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ABSTRACT

Two new bi-anchoring organic sensitizers of type D-(n-A), comprising the identical n-spacer (thiophene-2-
acetonitrile) and electron acceptor (malonic acid) but different aryl amine as electron donors (diphenylamine and
carbazole) were synthesized, characterized and fabricated metal free dye-sensitized solar cell devices. The intra
molecular charge transfer property and electrochemical property of these dyes were investigated by molecular
absorption, emission, cyclic voltammetric experiments and in addition, quantum chemical calculation studies were
performed to provide sufficient driving force for the electron injection into the conduction band of TiO, which leads
to efficient charge collection. Among the fabricated devices, carbazole based device exhibits high current
conversion efficiency (0= 4.7 %) with a short circuit current density (Jsc) 15.3 mA/cm®, an open circuit photo
voltage (Voc) of 0.59 V and a fill factor of 0.44 under AM 1.5 illumination (85 mW/cmz) compared to

diphenylamine based device.
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1. Introduction

Dye-sensitized solar cells (DSSCs) have become one of the most promising alternatives to silicon-based
photovoltaic devices [1] due to its remarkable performances in converting solar energy to electricity at low cost
fabrications after the pioneering research work published by O’Regan and Gratzel in 1991 [2]. There are four main
factors: anode [3], cathode [4], electrolyte [5] and sensitizer [6], that plays a major role in the DSSCs performance
improvement. As a key part of DSSCs, the dye (metal-based and metal free) sensitizers take the function of light
absorption and generation of the electric charges [7]. Apart from precious metal-based ‘sensitizers (ruthenium
sensitizers shows power conversion efficiency (n) > 10%) [8], the metal free organic dyes have also achieved up to
10% efficiency under AM 1.5 G sunlight intensity [9]. In order to gain effective photo induced intramolecular
charge transfer characteristics, most of the efficient organic sensitizers are modelled as donor-m-spacer-
acceptor/anchoring (D-m-A) architecture [10] and it provides grand flexibility of molecular tailoring, simple
preparation process of low cost, high molar extinction coefficients, high purity and less environment issues. In
general, TiO, semiconductor act as a photocatalyst for dye degradation and organic transformation processes [11-
14], whereas in DSSC charge regeneration takes place by bonding dye molecules towards TiO, surface. However, to
design and syntheses of such more efficient organic dyes are still a challenge [15]. The main reason for the low
conversion efficiency of metal free DSSCs is its lower V,.[16], sharp absorption band in the visible region [17],
lower binding strength of dye on the TiO, surface [I18] and lower stability [19]. To rectify these problems
researchers tailoring the D-n-A core structure by substituting appropriate functional groups. Further, the presence of
only one anchoring functionality per molecule raise a serious constraint in organic dyes with respect to Ru (II)
sensitizers (N3 dye); where upon, minimum 4 anchoring groups are readily available for tuneable interfacial electron
transfer processes [20]. Recently, many groups reported bi-branched bi-anchoring dyes [D-(n-A),] due to their
extended m-conjugation, double binding abilities, higher photocurrent and increased efficiencies over the mono
anchoring counterparts [21,22]. Hence, it is beneficial to synthesis the metal free sensitizers with more —-COOH
groups which will-improve the binding strength and also induces the efficient charge injection from dye to
semiconductor surface similar to metal based sensitizers.

A series of bi-branched bi-anchoring dyes based on cyanoacrylic acid and rodhanine-3-acetic acid
as acceptor have been reported by us earlier [23-25], and in continuation introduced here malonic acid as an acceptor
in bi-anchoring dyes which may further increase the interfacial electron injection by providing four anchoring —
COOH groups and also increase the absorption maximum values. The reason for choosing malonic acid as an
electron acceptor is: (1) it act as a better electron withdrawing group compared to cyano acetic acid and rodhanine-
3-acetic acid, and (2) it also provide better anchoring groups to nanocrystalline TiO, [26,27]. With these designed
features, two new metal free organic dyes 2,2'-((5,5'-((1E,1'E)-(9-hexyl-9H-carbazole-3,6-diyl)bis(1-cyanoethene-
2,1-diyl))bis(thiophene-5,2-diyl))bis (methanylylidene))dimalonic acid (Car-th-Ma) and 2,2'-((5,5'-((1E,1'E)-
((hexylazanediyl)bis(4,1-phenylene))bis(1-cyanoethene  -2,1-diyl))bis(thiophene-5,2-diyl))bis(methanylylidene))di



malonic acid (Dpa-th-Ma) Fig. 1, was synthesized based on carbazole or diphenylamine as donor,

cyanovinylthiophene as n—linker and malonic acid as acceptor.
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Fig. 1. Molecular structures of the new (Car-th-Ma) and (Dpa-th-Ma) sensitizers.

