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Abstract—Two new organic sensitizers of type D-n-A (Donor-n-Acceptor) and D-(n-A), were designed and
synthesized to understand the effect of anchoring mode towards TiO, film which leads to influence the effi-
ciency of the fabricated dye sensitized solar cells. These dyes were synthesized based on the triphenylamine
as electron donor, phenylhydrazine as m-conjugated spacer and 4-iodobenzoic acid as anchoring/acceptor
group and characterized by 'H, '3*C NMR and mass spectroscopy studies. The optical absorption of sensitiz-
ers shows red shift as well as high molar extinction co-efficient with extension of the m-conjugation and the
quantum chemical calculation studies were performed to provide sufficient driving force for electron injec-
tion into conduction band of TiO,. The DSSC based on type D-(n-A), shows power conversion efficiency
(PCE =n1) 1.07% under simulated AM 1.5 G; due to more positive HOMO values, higher IPCE values, high

adsorption capacity on TiO, as well as longer electron life time of dye.

DOI: 10.3103/S0003701X15020139

INTRODUCTION

After Gratzel solar cells [1], dye-sensitized solar
cells (DSSC) shows more attention on both academic
as well as industrial communities due to high effi-
ciency at low cost [2, 3]. Based on above consider-
ation, for the purpose of decrease fabrication cost and
for increase power conversion efficiency (PCE) most
research activities currently focusing on the metal free
organic sensitizers [4] because they offer better advan-
tages over other sensitizers, which include higher
molar absorption coefficients through intramolecular
n—7* transitions and can be designed more easily and
economically, high purity and environment friendly
[3, 5, 6] and convenient spectral modifications [4, 7]
have shown the PCE (n) > 10% [8], when compared
with the conventional ruthenium based chromophores
(for example ruthenium-based sensitizers with con-
version efficiencies beyond 12.3% [9, 10]).

The basic stratagem involved in the metal free
organic dyes are Donor-n-Acceptor (D-n-A) config-
uration, based on this construction variety of organic
dyes such as carbazole [11, 12], coumarin [13—15],
indoline [16, 17], triphenylamine [18, 19], squaraine
[20, 21], phenothiazine [22, 23] have been used for
fabrication of DSSC. However, D-7-A rod like con-
figuration facilitates lower PCE is due to dye aggrega-
tion at the semiconductor surface [24—26] and the
recombination of conduction band electrons with tri-
iodide in the electrolyte [27]. To avoid these problems,

! The article is published in the original.

several dianchoring organic dyes have been proposed
to increase the optical density and binding strength of
dyes onto titania by involving two anchoring groups in
one molecule which may abate dye aggregation as well
as charge recombination; and as a result an improved
photoresponse, photocurrent, and stability [28—30]
due to extension of m-conjugation. Among these
organic dyes, triphenylamine (TPA)-based organic
dyes shows promising performances in DSSC applica-
tion because of the non planar structure of TPA sup-
presses the dye aggregation as well as charge recombi-
nation and these dyes shows PCE up to 10% [31, 32].

