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Abstract Three new chromophores based on the tripheny-

lamine (MM, DM, DN) with various novel electron with-

drawing anchoring groups have been synthesized for use in

dye-sensitized solar cells (DSSCs). The sensitizers were

characterized by 1H and 13C NMR, Mass, UV–Vis, and

electrochemical analysis. The HOMO and LUMO electron

distributions of the sensitizers were calculated using density

functional theory on a B3LYP level for geometry optimiza-

tion. The DSSC device based on DM dye showed the best

photovoltaic performance among MM and DN dyes: maxi-

mum monochromatic incident photon-to-current conversion

efficiency (IPCE) of 98 %, short circuit current (JSC) of

4.58 mA/cm2, open circuit voltage (VOC) of 0.62 V, fill factor

(FF) of 0.77, and overall power conversion efficiency (PCE)

of 2.01 %. The results reveal that the difference in number and

type of anchoring groups of the dyes significantly influence

the photovoltaic performance of their DSSCs.

1 Introduction

Since the beginning of the 21st century, depletion of fossil

fuel reserve and global warming have become important

worldwide issues, which motivate researcher for tremen-

dous growth of investigations on environmental friendly

new energy sources as well as more efficient energy con-

version and storage.

It is well-known that solar energy is the largest renewable

carbon-free resource. Among the devices that can convert

solar energy into electricity, dye-sensitized solar cells

(DSSCs) have gained widespread interest due to their high-

energy conversion efficiency and low production cost [1].

Although the conventional ruthenium-based sensitizers (such

as N3/N719) [2, 3] and the black dye [4] hold the record of the

solar-energy-to-electricity conversion efficiencies of 11 %

under AM 1.5 irradiation, they are expensive and hard to

purify relative to metal-free organic sensitizers. On the other

hand, DSSCs based on metal-free organic dyes have many

advantages in lower cost, easier structural modification, and

higher molar extinction coefficient of the dyes, and conse-

quently, they have been considered as an excellent alternative

for organometallic complex-based DSSCs. Conversion effi-

ciency surpassing 10 % has been demonstrated for a metal-

free sensitizer based DSSC [5]. Still, a more strategic

molecular design of organic sensitizers is required to achieve

higher efficiency (g) values. The requirements [6–8] of effi-

cient sensitizers for use in DSSCs include (a) wide absorption

range and high absorption coefficient that give high light

harvesting efficiency, (b) excited-state redox potential should

match the energy of the conduction band, (c) light excitation

associated with vectorial electron flow from the light-har-

vesting moiety of the sensitizer towards the surface of the

semiconductor, (d) conjugation across the donor and the

anchoring group, (e) good anchoring group and, (f) electronic

coupling between the lowest unoccupied molecular orbital

(LUMO) of the sensitizer and the TiO2 conduction band. The

major factors that result in low conversion efficiency of many

organic sensitizers in the DSSCs are (a) the aggregation of

sensitizer on the semiconductor surface and (b) recombination

of conduction-band electrons with the iodide/triiodide redox
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mediator [9]. The organic dyes commonly consist of conju-

gated systems comprising donor, linker, and acceptor groups

(i.e., a D–p–A molecular structure). Their various properties

could be finely tuned by altering independently or matching

the different groups of D–p–A dyes. Triphenylamine, fluo-

rene, thiophene, indoline, merocyanine, coumarin, etc. have

been employed as donor units in the development of metal-

free sensitizers and exhibit promising device characteristics

[10–13]. The excellent stability, electron-donating ability and

aggregation resistance due to a non-planar molecular config-

uration of especially triphenylamine (TPA)-based sensitizers

have made them prospective candidates for DSSC applica-

tions. The reduced aggregation of TPA-based sensitizers

facilitates the ultrafast interfacial electron injection from

excited dye molecules to the conduction band of the semi-

conductor. Secondly, the recombination of injected electrons

with the redox couple can be suppressed, due to the propeller-

shaped TPA molecular structure. In addition, the oxidized

TPA unit is spatially conveniently placed for the approach of

the redox couple species, ensuring fast dye regeneration.