The synthesized dyes were characterized by 'H, ?C-NMR, FTIR and mass; and their photophysical, electrochemical
properties were investigated. The photophysical properties of the new dyes in solution and in thin films were
investigated by absorption spectroscopy and solution ‘mode  photoluminescence (PL) spectroscopy. The redox
properties of the new dyes were investigated by cyclic voltammetry and density functional theory (DFT)

calculations. The synthesized dyes were used as a sensitizer in TiO, based DSSCs.

2. Experimental Section

2.1. Materials

All reagents and chemicals were purchased from Alfa Aesar and Sigma-Aldrich and used without further
purification unless specified otherwise. All solvents were dried by refluxing for at least 24 h over CaH, and freshly
distilled prior to use. All column chromatographic separations were carried out on Merck silica gel (60-120 mesh).
FTO glass plates (sheet resistance 10€2/0) were purchased from BHEL, INDIA. The photoanode was prepared by
the following procedure as follows: [28] Glacial acetic acid (5 mL), 7.5 mL of tetra isopropyl titanate (C;,H,30,T1)
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 suspension was dispersed on fluorine
doped tin oxide (FTO) conducting glass plate by doctor blade technique. Loose crust of particles on the TiO, film
was removed by wiping smoothly using cotton wool. The thickness of the TiO, film was successively controlled, by
repeating the above coating procedure. Then it was sintered at 450 °C for 1 h for removing the binder, solvent and
getting an electrically-connected network of TiO, particles by burning under tubular furnace. After the sintering
process, when the temperature of the plate drops to 50 °C to 70 °C, it was immersed into the dye solution and leave

for 24 h. Excess non-adsorbed dye were washed with anhydrous ethanol. The Platinum catalyst counter electrode



was prepared by deposition of H,PtCls.6H,0 solution (0.005 mol/dm’ in isopropanol) onto FTO glass and then
sintering at 400 °C for 20 min [29,47]. 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,/0.1 M
Lil/0.5 M 4-tert-butyl pyridine (TBP) in 3-methoxypropionitrile was injected in-between the two electrodes.

2.2. Instruments

'H and "C-NMR spectra were realized on a 300/400 MHz BRUKER spectrometer. in deuterated
chloroform or dimethylsulfoxide solution at 298 K. Chemical shifts (5 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. ATR-FTIR
spectra were measured with a thermo spectrophotometer system equipped with a ZnSe prism. 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 configuration consisting of a platinum disc working electrode, 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 3x10™ M
sample and 0.1 M tetrabutylammonium hexafluorophosphate (Bus;NPFs) in anhydrous DMF as a supporting
electrolyte under Argon atmosphere. Electrochemical impedance spectroscopy (EIS) measurements were done under
85 mW/cm” light illumination by using an Autolab PGSTAT potentiostat/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 260%
monochromator. The number -of incident photons was calculated for each wavelength using a calibrated

monocrystalline silicon diode as reference.

2.3. Synthesis

2.3.1. Synthesis of 9-hexyl-9H-carbazole (1a) [30]

1-Bromohexane (5 g, 1.7 eq), carbazole (3 g, 1 eq) and sodium hydroxide (6 g, 8.4 eq) were added to
dimethylsulfoxide (DMSO) (45 mL), followed by heating at 110 °C for 12 h. After cooling to room temperature the
resulting mixture was extracted with Ethyl acetate (EA)/water and then dried with Na,SO,. The solvent was
evaporated and the resulting crude was purified by column chromatography on silica gel (60-120 mesh) by using
hexane as solvent to give white solid with yield 88.22% (3.97 g).

'H NMR (CDCls, ppm): & 8.18 (d, 2H, J=7.6Hz), 7.56-7.54 (m, 2H), 7.52-7.46 (m, 2H), 7.31 (t, 2H,
J=7.2Hz), 4.33 (t, 2H, J=7.2Hz), 1.96-1.89 (m, 2H), 1.54-1.37 (m, 6H), 0.96 (d, 3H, J=6.8Hz). *C NMR (CDCl,,
ppm): 8 140.35, 125.48, 122.75, 120.25, 118.61, 108.57, 42.90, 31.51, 28.84, 26.89, 22.48, 13.97.



2.2.2. Synthesis of 9-hexyl-9H-carbazole-3, 6-dicarbaldehyde (1b) [31]

Freshly distilled POCI; (36 mL, 25 eq) was added drop wise to DMF (27 mL, 23 eq) under N, atmosphere
at 0 °C, and then it was stirred for 1 h. Compound 1a (3.89 g, 0.015 mol) was added to the above solution, and then
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 6 M NaOH. Filtered the solid and dried. The solid crude product was
purified by column chromatography on silica gel (60-120 mesh) by using Ethyl acetate/Hexane (1:4), to give a white
solid (2.94 g, yield = 63.46%).