Based on the above concept, herein designed and
synthesized two new organic dyes (i) monoanchoring
((E)-4-(2-(4-(diphenylamino)benzylidene)- 1-phenyl-
hydrazinyl)benzoic acid (MIBA)) and (ii) bianchoring
(4,4'-(2E,2'E)-2,2'-(4,4'-(phenylazanediyl)bis(4,1-phe-
nylene)bis(methan-1-yl-1-ylidene)) bis (1-phenylhy-
drazin-1-yl-2-ylidene) dibenzoic acid (BIBA)) (see
Scheme) and compared these dyes towards fabrication
of DSSC. In this dyes, the non planar structure of TPA
can act as a donor moiety, phenylhydrazine act as a
m-conjugation spacer and 4-iodobenzoic acid act as a
anchoring/acceptor group. The synthesized dyes were
well characterized by 'H, 3C NMR and mass spectro-
scopic analysis (see supporting information); and in
addition their spectral and redox properties were stud-
ied through experimental and theoretical approach.
Further, comparison studies were performed such as
the electrooptical and photovoltaic performance for
both dianchoring organic dye (BIBA) and monoan-
choring organic dye (MIBA).
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Scheme. Synthetic pathway of the organic dyes. 1: (i) POCl; (21 eq), DMF (25 eq). (ii) Phenylhydrazine (2 eq),
Methanol (15 vol). (iii) Cul (0.05 eq), K,COj3 (2 eq), 4-iodo benzoic acid (1 eq), 1,10-phenanthralene (0.1 eq),
DMEF (30 vol). 2: (i) POCI; (25 eq), DMF (23 eq). (ii) Phenylhydrazine (4 eq), Methanol (30 vol). (iii) Cul (0.1 eq),
K,CO; (4 eq), 4-iodo benzoic acid (2 eq), 1,10-phenanthralene (0.2 eq), DMF (30 vol).

2. EXPERIMENTAL SECTION
2. 1. Materials

All reagents and chemicals were purchased from
Alfa Aesar and Sigma-Aldrich and used without fur-
ther purification unless specified otherwise. All sol-
vents were dried by refluxing for at least 24 h over CaH,
and freshly distilled prior to use. All column chro-
matographic separations were carried out on Merck
silica gel (60—120 mesh). FTO glass plates (sheet resis-
tance 10 Ohm/0) were purchased from BHEL,
INDIA.

2.2. Synthesis

2.2.1. Synthesis of 4-formyltriphenylamine (1a).
Compound 1a was prepared according to the reported
literature [33]. Freshly distilled POCI; (21 eq) was
added drop wise to DMF (25 eq) under an atmosphere
of N, at 0°C, and then it was stirred for 1 h. TPA (2 g,
8.16 mmol) was added to the above solution, and the
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resulting mixture was stirred for 18 h at 95°C. After
cooling to room temperature, the mixture was poured
into a beaker containing ice-cube, and basified with
6 M NaOH. Filtered the solid and extracted with eth-
ylacetate (EA)/brine. After evaporating the organic
solvent the crude product was purified by column
chromatography on silica using hexane, to give a pale
yellow solid (Yield: 84%; 1.89 g).

'H NMR (CDCl,, ppm): 5 9.80 (s, 1H), 7.68—7.66
(m, 2H), 7.35—7.32 (m, 4H), 7.16 (t, 6H, J = 7.2 Hz),
7.01 (d, 2H, J = 8.4 Hz). *C NMR (CDCl,, ppm):
§190.48, 152.03, 145.53, 131.34, 131.31, 130.16,
127.08, 126.27, 122.78.

2.2.2. Synthesis of (E)-N,N-diphenyl-4-((2-phe-
nylhydrazono)methyl)aniline (1b). Compound 1b was
prepared according to the reported literature [34]. The
compound la (1 g, 3.65 mmol) was added to 100 mL
single neck round bottom flask containing 15 mL
freshly distilled methanol, and then stirred for 2 h at
65°C. Phenylhydrazine (2 eq) was added to the above
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reaction mixture after that the reaction mixture was
refluxed for 2 h. It was monitored by TLC. Filter the
yellow color solid compound by using methanol as
washing solvent. It was recrystallized in dichlo-
romethane to give the product (Yield: 95%; 1.14 g).

'H NMR (DMSO-d,, ppm): & 10.22 (s, 1H), 7.81
(s, 1H), 7.53 (d, 2H, J = 8.8 Hz), 7.30 (t, 4H, J =
8.0 Hz), 7.20—7.16 (m, 2H), 7.07—7.01 (m, 8H), 6.95
d, 2H, J = 8.8 Hz), 6.70 (t, 1H, J = 7.2 Ha).
BCNMR (DMSO-d,, ppm): & 146.96, 146.91,
145.38, 136.23, 130.04, 129.53, 129.03, 126.74,
124.10, 123.22, 122.94, 118.42, 111.81.

