). This datum is consistent with the fact that the absorbance maximum of this
molecule shows a bathochromic shift compared to the other two molecules within this series, 2b and 2c (Figure
3). Furthermore, molecule 2c has a slight increase in the energy gap value (3.08 eV). This can be attributed to
a lower electron-donating effect of the N,N -dimethylamino group compared to the 2-hydroxynaphthalene ring.
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Azo dye molecule 2b has the highest HOMO–LUMO energy gap value (3.57 eV), which is probably due to the
least electron-donating effect of the –OH group compared to the other two electron-donating moieties of the
selected compounds within the 2a–c series. The same trend can be seen within the 5a–c series, wherein dye
molecule 5a has the lowest energy gap value (2.88 and 2.84 eV for azo and hydrazone tautomer, respectively),
followed by 5c (2.91 eV) and 5b (3.31 eV). It can be noted that molecules from the 5a–c series have lower
HOMO–LUMO gap values compared to those from the 2a–c series, which can be attributed to the extended
conjugation in the substructure of cinnamic acid.

Figure 8. Molecular orbital energy level diagram (eV) of the synthesized azo dyes based on benzoic (2a–c) and cinnamic
acid (5a–c).

3.2.3. Other DFT simulation results
The additional DFT analysis is summarized in Tables 4 and 5. Hereby, several calculated data for parameters
such as maximum absorption wavelength (λmax) , excitation energy (Ex) , oscillator strengths (f), molecular
orbital contribution for excitation (MO), light harvesting efficiency (LHE), transferred charge, (qCT , e−) ,
charge transfer distance, (dCT ) , H and t indices in Å, and overlap integral are additionally computed for
selected azo dye molecules using Gaussian 09 at the TD-CPCM-M06-2X/6-311++G(d,p) level.

3.2.4. Correlation between the HOMO–LUMO energy gap (∆E), λmax , and Jsc

Supplemental information for quantum chemical calculation analysis from section 3.2.2. can be obtained from
the next correlation. Figure 9 depicts the dependence of experimentally obtained data for the HOMO–LUMO
energy gap (∆E) and a) short-circuit current densities (JSC) and b) λmax of the six synthesized azo dye
molecules. The HOMO–LUMO energy gap is closely related to the absorption maximum of a particular molecule;
the more the compound is red-shifted in the UV-Vis spectrum the lower the HOMO–LUMO energy gap of that
molecule will be (less energy will be needed than for the electron excitation after photon has been absorbed by
molecule) [44]. In relation to that, by extending the π -conjugation of the particular molecule, the excitation
energy will be decreased as well and thus a bathochromic shift will occur. Lowering of the HOMO–LUMO
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Table 4. Computed λmax , Ex , f, MO, and LHE of six synthesized azo dyes at the TD-CPCM-M06-2X/6-311++G(d,p)
level.

Dye Tautomer State Ex [eV] λmax [nm] MO contribution f LHE

2a Azo S0 → S2 3.12 397.6 H → L (96%) 0.73 0.81
Hydrazo S0 → S1 3.00 413.3 H → L (98%) 0.73 0.82

2b S0 → S2 3.69 336.1 H → L (95%) 1.12 0.92
2c S0 → S2 3.11 398.9 H → L (94%) H → L+1 (2%) 1.26 0.94

5a Azo S0 → S2 3.04 408.1 H → L (94%) 1.03 0.91
Hydrazo S0 → S1 2.88 430.0 H → L (96%) 1.00 0.90

5b S0 → S2 3.51 353.1 H → L (94%) H-2 → L+1 (2%) 1.51 0.97
5c S0 → S2 3.02 410.0 H → L (90%) H → L+1 (5%) 1.55 0.97

Table 5. Computed qCT , dCT , H, and t indexes in Å and overlap integral of six synthesized azo dyes at the TD-
CPCM-M06-2X/6-311++G(d,p) level.

Dye Tautomer State qCT dCT H t Overlap

2a Azo S0 → S2 0.54 2.44 3.25 1.42 0.88
Hydrazo S0 → S1 0.47 1.04 3.20 2.24 0.96

2b Azo S0 → S2 0.56 2.66 3.20 1.31 0.89
2c Azo S0 → S2 0.66 3.74 3.62 1.48 0.85

5a Azo S0 → S2 0.52 2.18 3.58 1.68 0.91
Hydrazo S0 → S1 0.49 1.18 3.53 2.40 0.97

5b Azo S0 → S2 0.52 2.07 3.80 1.94 0.95
5c Azo S0 → S2 0.65 3.96 4.09 1.34 0.87

energy gap causes a decrease in the LUMO (dye)–CB (TiO2) gap, resulting in a quicker electron injection.
Furthermore, the decrease in the HOMO–LUMO gap lowers the gap between the HOMO of the dye and the
I−/I−3 redox couple plateau, thus increasing the reduction rate of the oxidized dye molecule from the redox
couple. Both phenomena affect the higher values of a short-circuit current and therefore conversion efficiency
of DSSCs [45].