'H NMR (CDCl;, ppm): & 10.13 (s, 2H), 8.67 (d, 2H, J=1.5 Hz), 8.10-8.08 (m, 2H), 7.55 (d, 2H, J =8.5
Hz), 4.39 (t, 2H, J =7.5 Hz), 1.94-1.88 (m, 2H), 1.41 (d, 2H, J =7 Hz), 1.38-1.30 (m, 4H), 0.86 (m,3H). °C NMR
(CDCl;, ppm): 6 191.43, 144.73, 129.61, 127.79, 124.19, 123.12, 109.72, 43.78, 31.39, 28.89, 26.81, 22.42, 13.90.

2.2.3. Synthesis of (2E, 2’E)-3, 3’-(9-hexyl-9H-carbazole-3, 6-diyl) bis (2-(thiophen-2-yl) acrylonitrile) (1c) [23]

Freshly distilled methanol (100 mL) was taken in a 250 mL single neck round bottom flask. The compound
1b (3 g, 1 eq) and thiophene-2-acetonitrile (2.65 g, 2.2 eq) were added to the methanol. A catalytic amount of
potassium tert-butoxide was added into this mixture at room temperature. Then the reaction mixture was stirred for
12 h at 50 °C. It was monitored by TLC. A bright yellow solid was filtered after 12 h. It was recrystallized in
dichloromethane and methanol to give the product 2:6 g (yield = 52%).

'H NMR (CDCls, ppm): 8 8.60-8.50 (m, 2H), 8.12-8.09 (m, 2H), 7.51-7.45 (m, 2H), 7.42-7.38 (m, 2H),
7.26 (s, 2H), 7.13-7.10 (m, 2H), 7.04-7.00 (m, 2H), 4.32 (t, 2H, J=7.2 Hz), 1.93-1.55 (m,2H), 1.39-1.25 (m, 6H),
0.89-0.87 (m, 3H). °C NMR (CDCly, ppm): & 142.22, 140.77, 140.08, 128.21, 127.42, 126.47, 125.60, 123.32,
122.93,117.91, 109.87, 103.17, 43:79, 31.64, 29.14, 27.05, 22.66, 14.13.

2.2.4. Synthesis of (2E;2'E)-3,3'-(9-hexyl-9H-carbazole-3,6-diyl)bis(2-(5-formylthiophen-2-yl)acrylonitrile) (1d)
[31]

DMF (7 mL, 23 eq) was taken in a 100 mL 3 neck round bottom flask. To this freshly distilled POCl; (9
mL, 25 eq) was added drop wise under an atmosphere of N, at 0 °C, and then it was stirred for 1 h. 2 g of compound
1c was added to the above solution, and the resulting mixture was stirred for 4 h at 95 °C. It was monitored by TLC.
After the completion of the reaction, it was cooled to RT, and then the reaction mixture was poured into a beaker
containing ice-cubes, and basified with 6 M NaOH. It was extracted with dichloromethane/brine. After evaporating
the organic solvent the crude product was purified by column chromatography on silica using a mixture of Ethyl
acetate/Hexane (1:4, v/v), to give an orange colour solid 1.04 g (yield = 47%).

'H NMR (CDCls, ppm): & 10.14 (s, 2H), 8.15-8.17 (m, 2H), 7.57 (s, 2H), 7.47 (d, 2H,J=8.8 Hz), 7.39 (s,
2H), 7.39-7.29 (m, 2H), 7.26 (s, 2H), 7.10-7.08 (m, 2H), 4.33 (t,2H, J=7.2 Hz), 1.92-1.88 (m, 2H), 1.55-1.25 (m,
6H), 1.38-1.25 (m, 4H), 0.89-0.86 (m,3H). °C NMR (CDCls, ppm): & 180.94, 147.37, 144.52, 140.54, 125.67,
122.92, 120.44, 118.79, 113.02, 108.76, 107.19, 90.92, 43.15, 31.71, 29.04, 27.09, 22.67, 14.15.



2.2.5. Synthesis of 2,2'-((5,5'-((1E,1'E)-(9-hexyl-9H-carbazole-3,6-diyl)bis(1-cyanoethene-2, 1-diyl))bis(thiophene-
5,2-diyl))bis(methanylylidene))dimalonic acid (1e)

Freshly distilled acetonitrile (30 mL) was taken in a 100 mL 2 neck round bottom flask. 1 g of compound
1d was added to the above solvent and maintains the reaction at 60 °C and piperidine (0.482 mL, 2.8 eq), malonic
acid (0.430 mg, 2.4 eq) was added to the above solution, and then refluxed it for overnight. It was monitored by
TLC. After completion of the reaction, cooled to room temperature (RT) and then distillate the solvent by using
rotovac evaporator, then the solid compound was washed with 1:1 ratio of CHCl;:CH;OH mixture. Filter the dark
red colour solid compound about 47 mg (yield = 36.5%).