2.2.3. Synthesis of (E)-4-(2-(4-(dipheny-
lamino)benzylidene)- 1-phenylhydrazinyl)benzoic acid
(1c). Compound 1c was prepared according to the
reported literature [35]. The compound 1b (0.5 g,
1.37 mmol), Cul (0.05 eq), K,CO; (2 eq), 1,10-
phenanthralene (0.1 eq), 4-iodobenzoic acid (1 eq)
were added to the freshly distilled DMF (15 mL)
under an atmosphere of N, at room temperature (RT),
and then it was stirred for 24 h at 120°C. It was moni-
tored by TLC. A red color solid was formed. After
cooling to room temperature, the mixture was poured
into a beaker containing ice-cube and then extracted
with ethylacetate (EA)/brine. After evaporating the
organic solvent the crude product was purified by col-
umn chromatography on silica using a mixture of
EA/Hexane (1 : 6, v/v), to give a grayish yellow solid
(Yield: 55%; 0.36 g).

'H NMR (DMSO-d,, ppm): 57.88 (d, 1H, J = 8.4
Hz), 7.77—7.73 (m, 1H), 7.65—7.60 (m, 5H), 7.45—
7.37 (m, 7H), 7.29-7.09 (m, 8H), 6.99 (d, 2H, J =
8.0 Hz). 3C NMR (DMSO-d¢, ppm): & 147.86,
146.70, 146.10, 138.51, 137.36, 131.17, 130.74,
129.99, 129.83, 129.60, 129.01, 128.79, 127.69,
126.36, 125.69, 124.95, 124.66, 124.45, 123.58,
122.22, 113.99. ESI-MS Anal. Calcd. for
Cs,H,sN;0,: 483.56. Found: 482.

2.2.4. Synthesis of 4,4'-Diformaltriphenylamine (2a).
Compound 2a was prepared according to the reported
literature [33, 36]. Freshly distilled POCI, (25 eq) was
added drop wise to DMF (23 eq) under an atmosphere
of N, at 0°C, and then it was stirred for 1 h. TPA (2 g,
8.16 mmol) was added to the above solution, and the
resulting mixture was stirred for 4 h at 95°C. After
cooling to room temperature, the mixture was poured
into a beaker containing ice-cube, and basified with
4 M NaOH. Filtered the solid and extracted with eth-
ylacetate (EA)/brine. After evaporating the organic
solvent the crude product was purified by column
chromatography on silica using a mixture of EA/Hex-
ane (1 : 6, v/v), to give a yellow solid (Yield: 59%;
1.45 g).

'H NMR (DMSO-d,, ppm): & 9.86 (s, 2H), 7.82
(d, 4H, J = 8.8 Hz), 7.47—7.43 (m, 2H), 7.31—-7.27
(m, 1H), 7.19 (d, 3H, J = 7.6 Hz), 7.15 (d, 3H, J =
8.4 Hz). 3C NMR (DMSO-d¢, ppm): & 191.09,
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151.37, 145.04,
126.29, 122.39.

2.2.5. Synthesis of N-phenyl-4-((E)-(2-phenylhydra-
zono)methyl)-N-(4-((E)-(2-phenylhydrazono)  methyl)
phenyl) aniline (2b). The compound 2a (1 g, 3.31 mmol)
was added to 100 mL single neck round bottom flask
containing 15 mL freshly distilled methanol, and then
stirred for 30 min at 65°C. Phenylhydrazine (4 eq) was
added to the above reaction mixture after that the
reaction mixture was refluxed for 1 h. It was monitored
by TLC. Filter the yellow color solid compound by
using methanol as washing solvent. It was recrystal-
lized in dichloromethane to give the product (Yield:
73.3%; 1.17 g).