In this article we designed three (D–p–A) sensitizers

with triphenylamine as the donor, meldrum’s acid and

4-nitrophenylacetic acid as acceptor/anchor. All the new

triphenylamine dyes were synthesized and characterized by

spectroscopic techniques. The impact of different anchor-

ing groups on the photophysical and photochemical prop-

erties were analysed using absorption and cyclic

voltammetric measurements. Photovoltaic parameter such

as short circuit current density (JSC) and open circuit

voltage (VOC) is found to be significantly varied by

changing the anchoring unit (Fig. 1).

2 Experimental section

2.1 Equipments and materials

1H and 13C NMR spectra were recorded on Bruker 400

Ultrasheild NMR and CDCl3 or DMSO-d6 was used as

solvent. In some cases, Bruker Avance ultra shields

500 MHz were used. FT-IR spectra were recorded in the

matrix of KBr with JASCO FT-IR-680 plus spectrometer.

Elemental analyses were performed with a Heraeus CHN-

O-Rapid analyzer. Mass spectra of the products were

obtained with a HP (Agilent technologies) 5937 Mass

Selective Detector. Melting points were measured on an

elecrtothermal KSB1 N apparatus. Chemicals were pur-

chased from Aldrich, Fluka and Merck chemical

companies.

2.2 Synthesis and characterization of compounds

The starting materials 4-formaltriphenylamine (FTPA),

4,40-(diformaltriphenylamine (DFTPA), were prepared by

adopting literature procedure [14].

2.2.1 Synthesis of 5- (4- diphenylaminophenylmethylene)-

2,2- dimethyl-1,3-dioxane- 4,6-dione (MM)

To 15 mL of glacial acetic acid were added 150 mg

(0.55 mmol) of FTPA and 82.3 mg (0.57 mmol) of mel-

drum’s acid and the solution was refluxed for 7 h in the

presence of 100 mg of ammonium acetate. After cooling to

room temperature, the mixture was poured into ice-water.

The precipitate was filtered and washed with distilled

water. After drying under vacuum, the precipitate was

purified by recrystallization from ethanol, obtaining brown

crystals of MM (176 mg, 85 %), m.p.180–182 �C. FT-IR

(cm-1): 3146, 1716, 1587, 1558, 1489, 1284, 1166, 697.1H

NMR (500 MHz,CDCl3, TMS) d ppm 8.35 (s, 1H), 7.72 (d,

J = 6.80 Hz, 2H), 7.38 (q, 4H), 7.20 (t, J = 10.8 Hz, 2H),

6.71 (d, J = 8.0 Hz, 6H),1.62 (s, 6H).;13C NMR

(125 MHz,CDCl3) d ppm 164.3, 146.6, 143.4, 141.3,

140.2, 137.5, 132.1, 128.9, 120.3, 116.8, 113.3, 111.0,

28.3.; Mass:m/z 436, 77. Anal.Calcd. For C25H21NO4: C

75.17, H 5.30, N 3.51, O 16.02; found: C 75.14, H 5.28, N

3.49, O 16.00.
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Fig. 1 Molecular structures of MM, DM and DN dyes
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2.2.2 Synthesis of 5-{4-[4-(2,2-dimethyle-4,6-dioxo-1,3-

dioxan-5-

ylidenmethyl)(phenyl)anilino]phenylmethylene}-2,2-

dimethyl-1,3-dioxane-4,6-dione (DM)

Same as MM but DFTPA (166 mg, 0.55 mmol) instead of

FTPA and 164 mg (1.14 mmol) of meldrum’s acid were

used. The isolated brown powder is DM Yield: 82 %, m.p.

175–177 �C. FT-IR (cm-1): 3156, 1709, 1589, 1506, 1285,

1171, 832, 757, 697. 1H NMR (DMSO-d6, 400 MHz) d
ppm 8.35(d, J = 8.4 Hz, 4H), 8.22(s, 2H), 7.43–7.52(m,

2H), 7.01–7.04(q, 1H), 6.88(d, J = 6.8 Hz, 6H); 13C NMR

(DMSO-d6,100 MHz) d ppm 164.4, 148.8, 146.2, 143.0,

137.5, 133.0, 130.6, 128.9, 120.3, 116.8, 106.3, 104.1,

27.8.; Mass:m/z 553, 77. Anal. Calcd. For C32H27NO8: C

69.43, H 4.92, N 2.53, O 23.12; found: C 69.39, H 4.89, N

2.52, O 23.10.