'H NMR (CDCls, ppm): 8.59 (s, 1H), 8.27 (s, 1H), 8.00 (s, 2H), 7.83 (s, 2H), 7.79 (m, 2H), 7.74 (m, 2H),
7.64 (d, 1H, J=8.4 Hz), 7.52 (m, 1H), 7.31 (d, 1H, J=8 Hz ), 7.26 (s, 1H), 4.30-4.21 (m, 2H), 1.84 (m, 2H), 1.65 (m,
2H), 1.41-1.25 (m, 4H), 0.84 (s, 3H). °C NMR (DMSO-ds, ppm): & 166.18, 156.34;, 153.15, 146.47, 143.12, 141.42,
132.10, 126.73, 125.54, 124.86, 115.07, 105.10, 45.21, 31.45, 26.54, 22.17, 14.81. ESI-MS Anal. Calcd. for
C4oH3N305S,: 745.82. Found: 746.

2.2.6. Synthesis of N-hexyl-N-phenylaniline (2a) [30]

It was synthesized according to the procedure of la whereas diphenylamine is used as starting compound
instead of carbazole. The product obtained was colourless liquid (yield = 81.7%).

'H NMR (CDCls, ppm): & 7.27-7.23 (m, 4H), 6.98-6.96 (m, 4H), 6.94-6.91 (m, 2H), 3.67 (t, 2H, J=8Hz),
1.66-1.62 (m, 2H), 1.35-1.26 (m, 6H), 0.88-0.85 (m, 3H). °C NMR (CDCls, ppm): & 148.05, 129.15, 120.95,
120.82, 52.28, 31.59, 27.36, 26.71, 22.62,13.99.

2.2.7. Synthesis of 4, 4'-(hexylazanediyl) dibenzaldehyde (2b) [31]

It was synthesized according to the procedure of 1b by using compound 2a. The product is brown colour
liquid (yield = 94%).

'"H NMR (CDCls, ppm): & 9.85 (s, 2H), 7.78 (d, 4H, J=8.4 Hz), 7.13 (d, 4H, J=8.4 Hz), 3.82 (t, 2H,
J=8.0Hz), 1.67 (d, 4H, J=8.4 Hz), 1.33-1.26 (m, 6H), 0.85 (t, 3H, J=6.4 Hz). "C NMR (CDCls, ppm): & 190.25,
148.89,129.92, 121.95, 121.69, 52.31, 31.69, 27.42, 26.90, 22.69, 13.87.

2.2.8. Synthesis of (2E, 2'E)-3, 3'-(4, 4'-(hexylazanediyl) bis (4, 1-phenylene)) bis (2-(thiophen-2-yl) acrylonitrile)
(2¢) [23]

It was synthesized according to the procedure of 1c by using compound 2b. The product obtained was red

colour solid (yield = 68.5%).



'"H NMR (CDCls, ppm): & 7.79 (d, 2H, J=10.4 Hz), 7.36-7.34 (m, 2H), 7.30-7.26 (m, 2H), 7.26-7.22 (m,
2H), 7.12-7.04 (m, 4H), 6.97-6.95 (m, 2H), 3.80 (t, 2H, J=8.0 Hz), 1.72-1.66 (m, 2H), 1.38-1.25 (m, 6H), 0.91-0.87
(m, 3H). '*C NMR (CDCl,, ppm): § 148.82 139.91, 139.26, 130.89, 128.22, 126.98, 126.54, 125.67, 120.93, 117.61,
103.21, 52.49, 31.69, 27.68, 26.82, 22.76, 14.14.

2.2.9. Synthesis of (2E,2’E)-3,3’-((hexylazanediyl)bis(4,1-phenylene))bis(2-(5-formylthiophen-2-yl)acrylonitrile)
(2d) [31]

It was synthesized from compound 2c according to the similar procedure of 1d. The product was red colour
solid (yield = 39%).

'H NMR (CDCls, ppm): & 9.87 (s, 2H), 7.88 (d, 4H, J=8.8 Hz), 7.71 (d, 2H, J= 4Hz), 7.47 (s, 2H), 7.41
(d,2H, J=4 Hz) 7.15-7.13 ( m, 4H), 3.84 (t, 2H, J=8.0 Hz), 1.73 -1.62 (m, 2H), 1.38-1.34 (m, 2H), 1.32-1.25 (m, 4H),
0.90-0.87 (m, 3H). °C NMR (CDCl;, ppm): & 182.56, 149.53, 149.01, 142.67, 142.45, 137.11, 131.74, 126.94,
126.48, 121.07, 116.80, 102.18, 52.57, 31.63, 27.72, 26.76, 22.72, 14.11.