'H NMR (DMSO-d,, ppm): & 10.24 (s, 2H), 7.82
(s, 2H), 7.56 (d, 4H, J = 8.8 Hz), 7.35—7.31 (m, 2H),
7.21-7.15 (m, 4H), 7.10—6.99 (m, 11H), 6.71 (t, 2H,
J =7.2 Hz). C NMR (DMSO-d,, ppm): & 146.62,
146.59, 145.35, 136.16, 130.44, 129.62, 129.04,
126.79, 124.43, 123.58, 123.44, 118.46, 111.83.

2.2.6. Synthesis of 4,4'-(2E,2'E)-2,2'-(4,4'- (phenyla-
zanediyl)bis(4,1-phenylene)bis(methan-1-yl-1-ylidene))
bis(1-phenylhydrazin-1-yl-2-ylidene)dibenzoic acid (2c).
The compound 2b (0.5 g, 1.03 mmol), Cul (0.1 eq),
K,CO; (4 eq), 1,10-phenanthralene (0.2 eq), 4-iodo-
benzoic acid (2.5 eq) were added to the freshly distilled
DMF (15 mL) under an atmosphere of N, at RT, and
then it was stirred for 24 h at 120°C. It was monitored
by TLC. A red color solid was formed. After cooling to
room temperature, the mixture was poured into a bea-
ker containing ice-cube and then extracted with ethy-
lacetate (EA)/brine. After evaporating the organic sol-
vent the crude product was purified by column chro-
matography on silica using a mixture of EA/Hexane
(1:6,v/v), to give a grayish yellow solid (Yield: 45%;
0.20 g).

'"H NMR (CDCl;, ppm): & 7.89 (d, 4H, J =
8.8 Hz), 7.55 (t,4H, J= 7.6 Hz), 7.46—7.41 (m, 6H),
7.18 (t, 7TH, J = 7.6 Hz), 7.09-6.97 (m, 12H).
BC NMR (CDCl;, ppm): 8 150.44, 130.59, 130.01,
128.86, 128.75, 128.48, 126.68, 124.39, 122.51,
112.97. ESI-MS Anal. Calcd. for C,4H;5Ns0O,: 721.80.
Found: 722.

131.24, 130.93, 130.30, 127.02,

2.3. Preparation of Dye-Sensitized TiO, Thin Films

The photoanode was prepared by the following
procedure as follows [37]: The glacial acetic acid
(5mL), 7.5 mL of tetra isopropyl titanate
(C,H»50,Ti) and one drop of Triton X-100 were
mixed with 15 mL of 2-propanol. Water (5 mL) was
added to the above solution drop wise while vigorously
stirring the solution. The resulting semi colloidal sus-
pension was dispersed on fluorine doped tin oxide
(FTO) glass plate by using doctor blade technique.
Loose crust on TiO, film was removed by wiping
smoothly using cotton wool. The thickness of the TiO,
film (12 pm) was successively controlled, by repeating
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the above coating procedure. Then it was sintered at
450°C for 1 h for removing the binder, solvent and giv-
ing an electrically-connected network of TiO, parti-
cles under tubular furnace. After the sintering process,
when the temperature of the plate drops to 50 to 70°C,
it was immersed into the dye solution and kept at 25°C
for 24 h so that the dye could be adsorbed onto the sur-
face of the TiO, electrodes. Excess non-adsorbed dye
was washed with anhydrous ethanol.

2.4. Dye-Sensitized Solar Cell Fabrication

The dye-deposited film is used as a working elec-
trode. The Platinum catalyst counter electrode was
prepared by deposition of H,PtCl; - 6H,O solution
(0.005 mol dm—3 in isopropanol) onto FTO glass and
then sintering at 400°C for 20 min was act as photo-
cathode [38, 39]. The DSSC device was fabricated by
the following method: the photo cathode was placed
on top of the photo anode and was tightly clipped
together. Then, liquid electrolyte 0.05 M 1,/0.5 M
Lil/0.5 M 4-fert-butyl pyridine (TBP) in 3-methox-
ypropionitrile was injected in-between the two elec-
trodes.