2.2.3 (Z)- 3-{4-[4-[(Z)-2-carboxy-2-(4-nitrophenyl)-1-

ethenyl](phenyl)anilino]phenyl}-2-(4-nitrophenyl)-

2-propenoic acid (DN)

A procedure similar to that for DM but with 4-nitro-

phenylacetic acid 207 mg (1.14 mmol) instead of mel-

drum’s acid was used. The obtained product was red solid

(Yield = 87 %); m.p. 204–206 �C; FT-IR (cm-1): 3432,

1692, 1588, 1505, 1384, 1164, 824.;1H NMR (DMSO-d6,

400 MHz): d ppm 11.18 (s, 1H), 8.18 (d, J = 8.0 Hz, 4H),

7.68 (s, 2H), 7.46 (d, J = 8.0 Hz, 4H), 7.24 (d, J = 8.0 Hz,

4H), 6.86 (t, J = 8.0 Hz, 3H), 6.26 (d, J = 8.0 Hz, 6 H);
13C NMR (DMSO-d6, 100 MHz) d ppm 166.0, 148.0,

146.2, 143.8, 142.1, 130.9, 130.8, 129.7, 121.1, 125.5,

124.7, 124.1.; Mass:m/z 627, 77. Anal. Calcd. For

C36H25N3O8: C 68.90, H 4.02, N 6.70, O 20.39; found: C

68.85, H 3.98, N 6.68, O 20.36.

2.3 Preparation of TiO2 electrode

The TiO2 electrode was prepared according to the reported

literature procedure [15]. An amount of 12 g (0.2 mol) of

acetic acid was added all at once to 58.6 mg (0.2 mol) of

titanium isopropoxide under stirring at room temperature.

The modified precursor was stirred for about 15 min and

poured into 290 mL water as quickly as possible while

vigorously stirring (700 rpm). A white precipitate was

instantaneously formed. One hour of stirring was required

to achieve a complete hydrolysis reaction. After adding a

quantity of 4 mL of concentrated nitric acid, the mixture

was heated from room temperature to 80 �C with in 40 min

and peptized for 75 min. Water was then added to the

cooling liquid mixture to adjust the volume to a final

370 ml. The resultant mixture was kept in a 570 ml tita-

nium autoclave and heated at 250 �C for 12 h. Following

this step, 2.4 ml of 65 % nitric acid was added and the

dispersion was treated with a 200 W ultrasonic titanium

probes at a frequency of 30 pulses every 2 s. The resultant

colloidal solution was concentrated with a rotary-evapo-

rator to contain 13 wt% TiO2. Finally, it was triply cen-

trifuged to remove nitric acid and washed with ethanol

three times to produce a white precipitate containing

40 wt% TiO2 in ethanol and only trace amounts of water.

2.4 Fabrication of DSSCs

A thin film of TiO2 was prepared on the FTO substrate with

the compact TiO2 layer through blade coating. The

nanocrystalline TiO2 working electrode was comprised of a

TiO2 transparent layer (20 nm, synthesized) and a TiO2

scattering layer (250 nm). The films were then sintered at

500 �C for 1 h. After the film was cooled to room tem-

perature, it was immersed into 3 9 10-4 M solution of the

sensitizers in MeCN/t-BuOH (1:1, v/v) for 24 h. The sen-

sitized electrode was then rinsed with ethanol and dried. A

platinized FTO was prepared by chemical deposition of

0.05 M hexachloroplatinic acid in isopropanol which act as

a counter electrode. [16] For the assembly of DSSCs, the

dye-covered TiO2 electrode and Pt-counter electrode were

assembled into a sandwich type cell and sealed with a hot-

melt gasket of 25 mm thickness made of the ionomer

Surlyn 1702 (DuPont). The electrolyte was introduced into

the cell via backfilling from a hole in the back of the

counter electrode. Finally, the hole was sealed with a cover

glass.