2.2.10. Synthesis of 2,2'-((5,5"-((1E, 1'E)-((hexylazanediyl)bis(4, I -phenylene))bis(1-cyanoethene-2, 1-
diyl))bis(thiophene-5,2-diyl))bis(methanylylidene))dimalonic acid (2e)

It was synthesized according to the procedure of le by using compound 2d. The product was dark red
colour solid (yield = 37.9%).

'H NMR (DMSO-dg, ppm): 8.31 (s, 2H), 8.16 (s, 2H), 7.91 (d, 2H, J=8.7 Hz), 7.85-7.82 (m, 2H), 7.73-7.60
(m, 4H), 7.56-7.32 (m, 2H), 7.22-7.01 (m, 2H), 2.97 (s, 2H), 1.57 (m, 2H), 1.33 (m, 2H), 1.21 (m, 4H), 0.84 (m,
3H). °C NMR (DMSO-d, ppm): & 165.87, 159.28, 157.16, 149.24, 140.72, 134.86, 130.61, 120.54, 120.12, 119.67,
114.17, 107.24, 50.64, 30.95, 29.15, 26.95, 22.54, 13.71. ESI-MS Anal. Calcd. for C4H33N305S,: 747.84. Found:
747.

3. Results and Discussion

3.1 Synthesis of organic dyes

The synthetic pathways of organic dyes Car-th-Ma and Dpa-th-Ma were depicted in scheme 1. The
electron-donor part, N-hexyl diphenylamine and N-hexyl carbazole are synthesized by hexylation of diphenylamine
and carbazole in basic DMSO medium and then coupled with cyanovinylthiophene n—linker via Vilsmeier-Haack
formylation reaction followed by Knoevenagel condensation. Then the product is coupled with anchoring malonic
acid group through Vilsmeier-Haack formylation reaction followed by Knoevenagel condensation. All the
intermediates and target products were purified by column chromatography and the new compounds were well

confirmed by various analytical tools (See Supporting information).
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Scheme 1. Synthetic pathway of the organic dyes. (i) 1- Bromohexane, NaOH, DMSO, 110 °C.. (ii) POCl;,
DMF, 95 °C. (iii) 2-(thiophene-2-yl)-acetonitrile, t-BuOK, CH;0H, refluxed. (iv) POCl;, DMF, 95 °C. (v)

Malonic acid, piperidine, acetonitrile, refluxed.

3.2 Photophysical properties

The UV-Vis spectra of the synthesized organic dyes in DMF solution (6x10” M) and adsorbed on TiO,
film are presented in Fig. 2 and 3, respectively and the detailed parameters are collated in Table 1. As can be seen in
Fig. 2, Car-th-Ma and Dpa-th-Ma exhibit obvious maximum absorption peaks at two distinct regions. The higher
energy peaks at 299 nm (¢=27,971 M cm™) for Car-th-Ma and at 273 nm (¢=38,426 M"' cm™) for Dpa-th-Ma dyes
can be ascribed to a m-m* transition of the conjugated aromatic rings and the lower energy peaks at 537 nm

(e=43,411 M cm'l) for Car-th-Ma and at 465 nm (£=35,080 M cm'l) for Dpa-th-Ma can be attributed to the



intramolecular charge transfer (ICT) between the arylamine donating unit and malonic acid acceptor/anchoring

moiety, thereby producing an efficient charge separated state [32].
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Fig. 2. Absorption and emission spectra of Car-th-Ma and Dpa-th-Ma dyes recorded in DMF.

In that spectra, the Car-th-Ma dye red shifted by 72 nm and its molar extinction coefficients were 8,331 times
greater than the Dpa-th-Ma which is reasoned out with the help of DFT calculations, that the former (Car-th-Ma) has
the dihedral angles of the corresponding ring units R1-R2 is 0.25° and RI1-R3 is -179.1°, supports more planar
configuration and hence more delocalization over entire conjugate system upon compared to Dpa-th-Ma [33]. Fig. 3
shows the absorption spectra of the dye loaded TiO, films after 24 h immersion of TiO; films in dye solution. The
maximal absorption peaks for Car-th-Ma and Dpa-th-Ma are at 513 nm and 478 nm respectively. Upon comparing
with the absorption spectra of the corresponding dyes in solution Car-th-Ma shows blue shifted by 24 nm may be
due to_the H-aggregation, i.e., the aggregation of the dyes on the surface of TiO, nanoparticles due to strong
interactions between the dyes and semiconductor surface [34] and such phenomenon has been found in other organic

dyes reported earlier [35-37].