2.5. Characterization of the Dyes

'H and *C NMR spectra were realized on a
400/600 MHz BRUKER spectrometer in deuterated
chloroform or dimethylsulfoxide solution at 298 K.
Chemical shifts (& values) were recorded in units of
ppm relative to tetramethylsilane (TMS) as an internal
standard. The molecular weights of the dyes were
determined by Micromass QUATTRO 11 ESI-MS
spectrometer coupled to a Hewlett Packard series 1100
degasser. Absorption and fluorescence spectra were
measured in DMF solution on a Specord S 600 diode-
array UV-vis spectrophotometer and Shimadzu
RF-5301 PC spectrofluorophotometer respectively.
Electrochemical measurements were performed on a
Metrohm Autolab PGSTAT potentiostat/galvanostat-
84610. All measurements were carried out at room
temperature with a conventional three-electrode con-
figuration consisting of a platinum disc working elec-
trode, a glassy carbon (GC) auxiliary electrode, and an
Ag/AgCl (aq) was used as the reference electrode. The
potentials were reported vs. ferrocene as standard
using a scan rate of 0.1 Vs~! and the sample solutions
contained 3 x 10~* M sample and 0.1 M tetrabutylam-
monium hexafluorophosphate (TBAHFP) in anhy-
drous DMF as a supporting electrolyte under Argon
atmosphere. Electrochemical impedance spectroscopy
(EIS) measurements were done under 85 mW cm™2
light illumination by using an Autolab PGSTAT poten-
tiostat/galvanostat-84610. The impedance spectra
were recorded with a frequency ranging between
10 kHz to 1 Hz at their open circuit potential (OCP).
The IPCE spectra were recorded using Oriel 300W Xe
Arc lamp in combination with an Oriel Cornerstone

APPLIED SOLAR ENERGY Vol 51 No.2 2015

123

== MIBA (UV)
1.0 - ==BIBA(UV)| 4 1.0

© =0~ MIBA (PL)

g == BIBA (PL) g
_Cé‘ 0.8 0.8 'z
2 g
2 0.6 0.6 5
E g
N =
=04 0.4 g
£ 5
202 0.2 %

0 0

300 350 400 450 500 550 600 650
Wavelength, nm

Fig. 1. Normalized UV-vis absorption and fluorescence
emission spectra of synthesized dyes recorded in DMF
(6 x 107> M) solution.

260/ monochromator. The number of incident pho-
tons was calculated for each wavelength using a cali-
brated monocrystalline silicon diode as reference.

3. RESULTS AND DISCUSSION
3. 1. Synthesis of Organic Dyes

Scheme shows the synthetic pathways of organic
dyes MIBA and BIBA. The Vilsmeier-Haack formyla-
tion of triphenylamine gave aldehyde compounds
4-formyltriphenylamine (1a) and 4,4'-Diformaltriph-
enylamine (2a) respectively. The synthesized alde-
hydes (1a and 2a) were involved in condensation reac-
tion with phenylhydrazine to yield hydrazones (1b)
and (2b). It is then arylated with 4-iodobenzoic acid to
obtain the product (1¢) and (2¢). All the intermedi-
ates and target products were purified by column
chromatography and the new compounds were well
confirmed by various analytical tools (See Support-
ing information).

3.2. Optical Properties

Figure 1 shows the absorption and emission spectra
of the synthesized organic dyes (MIBA and BIBA) in
DMF (6 x 10~ M) solution and the corresponding
data were summarized in Table 1.