2.5 Photo physical and electrochemical

measurements

Absorption spectra were measured on a Perkin Elmer

(Lambda 25) UV–VIS spectrophotometer. Cyclic voltam-

metry experiments were performed using a Bio-Logic SP

150 electrochemical analyzer with a scan rate of

100 mVs-1in dimethylformamide (DMF) (3.0 9 10-4 M)

containing 0.1 M Bu4NPF6 as the supporting electrolyte,

platinum wire as counter and working electrodes and Ag/

AgCl as reference electrode. Current density–voltage

measurements were carried out using simulated 1.5 AM

sunlight with an output power of 100 mW cm-2. Electro-

chemical impedance spectroscopy (EIS) were measured in

the frequency range of 10-1-105 Hz under 1 sun bias

illumination under an open-circuit condition using a com-

puter-controlled potentiostat/galvanostat (IVIUM, Com-

pact stat). The incident photon-to-current efficiencies

(IPCE) were measured with mono-chromatic incident light

of 1 9 1016 photon/cm2 under 100 mW cm-2 with bias

light in DC mode (Jarrel Ash monochromator, using a

100 W halogen lamp) while a calibrated photodiode
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(Thorlabs) was used to study the optical properties of

layers.

2.6 Theoretical calculation methods

Gaussian 03 package was used for density functional the-

ory calculation. The geometries and energies of MM, DM,

and DN were determined using the B3LYP method with

the 6-31G (d) basis set.

3 Result and discussion

3.1 Synthesis and characterization of the new dyes

The synthesis of the three new triphenylamine-based

organic dyes MM, DM and DN is outlined in Scheme 1.

These dyes contain triphenylamine (TPA) as an electron

donor, meldrum’s acid/4-nitrophenylacetic acid group as

electron acceptors conjugated through a p-bridge. In the

first step the compound TPA was obtained through Ull-

mann coupling reaction. In the next step, the compound

FTPA and DFTPA were synthesized via Vilsmeier reac-

tion. During the formylation reactions, the number of

introduced aldehyde groups was controlled by varying the

amount of POCl3. Finally, the target dyes (MM, DM and

DN) were synthesized via Knoevenagel condensation

reaction of aldehydes (FTPA, or DFTPA) with meldrum’s

acid/4-nitrophenylacetic acid in the presence of CH3COOH

and CH3COONH4. All the intermediates and target dyes

were confirmed by standard spectroscopic methods.

3.2 Optical properties

The UV–vis absorption spectra of the dyes MM, DM and

DM in THF are shown in Fig. 2 and the results are sum-

marized in Table 1. All the dyes exhibit two absorption

peaks: one in below 350 nm, the other in the range of

372–429 nm. The former is due to a localized p–p* tran-

sition and the latter is attributed to the intramolecular

charge transfer (ICT) between the TPA donor and the

acceptor end group, which provides efficient charge sepa-

ration at excited state. Di-anchoring dyes (DM and DN)

were red-shifted in their absorption spectra, compared to

the corresponding mono-anchoring dyes (MM). This is due

to the extension of electron delocalization over the whole

molecule caused by the introduction of an additional

anchoring moiety. The ‘e’ for all the compounds is found to

be higher than the well-known ruthenium dyes

(\2 9 104 M-1 cm-1) which can be advantageous of

using these sensitizers in photovoltaic applications [11].

The absorption spectra of MM, DM and DN on a TiO2 film

are shown in Fig. 3. The maximum absorption peaks for

MM, DM and DN on to the TiO2 films are about 408, 454 and

408 nm, respectively. The absorption bands of MM, DM and

DN dyes on TiO2 films are red shited by 36, 25 and 9 nm,

respectively, as compared to the bands observed in solution.

This red shift can be explained by the formation of J aggre-

gation or the electronic coupling of the dye on the TiO2

surface [17, 18]. It was reported that a smaller shift in kmax

was associated with dyes in solution versus on a thin film,

suggesting a smaller tendency to form dye aggregates on the

semiconductor surface. This phenomenon results in higher

photocurrent densities [19]. It should be noted here that the

red shift for dye DN is less than that for dye MM and DM,

indicating that the incorporation of the –COOH acceptor

group could effectively suppress the formation of aggregates

on the TiO2 surface. Furthermore, the absorption band of dye

DN on the TiO2 surface became broader compared to that of

dye MM because the absorption band of the former might

originate from the electronic transition bands of TPA.

