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Abstract

Squaraine dyes (SQ) have acquired sufficiently great attention as dye-sensitized solar cell (DSSCs) materials. In the present
study, we have synthesized and characterized of two novel symmetrical sensitizers dyes for dye-sensitized solar cells which
contain electron withdrawing (—~COOH) group with long alkyl ester chain (SQ1) and another without encoring group (SQ?2).
We have investigated the structural, electronic, photo-electrochemical, and charge transport properties of two SQ1& SQ2
indole-based squaraine dyes. The ground state geometry has been computed by applying density functional theory (DFT).
The excitation energy and the oscillator strength were calculated by using time-dependent (DFT-TD) at DFT/B3LYP/
6-31G** level of theory. We have focused and study on the frontier molecular orbitals (HOMO and LUMO), electron
injection (4G™e%Y), light harvesting efficiency (LHE), open-circuit voltage (Voc), relative electron injection (4Gr™e®t), and
short-circuit current density (Js). The effect of-COOH as (acceptor) and -OCHs; (donor) groups on SQ1 and SQ2 were
investigated. The factors affecting, 4G™e, LHE, Vo and Jsc revealed that SQ1 would be more favourable to enhance the
performance of DSSCs. The theoretical calculations and absorbance results show that the electron density of LUMO of SQ1
is delocalized in the whole chromophore, leading to strong electronic coupling between SQ1 and TiO; surface. So, the SQ1
sensitized solar cells exhibit better photovoltaic performance. Copyright © 2018 VBRI Press.
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Introduction v NHEA Conducting Glass

Dye sensitized solar cell is one of the best promising Glass
alternative renewable energy sources. The dye sensitized 1
solar cell (DSSCs) is a nanostructured photo-
electrochemical device. Light is absorbed by a dye
attached to the surface of a mesoporous wide band gap
semiconductor. Solar energy is transformed into
electricity via the photo-induced injection of an electron
from the excited dye into the conduction band of the
semiconductor. The electrons move through the 2
semiconductor to a current collector and external circuit.
A redox mediator in the pores ensures that oxidized dyes
are continuously regenerated and this process is cyclic[1]. ,ﬁ
New ways of manufacturing solar cells that can scale up

to large volumes and at low cost are required. DSSCs
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Fig. 1. The processes in operational DSSCs. Blue arrows indicate

considered a technology between the second and third-
generation solar cells reported in 1991 by O’Regan, and
Grétzel [2]. DSSCs are built of a dye absorbed wide band
gap semiconductor electrode (TiO, or ZnO), an
electrolyte containing the 1 /I3~ redox couple, and a
Pt-coated counter electrode [3-10], (Fig.1). The electron
injection into the semico-nductor and dye regeneration
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beneficial processes and red arrows indicate undesired losses.