As can be seen in Fig. 1, both MIBA and BIBA
compounds exhibit two major prominent bands, one
was appearing in range of 300—320 nm and another
one in the range of 380—400 nm, respectively. The
former is ascribed to a localized aromatic T—m* transi-
tion of the conjugated aromatic rings and the later is of
intramolecular charge transfer (ICT) between the
triphenylamine donating unit and 4-iodobenzoic acid
acceptor/anchoring moiety, thereby producing an
efficient charge separated state [40]. However, the
absorption of the dianchoring organic dye BIBA
(399 nm) in the conjugation pathway is red-shifted by
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Table 1. Summary of electrooptical parameters of the dyes
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Aspe, NM E™ E E E
D abs» b g > ox? HOMO> LUMO> e e
ye (&, M-! Cmfl)a }Mem, nm (eVY° V (vs. Fc) (eV)d (eV)d HOMO LUMO
308 (22304),
MIBA 384 (36924) 448 3.0 0.82 5.17 2.17 —4.93 —1.39
317 (29805), _ _
BIBA 399 (45969) 469 2.87 0.87 5.22 2.35 4.82 1.74

4 Absorption and emission spectra were recorded in DMF solution (6 x 1073 M) at room temperature. b Dyes were excited at their
absorption maximum value (for MIBA, A, = 405 nm and for BIBA, A, = 411 nm). ¢ Optical band gap calculated from intersection

between the absorption and emission spectra. ¢ The values of Eyomo and Ey o were calculated with the following: HOMO (eV) =

V (vs. Fc/Fc*) + 4.8 V); LUMO (eV) = EX

onset

—e( ng

nset’

spectra of the sensitizers. ¢ B3LYP/6-31G(d,p) calculated values.

15 nm compared to MIBA (384 nm) dye. This is
because the increase of electron acceptors in dye mol-
ecule is beneficial to intramolecular charge transfer
[33]. Moreover, the molar extinction coefficients () of
BIBA (¢ =45.969 M~! cm™!) is larger than MIBA (¢ =
36.924 M~! cm™') dye. Dyes MIBA and BIBA exhibit
high extinction coefficients (Table 1), for example, the
value of € for BIBA (e = 4.5 x 10* M~' cm~' at 399 nm)
is more than three times higher than that of the stan-
dard Z907 ruthenium sensitizer (¢ = 1.2 x 10* M—! cm™!
at 521 nm) [41]. The higher molar extinction coeffi-
cient value of BIBA dye enhances electrolyte diffusion
in the film and reduces the recombination of the light
induced charges during transportation [42], which

Current, A
0.00003

-#w—Ferrocene
-—MIBA

0.00002

0.00001

_0.00001 | 1 | | | | |
0 01 04 06 08 10 12 14

Potential, V

Fig. 2. Cyclic voltammograms of dyes were measured in
DMEF solution with BuyNPF¢ (0.1 M) as an electrolyte.
Working electrode: Pt; reference electrode: Ag/AgCl(aq);
counter electrode: Glassy carbon; calibrated with Fc/Fc*
as a standard reference; scan rate: 0.1 Vs~ .

— Ey_¢, where E_j is the intersection between the absorption and emission

might have increases the photocurrent, photo voltage
and overall positive effect on the device performance.
The fluorescence spectra recorded upon their excita-
tion of absorption maxima value of MIBA and BIBA
exhibit luminescence maxima at 448 nm (A, = 405 nm)
and 469 nm (A, = 411 nm) respectively.

3.3. Electrochemical Properties

Cyclic voltammetry was performed to estimate the

onset oxidation potentials ( Eoy ) of the synthesized
dyes, which are corresponding to HOMO energy levels

of dyes. The E;.., are observed at 0.82 V (MIBA) and
0.87 V (BIBA) were determined from the intersection
of two tangents drawn at the rising current and back-
ground charging current of a cyclic voltammograms
[43] in DMF medium (Fig. 2) and the corresponding
data were shown in Table 1.