Therefore, the strong light harvesting ability of dye DN with

less aggregation on TiO2 films is favorable for the perfor-

mance of DSSCs [20]. The spectra of the dyes were distinctly

broadened to longer wavelengths and such a broadening of

the absorption spectra is attributable to an interaction

between the dyes and TiO2 surfaces. So, the difference in

number and type of anchoring groups in the dyes may result

in different arrangement of the dyes on the surface of TiO2.

3.3 Electrochemical properties

We have carried out the electrochemical investigations,

using cyclic voltammetric technique (see Fig. 4; Table 1)

to verify the thermodynamic feasibility of electron injec-

tion from the excited state of the dye to conduction band of

TiO2, and the neutralization of the oxidized dye by

accepting electron from I3
-/I- redox system.

Suitable highest occupied molecular orbital (HOMO)

and lowest unoccupied molecular orbital (LUMO) levels of

the sensitizer are crucial for the possibility of electron

transfer from the excited dye molecule to the conduction

band of TiO2. The results are presented in Fig. 4. The

derived HOMO and LUMO energies are collected in

Table 1 and graphically depicted in Fig. 5. All the

observed oxidative waves were reversible.

The highest occupied molecular orbitals (HOMOs) of

MM, DM and DN corresponding to their first oxidation

potentials (Eox) are 1.76, 1.61 and 1.64 V (vs. NHE),

respectively. The band gap energies (E0–0) of the dyes MM,

DM and DN were determined to be 3.02, 2.95 and 2.96 V

respectively, which comes from the intersections (kint) of

normalized absorption and emission spectra using

E0-0 = 1240/kint. The lowest unoccupied molecular orbi-

tals (LUMOs) of MM, DM and DN are calculated from

Eox - E0–0 to give a value of –1.26, –1.34 and –1.32 V (vs.

1862 J Mater Sci: Mater Electron (2017) 28:1859–1868
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NHE), respectively. Accordingly, the LUMO levels of

MM, DM and DN are more negative than the conduction

band (CB) of the TiO2 electrode (-0.5 V vs. NHE), which

is sufficient to provide the required thermodynamic driving

force for electron injection from the dye to the CB of TiO2.

On the other hand, the HOMO levels of MM, DM and DN

are more positive than the redox potential of the iodine/

iodide electrolyte (0.4 V vs. NHE), ensuring the regener-

ation of oxidized dyes.

As a consequence, the band gaps of DM and DN were

decreased due to the extended p-conjugation unit between

the amino donor and meldrum’s acid/4-nitrophenylacetic

acid groups, compared to MM.

3.4 Molecular orbital calculations

Density functional theory (DFT) calculations were per-

formed on the sensitizers MM, DM and DN to get a deep

insight into the structure–photovoltaic cell performance

relationships. The calculations were done on a B3LYP/6-

31G (d) level for the geometry optimization. The

N
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O O
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Scheme 1 Molecular structures and synthesis of the triphenylamine-based MM, DM and DN dyes

Fig. 2 Absorption spectra of the organic dyes in the THF solution
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geometries and the electron-density distribution of the

highest occupied molecular orbit (HOMO) and the lowest

unoccupied molecular orbit (LUMO) of ground-state

optimized structures are illustrated in Fig. 6. The HOMOs

of MM and DM are delocalized on the entire molecule

including donor and acceptor, whereas the LUMOs of these

molecules are concentrated on the acceptor side of triph-

enylamine. It should be noted that the LUMO of DM is

stretched out to two-anchoring parts of meldrum’s acid

which is likely to ensure high electronic coupling between

the excited state of dye and TiO2 conduction band. In

contrast, the highest occupied molecular orbital (HOMO)

of DN is localized on the triphenylamine unit where as the

lowest unoccupied molecular orbital (LUMO) localized on

the 4-nitrophenylacetic acid group, which is an essential

phenomenon for an efficient photoexcited charge transfer

to occur [21]. These theoretical results show that the sen-

sitizers can have efficient electron injection from the

LUMO to the conduction band of TiO2 and improving the

cell efficiency.