Whereas, Dpa-th-Ma dye shows red shifted by 13 nm may be due to the J-aggregation [38] occurred by
increased delocalization of the m* orbital of the conjugated framework caused by the interaction between the
carboxylate group and Ti*" ions that directly decreases the energy of the w* level [39] respectively. The absorption
spectra of the dyes became broadened after adsorption on the TiO, surface, which should favor the light harvesting
of the solar cells [40]. Further, the introduction of malonic acid electron acceptor shifts the absorption bands of the

both dyes to red region compare to cyano acetic acid electron acceptor [23]. The fluorescence spectra recorded upon



their excitation of absorption maxima value of Car-th-Ma and Dpa-th-Ma exhibit strong luminescence maxima at

661 nm (A= 577 nm) and 578 nm (A.x = 483 nm) respectively.
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Fig. 3. Absorption spectra of Car-th-Ma and Dpa-th-Ma dyes adsorbed on nanocrystalline TiO, films.

3.3 Electrochemical properties

The estimation of the energy levels, the effect of arylamine donors on the energy level of the synthesized
dyes and the electron transfer from the excited dye molecule to conductive band (E,) of TiO, were measured by
cyclic voltammetry (Fig. 4) and their data are summarized in Table 1. The onset oxidation potentials E = are
observed at 0.72 V and 1.07 V were determined from the intersection of two tangents drawn at the rising current and
background charging current of a cyclic voltammograms [41] for Car-th-Ma and Dpa-th-Ma dyes respectively. The
HOMO energy levels were calculated based on the relationship of HOMO (eV) = -€ (Bonset”” V (vs Fe/Fc®) + 4.8 V)
by assuming the ferrocene (Fc) energy level to be -4.8 eV below the vacuum level [42], these HOMO values are
positive than I'/I; redox couple (-4.6 eV vs vacuum) which may further improved negatively about 0.3 V by adding
additives such as 4-tert-butylpyridine (TBP) to the I'/I;” redox electrolyte [43]. The LUMO levels of the dyes were
calculated by (Eoueet”) - Eo.0, where Eqgis the zero-zero energy of the dyes estimated from the intersection between
absorption and emission spectra [44,45]. Probably, the LUMO energy values are negative than of conduction band
(Fig. 5), provides sufficient driving force for the electron injection into the conduction band of TiO, which leads to
efficient charge collection [46]. Further, the HOMO and LUMO energy levels of the synthesized dyes are very
suitable for the electron regeneration from the electrolyte I/l and electron injection to the conduction band of TiO,

respectively.
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Fig. 4. Cyclic voltammograms of dyes were measured in DMF 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,

Table 1

Optical, electrochemical data and HOMO, LUMO energy levels of Car-th-Ma and Dpa-th-Ma dyes.

Dye Aabs/nm Aew/nm™ T E%P(eV)*  Eq/V(vs, Fc)  EwomoleV)”  EwmoleV)® HOMO®  LUMO®
(e(Mem™))? ¢

Car-th-Ma 537 (43,411) 661 1.99 0.72 5.07 3.08 -5.70 -2.88

Dpa-th-Ma 465 (35,080) 578 2.30 1.07 5.42 3.12 -5.47 -3.08

® Absorption and emission spectra were recorded in DMF solution (6x10~ M) at room temperature.

b Dyes were excited at their absorption maximum value (for Car-th-Ma, Ae,= 577 nm and for Dpa-th-Ma, A= 483
nm).

“ Optical band gap calculated from intersection between the absorption and emission spectra.
4 The values of Eromo and Eymo Were calculated with the following: HOMO (eV)=-e (E3Xcq: V (Vs Fc/Fc) +4.8V);

LUMO (eV)= (E%set) - Eo.o, Where Eqyis the intersection between the absorption and emission spectra of the
sensitizers.

©B3LYP/6-31G(d) calculated values.
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Fig. 5. Energy level diagrams of Car-th-Ma and Dpa-th-Ma dyes from electrochemical data.

3.4. Computational analysis

To get an insight into the molecular structure and electron distribution of the synthesized organic dyes, their
geometries have been optimized by density functional theory (DFT) calculations using B3LYP/6-31 G (d) level in
gas phase with Gaussian 09 program. The electron distribution of HOMO and LUMO of the dyes with optimized
structures were shown in Fig. 6 and the calculated HOMO and LUMO energies of the dyes were listed in Table 1.
The dihedral angle in ZC-N-C-C (R2-R3) is -142.6° and in ZC-N-C-C (R3-R2) is -155.5° for Dpa-th-Ma, and the
dihedral angle in ZC-N-C-C (R1-R2) 0.25° and in ZC-N-C-C (R1-R3) -179.1° for Car-th-Ma dye. However in Car-
th-Ma and Dpa-th-Ma, the electron density is mainly localized at the electron donors as well as thiophene moieties at
both sides in HOMO, whereas in LUMO electron density is localized only at the thiophene and electron
withdrawing malonic acid moieties. This indicates that in both dyes the intra molecular charge transfer (ICT) takes
place from donor moiety to withdrawing group through the n-bridge. Therefore, the expected spatial orientation of
HOMO and LUMO levels for the dyes is suitable for DSSCs, which can facilitate the interfacial electron injection

from the excited dye to the conduction band of TiO,,
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Fig. 6. The frontier HOMO and LUMO orbitals of Car-th-ma and Dpa-th-ma dyes.