with hole transfer to the redox electrolyte, called
sensitizer in DSCs which is one of the most critical
component to for the light harvesting and the charge
separation process [11]. Recently, Gratzel et al. reported
using a co-sensitizer in DSSc, i.e. a zinc porphyrin dye
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(YD 2-0-C8) and an organic dye (Y123) in conjunction
with a tris (2, 2' bipyridine) cobalt (1I/1I1) I7/l15~ redox
couple, this provided DSSCs to reach 12.3% efficiency
[12]. In the near-infrared (NIR) region the photoelectric
conversion efficiency of DSSCs is insufficient, so further
studies are needed to develop new sensitizers to enhanced
light-harvesting in whole range of the spectra of sunlight,
including visible and NIR regions light [13]. Squaraine
(SQ) dyes are considered one of the best substitutes
between the different Ru-free organic dyes available.
They have higher molar extinction coefficients and much
cheaper Ru-free organic dyes (e.g. extension coefficient
of squaraine is ~3 x 10° Micm™) [14-16], than
conventional dyes (Ru complexes is ~1 x 10* Mcm™)
[17]. They have ability to absorb photons with a long
wavelength in the range, 500 ~700 nm. In addition, SQ
dyes are used to aggregate very easily on the TiO;
surface, which reduce the solar cell performance [18, 19]
and their absorption band is very narrow compared to
Ru-complexes [14-16]. It will be huge challenge to
develop novel SQ dyes in enhancing and production of
high efficiency DSSCs. In previous studies, the
electronic/charge transport properties and efficiency of
DSSCs have been developed by incorporating thiophene,
pyrrole, thiazole, and indole unit(s) into squaraine dyes
[20-22]. Bridge elonga -tion, introduction of electron-
withdrawing groups and/or push-pull strategies are good
approaches to enhance the efficiency, intra-molecular
charge transfer (ICT) and stability of sensitizers Larger
light harvesting ability [23-27]. ICT and electronic
coupling constants [light harvesting efficiencies (LHE)]
would lead to more efficient DSSCs. Dye aggregation and
charge recombination generally leads to lower efficiency
[28-33]. In the present paper, we have synthesized of two
novel squaraine sensitizers SQ1 & SQ2 and compared
them. The novel carboxylic indole squaraine sensitizer
and another without carboxylic group were synthesized
calculated by Gaussian03 package (Fig.4). The SQ1
containing double-carboxylic acid acceptor/anchor was
more efficient between the photo sensitizing dye and
TiO,, forming stronger electronic coupling and the more
strongly accepting attached carboxylic acid with TiO,.
The ethoxy groups and an alkyl chain at the N-atom of
indole decreases the aggregation of dyes and charge
recombination. These two types of squaraine sensitizers
exhibited a panchromatic response from the visible region
to the NIR region. All two (SQ1 and SQ2) squaraine
sensitizers have long side chains and acidic ligands which
lead to inhibit recombination and decreased aggregation
as a result to rotation of the molecule freedom without
hinder, resulting in improved dye-sensitized solar cell
efficiency. The investigation was accomplished through
shedding some light on the dye/ electro-optical properties,
electron injection (4G™eY) and light harvesting energy
(LHE). Also, in this paper, we have discussed the
characterizations of two symmetric squaraine dyes with
alky ester chain donating groups which supply strong
electronic coupling to CB of the TiO,. In addition, the
optelectro-chemical properties of the two indole—based
dyes were investigated. Finally, the factors affecting of
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short-circuit current density (Jsc) and open-circuit voltage
(Voc),were studied and concluded with a discussion on the
nature of sensitizers, based on the previously mentioned
information [29,50]. The SQ1 was observed to be red-
shifted i.e. to a longer wavelength than the other sensitizer
because of the di-carboxyl groups. The absorption
spectrum of SQ1 was red-shifted more than that of SQ2
due to two-electrons accepting of di-carboxylic acid. This
is lead to the extension of the optical absorption
wavelength region improved light harvesting and
enhanced the molar extinction coefficients.

Experimental
Materials

All chemicals, 4-Hydrazinobenzoic acid (HBA, 98%)
Phenyl hydrazine (97%), Squaric acid (98%), Sodium
Acetate Anhydrous (>99%), Sodium carbonate anhydrous
(Na;COs3, powder, 99.999% trace metals basis) from
Sigma-Aldrich. Isopropyl methyl ketone (3-Methyl-2-
butanone, 98%), Sodium sulphate anhyd -rous (Na;SO.
99%), Methyl 3-bromopropionate (97%), Ethyl
acetate(EtOAc, 99%), Toluene (99%) from (Alfa Aesar),
n-Butanol (SISCO research laboratories PVT-LTD),
Diethyl ether (Et,0, 98%, Molychem), Acetonitrile (98%,
Molychem) Alfa Aesar, Methanol (MeOH, 99.8%,
Sigma-Aldrich), Squaric acid (98+%), Methanol
(MeOH,99%, Alfa Aesar), Ethanol (EtOH ,98%, Sigma-
Aldrich), petroleum ether 60/80(Alfa Aesar), Silica gel,
60-120 mesh, for column chromatography (Vetec),
(Sigma-Aldrich).

Characterizations

NMR spectra were recorded on Bruker AVANCE I11l WM
600 and 400 spectrometers (Karlsruhe, Germ -any) and
13C MHz NMR at 150MHz. Tetramethylsil -ane (TMS)
was used as internal standard. The chemical shifts were
recorded in parts per million (ppm) with TMS as the
internal reference. FTIR spectra of samples (as KBr
pellets) were obtained using a Nicolet 6700 Thermo
Scientific instrument equipped with a diamond ATR
probe, over the range 400-4000 cm™. UV-vis spectra
were obtained using a PerKin Elmer Lambda 950
spectrophotometer. Melting points (M.p) were measured
with a melting point apparatus "Dr. Tottoli" from Bichi.
They were determined in open capillary tubes. Optimized
geometries of final dye with the highest occupied
molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) were calculated at B3LYP/6-
311G** level of calculations using Gauss -ian 03 program
package.