3.5 Photovoltaic device performance

The photovoltaic performance parameters of DSSCs,

including short-circuit current density (Jsc), open-circuit

Table 1 Band gap (calculated by DFT/B3LYP), absorption, and electrochemical parameters for organic dyes

Dye (HOMO/LUMO)a

(eV)

(HOMO/LUMO)a

(eV)

Band

gapa
(kabs

b /nm)/(e/104 M-1 cm-1) kmax
c /nm HOMOd

(vs. NHE) (V)

E0–0
e

(eV)

LUMOf

(vs. NHE) (V)

MM -5.09/-3.11 -5.09/-3.11 1.98 372 (3.47) 408 1.76 3.02 -1.26

DM -5.40/-3.64 -5.40/-3.64 1.76 429 (3.79) 454 1.61 2.95 -1.34

DN -5.16/-3.68 -5.16/-3.68 1.48 399 (4.31) 408 1.64 2.96 -1.32

a DFT/B3LYP calculated values
b Absorptions of charge-transfer transition were measured in THF; e absorption coefficient
c Maximum absorption on TiO2 films
d HOMO of dyes measured by cyclic voltametery in 0.1 M Bu4NPF6 in DMF
e E0–0: 0–0 transition energy measured at the onset of absorption spectra
f LUMO was calculated by HOMO–E0–0

Fig. 3 Absorption spectra of the three dyes absorbed onto TiO2 film

electrodes

Fig. 4 The schematic energy levels of MM, DM and DN based on

absorption and electrochemical data

Fig. 5 Cyclic voltammograms of the three dyes
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voltage (Voc), fill factor (FF), and power conversion effi-

ciency (PCE) are collected in Table 2, and the J–V curves

are shown in Fig. 7. The overall power conversion effi-

ciencies lie in the order of DM[MM[DN. The DM-

based DSSCs exhibit the highest power conversion effi-

ciency of 2.01 %, while the efficiency of DN-based DSSC

is only 0.98 %. The comparison triphenylamine based dyes

with single and double anchoring units can be found that

the dye with double meldrum’s acid anchoring units gave

2.01 % efficiency, while the dye with single melderam

anchoring unit gave 1.53 %. Double anchoring units in the

dye are favorable for electron injection and hence pho-

tocurrent generation. According to Fig. 7, it is clear that the

photovoltaic performances of the DSSCs can be clearly

affected by the anchoring group in the dye molecules.

Compared with DN, the conversion efficiencies of solar

cells based on MM and DM are significantly increased. The

poor photovoltaic performance for DSSC based on DN

with 4-nitrophenylacetic acid as the acceptor is attributed

to the following possible characteristics arising from the

benzeneacetic acid segment: (1) the relatively short excited

electron lifetime (see the electro chemical impedance

spectroscopy) and the isolation of LUMO orbital from

anchoring group (see the theoretical calculation), resulting

in the low photo-excited electron injection efficiency with

low JSC; (2) an overall result of the low injection charge

MM

DM

DN

Optimized Structures                            HOMO                              LUMO

Fig. 6 The frontier molecular orbitals of the HOMO and LUMO levels calculated with B3LYP/6-31G (d) of synthesized dyes

Table 2 The performance parameters of the dye-sensitized solar

cells

Dye JSC (mA cm-2) VOC (V) FF PCE (%)

MM 3.93 0.55 0.68 1.53

DM 4.58 0.62 0.71 2.01

DN 2.72 0.52 0.69 0.98
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density in the TiO2 electrode and fast charge recombination

rate between the injected electrons and I3
- in electrolytes

leading to the low VOC. The large Jsc could be attributed to

the high IPCE values and the broad IPCE spectra.

The incident monochromatic photon-to-current conver-

sion efficiency (IPCE) spectra of the DSSCs are plotted in

Fig. 8. The IPCE spectrum of the DSSC follows the

absorption spectra of the corresponding dye. It can be seen

that the photocurrent response of DM sensitized DSSC is

the best due to the IPCE exceeding 90 % in the range of

420–500 nm. The maximum IPCE (98 %) was obtained at

450 nm and this corresponds to almost unity quantum yield

when light absorption and reflection by the conducting

glass are taken into account. The higher IPCE value of the

DSSC based on DM is probably due to a high energy gap

between the LUMO level of DM and the conduction band

edge of TiO2, which leads to an increased electron injec-

tion efficiency relative to MM and DN. For MM and DN

based DSSCs, lower IPCE values were obtained in the

range from 400 to 465 nm and 400 to 467 nm and reached

their maximum of 68 % at 450 nm and 70 % at 450 nm,

respectively. The decrease of the IPCE above 600 nm

toward the long-wavelength region was ascribed to the

decrease of light harvesting for three dyes.