The HOMO and LUMO level of the dyes shown in
Fig. 3. The HOMO energy levels were calculated based

on the relationship of HOMO (eV) = —e (Egpe» V
(vs. Fc/Fc*) + 4.8 V) by assuming the ferrocene (Fc)

energy level to be —4.8 eV below the vacuum level [44].
The observed HOMO values are more positive than

I=/1; redox couple (—4.6 eV vs. vacuum) ensuring the
thermodynamic regeneration of the dyes. LUMO lev-
els of these dyes were sufficiently more negative than
the conduction band energy level (£,) of TiO,, which
implies that electron injection from the excited dye
into conduction band of TiO, is feasible [45], and

these LUMO energy values are calculated by ( Eon., ) —

Ey_y, where E;_, is the zero-zero energy of the dyes

estimated from the intersection between absorption
and emission spectra [46]. The HOMO level of BIBA

APPLIED SOLAR ENERGY Vol 51 No.2 2015



FABRICATION OF DYE SENSITIZED SOLAR CELLS 125

Mesoporous TiO, MIBA

a o

COOH COOH

BIBA

Fig. 3. The pictorial representation of experimental HOMO and LUMO energy levels of the synthesized sensitizers.

more positive than that of MIBA dye, which may
increase the power conversion efficiency [47].

3.4. Theoretical Calculation

Density functional theory (DFT) calculations
using B3LYP/6-31G(d,p) level in gas phase with
Gaussian 09 program was performed to get study on
the molecular geometries and electron distribution of
the synthesized organic dyes with optimized struc-
tures. As can be seen in Fig. 4, the electron density
mainly dominated on the donor moiety tripheny-
lamine and m-bridge phenylhydrazine at the HOMO
level, whereas at the LUMO level the electron density
is mainly located on the n-bridge as well as anchor-
ing/acceptor moiety 4-iodobenzoicacid for both dyes,
which is due to intra molecular charge transfer along
the m-conjugated skeleton. The calculated HOMO
and LUMO energies of the dyes were listed in Table 1.
Therefore, the spatial separation of HOMO and
LUMO energy levels of the dyes is suitable for DSSC,
which indicates that an efficient photo induced elec-
tron transfer from dye to the conduction band of TiO,.
Generally, the twisted non-planar geometric structure
of triphenylamine unit can reduce contact between
molecules, effectively suppress the charge recombina-
tion, enhance their open-circuit voltage and it will
effect on overall device performance.

APPLIED SOLAR ENERGY Vol 51 No.2 2015

3.5. Photovoltaic Performance of the DSSC

As presented in Fig. 5, the current density-voltage
(J—V) characteristics of DSSC sensitized with MIBA
and BIBA are recorded under simulated AM 1.5 G
illumination (85 mW c¢m~2) and the detailed parame-
ters are shown in Table 2. The DSSC based on BIBA
cell exhibited a PCE (1) of 1.07%, which is superior
compared to the cell sensitized with MIBA (n =
0.57%) under same conditions.

OPTIMIZED |-#%4 54
STRUCTURE

HOMO

LUMO

Fig. 4. The frontier molecular orbital’s of the HOMO and
LUMO levels of synthesized dyes calculated at B3LYP/6-
31G(d, p) with optimized structure.
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Fig. 5. Current density-voltage characteristics for MIBA
and BIBA based devices for DSSC under illumination of
simulated solar light (AM 1.5 G, 85 mW cm’z).

L

It is attributed to the relatively higher short circuit
current density (J,.), open circuit photo voltage (V).
Mainly higher J, stem from its absorption red shift,
high molar extinction coefficient in the visible region
[48] and its lowered HOMO level of BIBA compared
to MIBA allows efficient regeneration of the oxidized
dye and as well as minimize the charge recombination.
High J, values indicate high electron collection effi-
ciencies which in turn indicate faster electron diffu-
sion rates [49].

The incident photon-to-current conversion effi-
ciency (IPCE) for the DSSC based on dyes MIBA and
BIBA are shown in Fig. 6. The IPCE values of both
MIBA and BIBA sensitized cells are observed at 409,
415 nm and exhibited 33.8, 76% respectively. The
IPCE spectrum of BIBA is red shifted compared to
that of MIBA dye as a result of extra branching unit,
and in addition the increase of dye adsorbed amount
led to action spectrum broadening and the IPCE value
increasing [50]. The IPCE maxima increased in order
with J, the higher IPCE and J, could lead to an
improved photovoltaic performance of the DSSC
based on dye BIBA. In addition to this, the increase in
value of V. attributed by the increased life time of
DSSC based on BIBA [51] (Fig. 7b). This is further
confirmed by calculating the adsorbed amounts (I") of
dyes on TiO, surface by desorption of the dye from the
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Fig. 6. The incident photon-to-current conversion effi-
ciency of DSSC based on the synthesized organic dyes
MIBA and BIBA.