Synthesis of 2, 3, 3-trimethyl-3H-indole-5-carboxylic
acid (1)

A round bottom flask (250 ml) fitted with condenser,
containing a mixture of 4-hydrazinylbenzoic acid (10g,
65.7 mmol) and 3-methyl butan-2-one (8.90g, 103 mmol)
with sodium acetate anhydrous (11g, 134mmol) in glacial
acetic acid (160 ml) were stirred for 1h at room
temperature. After that it was refluxed for 9h and then it
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was cooled to room temperature. The solvent was
removed by distillation under reduced pressure. 10%
MeOH (1:9 MeOH /H,0 v/v) was added to the output to
give precipitate which was filtered and washed with
water. Recrystallization with ethyl acetate gave, 2, 3,
3-trimethyl-3H-ind- ole-5-carboxylic acid (1) as orange
powder in 60.4 % yield, m.p = 205-210 °C. *HNMR
(400MHz-CDCls) spectrum recorded at & (ppm) 1.25
(s, 6H,2CH3), 2.25 (s,3H,CH3), 7.5(d,1H, J=7.8 Hz,
Ar-H), 7.90 (d, 1H, J=8.9Hz,Ar-H), 7.99(s,1H,Ar-H).13
C-NMR(400 MHz -CDCI3)16.9,25.44.25,44.25, 424,
122.8,127.4,127.8 127.9, 146.6, 148.2, 164.9, 169.1.

Synthesis of 2, 3, 3-trimethyl-3H-indole (2)

In a round bottom flask phenyl hydrazine (5.40 g,
50 mmol) and isopropyl methyl ketone were added
dropwise (4.40 g, 50 mmol), then the solution was heated
with stirring at 85°C for 24h, an then cooled to room
temperature . 40 ml of H,O was added and extracted by
Et,O (3*30 ml), after that dried over Na,SO. for
30 minutes, filtered and washed by Et,O to get a crude red
liquid (98%). The obtained liquid was dissolved in acetic
acid (18 ml) and then the mixture was heated with stirring
at 90 °C for 1.5 h and then cooled to room temperature.
The mixture was neutralized with saturated Na.,COs and
extracted by ethyl acetate (3*25 ml), dried over Na;SO4
for 30 minutes. It was then filtered and washed by ethyl
acetate, the liquid residue was collected to give the yellow
oil product in yield= 85%. 'HNMR (400MHz-CDCls)
spectrum recorded at &(ppm) 1.27 (s, 6H, 2CHz),
2.22(s,3H,CHs), 7.16 (t,1H, J = 0.88 Hz, Ar-H), 7.27(dt,
2H, J= 1.24 Hz, Ar-H), 7.53(d, 1H, J= 7.6 Ar-H).13C-
NMR (400MHz -CDCls), 15.25(CHs), 22.94 (2CHs),
53.45(Cs), 119. 70, 121.19, 125, 127. 46 (Carbon phenyl
aromatic), 145.47, 153.41 (C;, Cs respectively), 187.95
(C2).

Synthesis of 5-carboxy-1-(3-methoxy-3-oxop- opyl)-2, 3,
3-trimethyl-3H-indolium bromide (3)