3.5. Photovoltaic performance of the DSSCs

TiO, nanoparticles were prepared according to the literature [28] and it was coated on a FTO glass substrate
with an effective area of 0.49 cm’. This plate was immersed in a DMF solution containing 3x10™* M dye sensitizers
for 24 h. The photo cathode was prepared by H>PtCls (50 mM in isopropyl alcohol) solution which is deposited on
the FTO glass by drop casting and-heated at 400 °C for 20 min [29,47]. The device was fabricated as follows: the
photo cathode was placed on top of the photo anode and was tightly clipped together. Then, 0.05 M 1,/0.1 M Lil/0.5
M 4-tert- butyl pyridine (TBP) in 3-methoxypropionitrile electrolyte was injected in-between the two electrodes.

The current-voltage (I-V) curves of the fabricated DSSCs sensitized by the Car-th-Ma and Dpa-th-Ma dyes
are shown in Fig: 7 and the performance statistics were tabulated in Table 2. Among the two dyes, Car-th-Ma dye
showed high efficiency due to high Jscand Voc, mainly high Jsc contributed by longer wavelength absorption with
high molar extinction coefficient in the series. Probably, the low band gap value of Car-th-Ma suggest an increase in
Jsc values; which may leads to further increase in device efficiency. Further, the planar nature of carbazole moiety

facilitates the good adsorption on TiO, surface which may be reason for the higher efficiency of Car-th-Ma.

The spectra of incident photon to current conversion efficiency (IPCE) (Fig. 8) almost covers the entire
visible region, similar to the absorption spectrum of the dye adsorbed thin TiO, layer, facilitating the DSSCs to
efficiently convert solar light to electricity. The IPCE spectra of Car-th-Ma showed 24% in the range of 444 - 508
nm. In contrast, the IPCE of Dpa-th-Ma gives relatively low values (15%) at the wavelength maximum (478 nm),

which might be due to the poor injection efficiency arising from the unfavourable binding at the TiO, surface [48].
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Fig. 7. Current density-voltage characteristics for Car-th-Ma and Dpa-th-Ma based devices for DSSCs under

illumination of simulated solar light (AM 1.5, 85 mW/cm’).
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Fig. 8. IPCE spectra of the fabricated devices based on Car-th-Ma and Dpa-th-Ma dyes.
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Fig. 9. Nyquist plots of DSSCs based on Car-th-Ma and Dpa-th-Ma dyes under illumination of simulated solar
light (AM 1.5, 85 mW/cm?).

This is further confirmed by calculating the adsorbed amounts (I') of dyes on TiO, surface by desorption of
the dye from the TiO, surface using 0.1 M NaOH in DMF/H,O (1:1) mixture [34]. From these results, Car-th-Ma
adsorbs comparatively more than Dpa-th-Ma dye may be due to the planar nature of Car-th-Ma dye on TiO, surface,

probably this may augment the device efficiency.

The electrochemical impedance “spectroscopy (EIS) analysis [49] was performed to understand the
correlation between the improved cell performance and internal resistance, and to confirm relation between Voc and
the charge recombination rate of the fabricated DSSCs over a frequency range of 10°-10" Hz under AM 1.5. The
Nyquist plot displayed in Fig. 9 looks like a semicircle which corresponds to the charge transfer resistance at the
counter electrode and TiOy/dye/electrolyte interface. The diameter of the bigger semicircle in the order of Dpa-th-
MaZ Car-th-Ma, which means that the electron recombination resistance is high for Car-th-Ma dye on the
TiO,/electrolyte interface, and it is in accordance with the V¢ value of the device [10,50]. The electron lifetime for
Car-th-Ma (7.16 ms) is high compare to Dpa-th-Ma (2.79 ms), which can be measured from bode plot Fig. 10.
Probably, the lower electron recombination and longer electron lifetime of Car-th-Ma further induce the device
efficiency [51]. Malonic acid based device exhibit more surface concentration as well as longer electron lifetime

compare to cyano acetic acid based device [23], which may be the reason for higher efficiency of malonic acid

based device.
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Fig. 10. Bode plots of DSSCs based on Car-th-Ma and Dpa-th-Ma dyes under illumination of simulated solar light
(AM 1.5, 85 mW/em’).