Figure 9 shows the electrochemical impedance spectro-

scopic (EIS) analysis of the cells which is recorded due to a set

up whose equivalent circuit is represented in Fig. 9b. The

results of EIS data fits listed in Table 3. Rct, s and Cl corre-

spond to the charge transfer process occurring at the TiO2/

dye/electrolyte interface, electron life time and chemical

capacitance, respectively. CPE ct-T and CPE ct-P are

parameters of constant phase elements charge transfer (CPE

ct).

Electrochemical impedance spectroscopy (EIS) success-

fully models the charge transfer and chemical capacitance at

the interface of TiO2/dye/electrolyte and pt/eletrolyte in

DSSC udner operational conditions [22–24]. The Nyquist

plots for the DSSCs based on MM, DM and DN are displayed

in Fig. 9a. The first semicircle (Rce) is attributed to charge

transfer at the counter electrode/electrolyte interface, while

the second semicircle (Rrec) is accorded to charge transfer at

the TiO2/dye/electrolyte interface [23].The similar Rce values

(for MM, DM and DN) were probably due to the same counter

electrode and electrolyte. A large Rrec means a small dark

current and a low charge recombination rate [25]. The Rrec

values for MM, DM and DN were estimated to be 20.18, 19.39

and 30.57, respectively, as shown in Table 3. Obviously, the

Rrec value of DN was much larger than the other two dyes,

which could restrain the charge recombination between

injected electron and electron acceptor (I3
–) in the electrolyte,

thereby contributing to the Voc [26].

By fitting the EIS curves, another important parameters

for DSSCs, electron lifetime (s), could be extracted from the

Fig. 7 Photocurrent density vs voltage for DSSCs based on dyes

under AM 1.5 G simulated solar light (100 mW cm-2)

Fig. 8 IPCE spectra of MM, DM and DN

Fig. 9 Electrochemical impedance spectra (a-Nyquist plot; b-equiv-

alent circuit for a) of DSSCs for three dyes
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chemical capacitances (Cl) and RCT using s = Cl 9 Rct. So

the trend of electron lifetimes was in the order of

DM[MM[DN, which was well in accordance with the

changing tendencies of Voc values obtained in J–V curves.

Evidently, the longer electron lifetime of DM compared to

the other two dyes could suppress the generation of dark

current and reduce electron recombination more effectively,

resulting in a higher Voc in DM-based device [27].

The higher electron lifetime indicates suppression of

back reaction of the electrons with the I3
- in the electrolyte

and this was reflected in the improvements of the pho-

tocurrent, yielding substantially enhanced device efficiency

for the DSSCs based on DM as compared to MM and DN.

4 Conclusion

Triphenylamine based sensitizers (MM, DM and DN) with

two new electron withdrawing anchoring group were syn-

thesized and characterized by FT-IR, 1H, 13C NMR, Mass

spectral and CHN analysis. Also all photophysical, elec-

trochemical and photovoltaic properties have been studied.

As a result, DM outperforms the other two sensitizers,

exhibiting power conversion efficiency of 2.01 %, with Jsc

of 4.58 mA cm-2 and Voc of 0.62 V under simulated AM

1.5 irradiation (100 mW cm-2). Whereas, dye DN with

4-nitrophenylacetic acid as the anchoring group delivers

the lowest power conversion efficiency, due to its poor

absorption on TiO2 film, its shorter electron lifetime and

the fast charge recombination from the EIS results.

These sensitizers could be mixed with other sensitizers

with optimized red response in a tandem arrangement to

achieve excellent photoconversion efficiencies in the

spectral regions of interest. All the results indicate that

these organic compounds are promising candidates in the

development and further optimization of metal-free organic

sensitizers for application in DSSCs.
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