A mixture of compound 2, 3, 3-trimethyl-3H-indole-5-
carboxylic acid (1), (29, 12.5 mmol) and methyl
3-bromopropanoate (5.25g, 31.43 mmol) in 10 ml
acetonitrile were refluxed under N, atmosphere for
24 h. It was then cooled. The solvent was removed by
distillation under reduced pressure. Diethyl ether was
added to the output several times to remove
starting material. It was then recrystallized from
ethyl acetate and 2 drops ethanol to give pink
coloured compound (3) as a Yield = 49%. *HNMR (400
MHz-CDCls) spectrum  recorded at  d(ppm)
1.63(s,6H,2CH3s ), 2.25 (s, 3H, CH3), 3.23(t, 2H, J= 6Hz,
CH,-CO-), 3. 63(s, 3H, J= 6.5Hz, CH3-0), 5.14 (t, 3H,
J = 6.67 Hz, CH>-N"), 7.5(d, 1H, J=7.8Hz, Ar-H), 7.90 (d,
1H, J = 8.9Hz, Ar -H), 7.99(s, 1H, Ar-H). *C-NMR (400
MHz-CDCl3) spectrum recorded at 9.33 (CH3), 25.44
(2CHs), 29.1 (Cs), 29. (-CH; -CO), 42.4(-CH2-N%),
50.29(CHs3-CO), 122.79, 124.6, 127.79, 130.6, 146.6,
148.2(Carbon phenyl), 169.1(-COOH), 171.9(-C=0), and
191.5(-C=N).
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Synthesis of 1-(3-methoxy-3-oxopropyl)-2, 3, 3-trimethyl
-3H-indolium bromide (4)

In a round bottom flask 2, 3, 3-trimethyl-3H-indole
(2.65 g, 16.4 mmol) and methyl 3-bromopropanoate
(6.45g, 41.25 mmol) were taken and then the mixture
was refluxed under N2 atmosphere for 23 h. cooled to
room temperature, then Et,O was added and filtered off to
give pink solid produced from 1-(3-methoxy-3-
oxopropyl) -2,3,3-trimethyl-3H-indolium  bromide,
(4.95g, yield = 85%). The product was recrystallized
from ethyl acetate and 2drops from methanol, m.p =145-
150 °C. The IR spectrum showed absorption bands at y
(cm™): 3433 (broad OH), 3004 (stretch C-H), 2839
(stretch C-H), 1730 (stretch C=0), 1674 (C=C), 1589
(C=N), 1461(bending CH2), 1355(bending CHs), 1264
(C-0), 1222(C-N). *HNMR (400 MHz-CDCls) spectrum
was recorded at 61.63 (s, 6H, 2CH3), 3.17(s, 3H, CH3),
3.23(t, 2H, J= 6Hz, CH,-CO-), 3.63(s, 3H, CH3 -O-CO),
5.14(t, 3H, J=6Hz, CH>-N-Ar), 7.5-7.60 (m, 1H, Ar-H),
7.92(d, 1H, J=3.6Hz, Ar -H). 3C-NMR (400 MHz-
CDCls) spectrum recorded at 16.62(CHs), 23 (2CHs), 31.1
(CH,-CO), 45.6(Cs), 52.3(CH2-N), 54.7 (CHs-0O), 115.9-
141.4 (phenyl carbons), 170.8 (C=0), 198.31 (C=N).

Synthesis of squaraine dye (SQ1)

A mixture of 5-carboxy-1-(3-methoxy-3-oxopropyl)-
2,3,3-trimethyl-3H-indolium bromide (1g, 3.16 mmol)
and 3,4-dihydroxycyclobut-3-ene-1, 2-dione (0.18g ,1.58
mmol) was taken in mixture of n-butanol / toluene
(60 mL, 1:1v/v). Reaction mixture was refluxed for 24h
using Dean-Stark trap for azeotropic removal of
water. After completion of reaction, the reaction
mixture was cooled and the solvent was evaporated.
Filtered and washed with chloroform. The product was
purified by silica gel column chromatography with
chloroform and methanol (10: 0.5 v/v), recrystallized by
ethyl acetate and petroleum ether to give SQ1 (see
scheme 1.), dark-blue solid with 51.72 % yield. HNMR
(400 MHz-CDCl3) spectrum recorded at d(ppm) 1.63
(s,6H,2CHs), 1.83 (s, 6H, 2CHs), 2.5(t,2H,-CH,-CO-),
2.8(t, 2H,-CH,-CO-), 3.61(s,6H, 2CH3-0), 3.79(t,2H,-
CH2-N), 4.12 (t,2H,-CH2-N*), 5.99(s, 1H, -CH=C-),
6.62(s,1H,-CH =C-), 7.33(d,1H,J= 8.4Hz, Ar-H),
7.58(s,1H, Ar-H), 7.62 (d, 1H,J = 7.33Hz, Ar-H),
7.79(d,1H,J = 8.4 Hz, Ar-H), 7.90(d,1H,J=1.78Hz, Ar-H),
8.22(s,1H, Ar-H). 8C-NMR (400MHz-CDCl3) 25.42,
29.4, 3151, 32, 42, 42. 35, 43.5, 49.56, 51.76, 53.75,
106.11, 117 .23, 119.10, 122.66, 124.54, 127.65, 129.18,
130.63, 133.37, 137. 42, 143.23, 1495, 168.2, 171.5,
171.8,173.3, 194.5.