TiO, surface using 0.1 M NaOH in DMF/H,0 (1:1)
mixture [52]. BIBA adsorbs comparatively more on
TiO, surface than that of MIBA dye, which may fur-
ther augment the device performance.

3.6. Electrochemical Impedance Spectroscopy (ELS)

Electrochemical impedance spectroscopy analysis
[53, 54] was performed to study interfacial charge
transfer processes in DSSCs based on MIBA and
BIBA dyes and they were measured over a frequency
range of 10°—10* Hz under AM 1.5. As shown in
Figs. 7a and 7b, Nyquist and Bode phase plots typi-
cally have two semicircles and two frequency peaks for
both MIBA and BIBA dyes, respectively. Usually, the
smaller semicircle corresponds to the high-frequency
peaks of Bode plots, which represents mainly the elec-
tron transfer process from the Pt counter electrode to
the oxidized species in the electrolyte. The larger
semicircle corresponding to the low frequency peaks
of Bode plots is ascribed to the recombination resis-
tance across the TiO,/redox electrolyte interface [55].
The radius of the larger semicircle in the order of
BIBA < MIBA indicating the electron transport is

Table 2. Photovoltaic parameters of DSSCs based on the synthesized dyes

i) a Surface concentra- Electron lifetime
Dye |J,, mA cm Ve, mV FF N, (%) IPCE, % tion I, mol/cm> (1), MS
MIBA 1.49 526 0.62 0.57 33.8 52x10°° 37.11
BIBA 3.59 579 0.43 1.07 76 58x10°° 46.99

2 [Jlumination: 85 mW cm~2 simulated AM 1.5 G solar light; electrolyte containing: 0.05 M 1,/0.5 M Lil/0.5 M 4-fert-butyl pyridine in

3-methoxypropionitrile.
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Fig. 7. Electrochemical impedance spectra of DSSCs under illumination of simulated solar light (AM 1.5 G, 85 mW cm_z).

(a) Nyquist plots. (b) Bode phase plots.

decreases in the order of BIBA < MIBA which
reflected in the efficiency of devices [56].

From Bode phase plot (Fig. 7b), the electron life-
time (E,y) for the cells of MIBA (37.11 ms) and BIBA
(46.99 ms) were calculated by using the following
equation [57]: T = 1/2nf, where f is the frequency
peak in Bode phase plot. Longer electron lifetime
indicate improved suppression of the back reaction
between the injected electrons and the electrolyte;
they lead to improvement of V,_ due to reduced charge
recombination rate [58], reflecting in the improve-
ment of the photocurrent and yielding substantially
enhanced overall conversion efficiency.

4. CONCLUSIONS

Based on anchoring mode, designed and synthe-
sized here two metal free organic dyes (MIBA and
BIBA) with triphenylamine as electron donor, phenyl-
hydrazine as m-conjugated spacer and 4-iodobenzoic
acid as electron acceptor/anchoring group. The effect
of anchoring mode on optical, electrochemical and
photovoltaic properties were studied and developed for
DSSC. Upon fabricated devices, the BIBA dye exhibit
highest efficiency due to the high molar extinction co-
efficient value with extension of m-conjugation, the
more positive HOMO level value, longer electron life
time on the TiO, semiconductor surface as well as the
more IPCE values may enhance the power conversion
efficiency than the monoanchoring MIBA dye, which
means that the dianchoring mode is more suitable for
further device fabrication studies.

Supplementary Material

Spectral data and Cartesian Coordinates of the
Optimized organic dyes at the B3LYP/6-31G (d,p)
level of theory.
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