From Figure 9 it can be observed that molecules 5a–c possess lower values of ∆E and hence higher values
of both λmax and JSC with respect to the corresponding compound with the same electron-donating group
from series 2a–c. As it was explained above, this stems from the fact that extended conjugation, provided by
the cinnamic acid moiety in 5a–c, red-shifts the absorbance maxima of the particular molecule, thus resulting
in lower excitation energy and hence higher values of generated short-circuit current upon illumination of the
molecules. Owing to the greater electron-donating effect of the 2-hydroxynaphthalene unit compared to –
N(CH3)2 and –OH functional groups in 5c and 5b, respectively, as well as additional stabilization due to the
intramolecular hydrogen bond, azo dye molecule 5a is red-shifted with respect to other molecules within this
series. This results in lower values of ∆E and higher values of JSC with respect to 5b and 5c. In the same
manner, the better electron-donating effect of the N,N -dimethylamino group over a hydroxy group provides
lower values of ∆E for 5c over 5b. The same trend can be noted within the 2a–c series.
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Figure 9. Correlation between HOMO–LUMO energy gap (∆E) vs. a) short-circuit current density (JSC) and
b) λmax .

3.2.5. LUMO orbital energy vs. short-circuit current investigation

As a continuation of the previous discussion, a correlation of LUMO orbital energy values (ELUMO) with JSC

values of the synthesized molecules (Figure 10) can be made. As mentioned before, an energy level coupling
between the LUMO of the particular molecule and the CB of TiO2 is essential for optimum electron injection,
and hence for solar cell performance [45]. According to that, a lower LUMO energy level should provide better
(quicker) electron injection to the CB of TiO2 , since the LUMO–CB energy gap, in that case, will be lower and
hence able to provide better electronic communication between these two energy plateaus [45]. As it can be
noted from Figure 10, dye molecules 2a and 5a yielded the highest values of JSC , which can be attributed to the
fact that they possess the lowest values of ELUMO . By comparing the compounds within the series, compound
2a possesses the lowest value of ELUMO (followed by 2b and 2c, respectively), which is reflected in the highest
JSC . A similar trend can be noted within the 5a–c series. On the other hand, by comparing molecules with
the same electron-donating group from different series, it can be seen that molecules with extended conjugation
(5a–c) have lower values of ELUMO and hence higher values of JSC with respect to those delivered from benzoic
acid (2a–c).

4. Conclusion
The replacement of the benzoic acid moiety with the cinnamic acid moiety effectively extends the π -conjugation
within the molecules, thus reducing the HOMO–LUMO gap of these chromophores and shifting the absorption
maxima to higher wavelengths. The introduction of an electron-donating substituent has a similar effect,
by which bathochromic shift depends on the electron-donating aptitude of individual functional groups and
therefore the amount of generated JSC . Hydrazone tautomers of (2-hydroxynaphthaleneazo)benzoic acid (2a)
and (2-hydroxynaphthaleneazo)cinnamic acid (5a) are red-shifted with respect to the other azo dye molecules
due to extended π -conjugation in the backbone of the molecule as well as additional stabilization provided by
hydrogen bonding between the azo bridge and (the oxygen atom of) the naphthalene ring, which resulted in a
higher yield of JSC . It is shown that the amount of generated photocurrent depends on the HOMO–LUMO
energy gap as well. Within the series of selected azo dye molecules, it is found that a larger amount of JSC will
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Figure 10. Correlation between LUMO orbital energies (ELUMO) and short-current densities (JSC) of six synthesized
azo dye molecules.

be generated if the HOMO–LUMO energy gap is lower, which is determined by the stability of the molecule
and the electron-donating effect of the individual functional group. Thus, it is shown that the amount of
generated JSC decreases in a series: 5a > 5c > 5b and 2a > 2c > 2b. On the other hand, by comparing
molecules from different series with the same electron-donating group, it is concluded that molecules with the
cinnamic acid moiety generate higher short-circuit currents with respect to those that contain the benzoic acid
moiety. This feature can be attributed to the fact that extended conjugation lowers the HOMO–LUMO gap,
which contributes to higher JSC generation due to better electronic communication between energetic levels of
titania, dye molecule, and electrolyte. In general, the JSC values obtained for compounds bearing the cinnamic
acid moiety (5a–c) are higher than those of the corresponding compounds containing the benzoic acid moiety
(2a–c).
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