Synthesis of squaraine dye (SQ2)

A mixture of 1-(3-methoxy-3-oxopropyl)-2, 3, 3-
trimethyl-3H-indolium bromide (1g, 3.17 mmol) and 3, 4-
dihydroxycyclobut-3-ene-1,2-dione (0.297g, 1.59 mmol)
was taken in n-butanol/ toluene (50 mL, 1:1v/v). Reaction
mixture was refluxed for 24 h using Dean-Stark trap for
azeotropic removal of water. After completion of
reaction, the reaction mixture was cooled and the solvent
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was evaporated. The product was purified by silica gel
column chromatography with chloroform and methanol
(10:1 v/v), recrystallized by ethyl acetate and petroleum
ether to give SQ2 (see scheme 1.) dark-blue solid in
61.87% vyield. 'HNMR (400MHz-CDCl3) spectrum
recorded at & 1.3(s,6H,2CHs, 1.55(s, 6H, 2CHs),
1.8(t,2H,N*-CHy), 2.3 (t,2H,-CH,-CO), 2.5(t, 2H,CH.-
CO-), 3.8 (s,6H, 2CHs-0), 5.9(s,1H,C=CH-aliphatic),
7.10 (d, 2H, J=7.8Hz, Ar-H), 7.15(t, 2H, J=0.6Hz,Ar-H),
7.26 (s,1H,C=CH- aliphatic), 7.32(t, 2H, J=0.6 Hz, Ar-H),
7.36(d, 2H, J=7.2Hz, Ar-H)).3C-NMR (400MHz-CDCls)
25.42, 29.4, 3151, 32.42, 42.35, 43.5, 49.56, 51.76,
53.75, 106.11, 116.3 117.23, 119.10, 122.66, 124.54,
127.65, 129.18, 130.63, 133.37, 137.42, 143. 23, 149.5,
168.2, 173.3.

Computational analyses of squaraine sanitizers (SQ1
& SQ2)

The theoretical calculations carried on in the present
work by applied results of density functional theory
(DFT) and time-dependent (TD-DFT). Density functional
theory is good approach that reproduces experimental
evidence for small organic molecules, among different
functional, B3LYP provides the best depiction [39-46].
The charge transport properties and experimental
electronic have been generated by applying the
B3LYP/6-31G** level of theory [41]. Electro injection
was applied by Preet and co-workers [30,47] for some
organic compounds and furnished that the B3LYP/6-
31G** level of theory is sufficient. In the present study,
electronic properties and ground state geometries
were computed at DFT/B3LYP/6-31G**. By applying
polarizable continuum model (PCM) excitation energies
were calculated. the free energy change for electron
injection onto TiO, surface and excited state oxidation
potential of the dye were calculated using mathematical
equations.

The calculation of free energy change for electron
injection has been used this equation [13]:

inject

AGT =Ey" —Ej (1)
where E®*"is the oxidation potential of the dye in the
excited state. Egg’z is the energy of conduction band on
titanium dioxide (TiO2). Because of highly sensitive
Egg’z to the conditions, accurate determinat- ion of the
conduction band edge of TiO- is very difficult, so we used

experimental value to Egg’z = —4.0 eV [13,48-49].
E%*" was calculated using following equation:
B =Eo — A @

where ﬂr:g( is the energy of intermolecular charge

transfer (ICT), the light harvesting efficiency (LHE) is
determined by the following formula:

LHE=1-10"=1-10"" 3)
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where A (f) is the oscillator strength of the dye associated
with A'<T which is found directly from TD-DFT
calculation as follow:

3 2
f:E/lr:;;\;o—lcﬂ (4)
where pe-ICT is the dipolar transition moment associated
to the electronic excitation, the efficiency () of dye
sensitized solar cell was determined using the following
formula:
V._J
n=FF =2%%= (5)
pinc

where Jg is the short-circuit current density, Vo the open-
circuit voltage, FF the fill factor, and P, the intensity of

the incident light. The Jsc was determined using the
following equation:

oo = L LHE (/1)¢inject Neottectiond 4 (6)

where Nection 1S the charge collection efficiency, which
is constant. From Eq.6, we can find that Js is linked
directly with the LHE. The¢iInject is electron injection

efficiency related to AG™¢, The higher LHE and 4G et
would lead to efficient dye sensitized solar cells [50].

Result and discussion
Synthesis of squaraine dyes

Symmetrical dicarboxylic-substituted squaraine dyes SQ1
were synthesized in three steps from 4-hydrazinyl benzoic
acid as shown in Scheme 1. The synthetic route includes
the reaction of 4-hydrazinylbenzoic acid (1 equivalent),
with 3-methyl butan-2-one (1.5 equivalent) to afford the
2, 3, 3-trimethyl-3H-indole-5-carboxylic acid (1) in
60.4% yield, which was subsequently converted to
heterocyclic quaternary salt with 2.5 equivalent from
methyl 3-bromopropan-oate in the presence of acetonitrile
to give 3 in 49 % yield. The subsequent condensation of 2
equivalent of indolium salt 3 and 1 equivalent of squaric
acid under reflux in butanol /toluene mixture to afford the
symmetrical squaraine dye SQ1 in 51.72% yield. The
synthesis of symmetrical squaraine dyes SQ2 was
performed as depicted in Scheme 1. In the first step,
phenyl hydrazine was treated with 1 equivalent of
isopropyl methyl ketone in the presence of Acetic acid to
afford 2, 3, 3-trimethyl-3H-indole (2) in 85% yield.
Subsequent quaternization of 2 using excess of methyl 3-
bromopropanoate in the presence of acetonitrile led to 1-
(3-methoxy-3-oxopropyl) -2, 3, 3-trimethyl-3 H-indolium
bromide (4) in 85 % yield. Condensation of 2 equivalent
of indolium salt 4 and 1 equivalent of squaric acid under
reflux in butanol/toluene mixture to afford the
symmetrical squaraine dye SQ2 in 61.87 % vyield
(Scheme.1).
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Scheme 1. Synthesis routes of squaraine sensitizes (SQ1 & SQ2) for dye-sensitized solar cells.
Photophysical characterization
. . . b
In (Fig 2.), (a,b) shows the normalized UV-Vis ; ‘ i ‘ (‘)
absorption spectra; bands maxima of SQ1 and SQ2 ; 1 T
dissolved in DCM are observed at 637and 634 nm, o Y f
respectively and their corresponding high molar /
extinction coefficient values 67543 and 64567 mol-tLcm? P | ; q /
are in agreement with n-n* transitions, could be observed el U ) 5 | b
in the SQ1 and SQ2 (see Fig 3.). The SQ1 was observed | M|
to be red-shifted than the other sensitizer because of the oozor o
di-carboxyl groups. The absorption spectrum of SQ1 was o 3 \\h//
red-shifted more than that of SQ2 due to two-electrons M n me me me me U me e e

accepting di-carboxylic acid. This leads to the extension
of the optical absorption wavelength region, improved
light harvesting and enhanced the molar extinction
coefficients.

Geometries

We have presented geometrical parameters of two indole
based squaraine dyes in Table 1. The Cs3-Ci, C;-O2
and Cg-01 bond lengths shortened while C;1-C,, C2-C3 and

Copyright © 2018 VBRI Press

Fig 2. (a,b). The UV absorption spectra of SQ1 (a) and SQ2 (b)
sensitizers at a concentration of 1* 10° M in DCM.