Table 2
DSSC performance parameters of the fabricated devices.
Dye Jic(mA/cm?) Voc (MV) FF n (%)° Electron Surface
lifetime concentration
(Tets) (ms) r(mol/cm?)
Carth-Ma _15.3 590 0.44 47 7.16 4.0x10°
Dpa-th-Ma 13.3 558 0.47 4.1 2.79 1.0x 107
?|llumination: 85 mW/cm’ simulated AM 1.5 G solar light; electrolyte containing: 0.05 M 1,/0.1 M Lil/0.5 M 4-
tert-butyl pyridine in 3-methoxypropionitrile.

3.6. Adsorption of Dyes on the TiO; surface: ATR-FTIR Studies

Fourier-transform infrared (FTIR) spectra of the Car-th-Ma (Fig. 11a) dye shows most prominent bands for
C=0 'stretching at 1674 cm™, -C=N stretching at 2210 cm™', and asymmetric and symmetric stretching modes of the
aliphatic -CH, groups at 2931 and 2858 cm™' respectively. And the Dpa-th-Ma dye (Fig. 12a) shows prominent
bands for C=O stretching at 1672 cm™, -C=N stretching at 2210 cm™', and asymmetric and symmetric stretching
modes of the aliphatic -CH, groups at 2921 and 2856 cm™ respectively. An attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) spectroscopy has been shown to be a powerful tool to extract structural information
about the dye adsorbed onto the TiO, surface [52]. The spectrum of Car-th-Ma dye (Fig. 11b) anchored on TiO,
shows bands at 1627 and 1389 cm™ for the asymmetric and symmetric stretching modes of the carboxylate group

and complete disappearance of C=0 stretching peak at 1674 cm.
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Fig. 11. ATR-FTIR spectra of the Car-th-Ma dye obtained using a solid sample and adsorbed on a

nanocrystalline TiO, film.

Similarly, Dpa-th-Ma dye (Fig. 12b) also shows bands at 1630 and 1390 cm™ for the asymmetric and symmetric
stretching modes of the carboxylate group and complete disappearance of C=0 stretching peak at 1672 cm™'. From
these ATR-FTIR data, it can be inferred that the dye is anchored on the surface through the carboxylate groups via a
bidentate chelation or a bridging of surface titanium ions rather than an ester type linkage [53]. In addition, the
peaks observed for Car-th-Ma dye (at 2952, 2856 cm™) and for Dpa-th-Ma dye (at 2926, 2857 cm™) are corresponds
to the asymmetric and symmetric stretching modes of the aliphatic -CH, groups, while peaks for -C=N group
stretching for Car-th-Ma (at'2221 cm™) and for Dpa-th-Ma (2211 cm™), and finally the observed large and broad
absorption band centered at 3423 cm™ may be due to adsorbed moisture presumably from the dye solution since the

TiO, film is heated prior to staining.
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Fig. 12. ATR-FTIR spectra of the Dpa-th-Ma dye obtained using a solid sample and adsorbed on a

nanocrystalline TiO; film.

4. Conclusion

In summary, two metal free organic dyes Dpa-th-Ma and Car-th-Ma featuring thiophene-2-acetonitrile as
the m-spacer and malonic acid as the electron acceptor with different arylamine (diphenylamine and carbazole) as
electron donors were designed and synthesized. The photophysical, electrochemical, photovoltaic and ATR-FTIR
properties of the dyes were extensively studied illustrates such metal free organic dyes may be suitable for DSSCs.
Among the fabricated devices, the device based on Car-th-Ma dye showed higher efficiency (1) compared to Dpa-
th-Ma dye based device. This is due to the higher Jsc and Voc, mainly the higher Jsc values contributed by high
absorption and high melar extinction coefficient values of Car-th-Ma as well as the low band gap energy level, the
energy levels of Car-th-Ma provides sufficient driving force for the electron injection and dye regeneration. In
addition to this the high electron recombination resistance and longer electron life time augment the device
efficiency. From this conclusion the malonic acid provide stronger binding ability to TiO, film.
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Two new bi-anchoring organic sensitizers of type D-(n-A), comprising the identical n-spacer as
thiophene-2-acetonitrile,electron acceptor as malonic acid but different aryl amine as electron
donors (diphenylamine and carbazole) were synthesized for dye sensitized solar cell fabrication.
Among two dyes, carbazole based device exhibits high current conversion efficiency (n= 4.7%)
under AM 1.5 illumination (85 mW c¢m™) compared to Diphenylamine based device.
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Highlights

Two new bi-anchoring organic sensitizers of type D-(n-A), were synthesized and

characterized

Carbazole based device exhibits high current conversion efficiency (n= 4.7%) under AM

1.5 illumination

More negative LUMO energy levels provides sufficient driving force for the electron

injection into TiO,