C1-N1 lengthened compared to SQ2. The C1-C,, C»-C3 and
C4-N1 bond lengths shortened while C1-N;, C3-C4, C7-O,
Cs-01 lengthened compared to SQ1. The C1-N3-Cs4, Cs-Cs-
Cs, Cs-Cs-01 bonds angles shortened while C2-C3-C4, Co-
C+-02 lengthened compared to SQ1. When —COOH group
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is substituted at —R position then C;-N;, C3-Cs usually
shortened while C4-N1, C2-C3 bond distances lengthened
than SQ2. It is might be due to the moderate electron
withdrawing groups which are in the same side which
influence geometry more than isomers without carboxylic
groups. Thus, in form geometric variation in SQ1 is
smaller than the SQ2. The electron charge density pull
/donating by electron pull /electron donating groups
results in shortening / lengthening of bond-lengths while
are in good agreement with previous studies [51].

(c) 0.16 -
0.14 -
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Fig 3. (c,d). The extinction coefficients of SQ1(c) and SQ2(d) sensitizers
at a concentration of 1* 10° M in DCM solution with different
concentrations, 2 *10“ , 4 *10*, 6 *10*, 8 *10* M at 637and 634 nm,
respectively.

Frontier molecular orbitals and absorption spectra

In the charge density distribution patterns of the ground
state highest occupied molecular orbitals (HOMOs and
HOMOs-1), lowest unoccupied molecular orbitals
(LUMOs and LUMOs+1) of two SQ1 and SQ2 indole-
based squaraine dyes are illustrated in Fig 4. The
HOMOs-1 is distributed on squaraine moietie and only on
right indole moiety in SQ1 while distributed on the
squaraine moiety and both of the indole units in SQ2.The
charge densities of LUMO and HOMO are localized on
squaraine moieties. In SQ1, the electron-withdrawing
group is —COOH and the carbonyl groups of 2-3-(2-

Copyright © 2018 VBRI Press
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methoxy-2-oxomethyl) units also take part in the
formation of LUMOs and LUMOs+1 in SQ1 and SQ2.
The LUMOs+1 are localized on both of the left indole
units and squaraine moieties. The charge density on
carbonyl LUMO and LUMO+1 on 2-3-(2-methoxy-2-
oxomethyl) are less than SQ2-counterpart.The computed
energies of HOMO (Enomos), LUMO (ELumos), and
LUMOs+1 (ELumos+1) and energy gaps (Eg) of two SQ1
and SQ2 indole-based squaraine dyes at B3LYP/6-31G**
level of theory are illustrated in Table 2. The Enomos,
ELumos and Epumos+1 increases in SQ2 while SQ1
decreases substituting the electron withdrawing group —
COOH.

Table 1. The geometrical parameters, bond lengths (A) and bond angles
(°) of indole-based SQ1 & SQ2 optimized at B3LYP/6-31G** level of

theory.
mR
[\
0 SQ1, R = COOH
SQ2,R=H
o o
/o

\

so1 | 502 so1 | 502

Bond lengths Bond angles
C-C, 1.398 1.403 Ci-N-C4 1399 | 1.404
C\-N, 1.415 1.403 Cr-Cs5-Cy 1.415 | 1.403
Co-Cs 1.517 1.522 C4-Cs-Cq 1378 | 1.390
C3-Cy 1.545 1.536 C-C7-0, 1.546 | 1.537
CsN, 1.378 1.390 C-Cs-0, 1517 | 1.522
-0, 1.248 1.247
Cs-0, 1.231 1.230

We have observed the smallest Eq values for SQ1,
which has —COOH group at the —R position. The
calculated energies gaps (Eg) of all the two squaraine SQ1
& SQ2 sensitizers are smaller than that of the dyenitro
(2.81eV) [27] revealing that the absorption spectra of
formers would be red shifted and that DSSC efficiency
might be improved in the sensitizers SQ1 and SQ2. The
smaller ELumo of SQ1 reveals that the injected electrons
would be more stable, and the charge transport cannot be
quenched in prior ones. The SQ1 sensitizer has -COOH
group which is good light harvesting site as well as would
be helpful to anchor with the TiO, surface. SQ1 also,
enhances solubility in solution and diminishes
aggregation on TiO; [52]. In (Fig 4.), the charge density
distribution on LUMOs, is expected on SQ1 to be more
stable after anchoring with the TiO, surface. Furthermore,
—COOH would be a favorable site from which to transfer
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electrons from dyes to the TiO, surface. Generally, the
acidic ligand would be lead to enhance the solubility in
solution and reduce aggregation [53]. The long side
chains in acidic ligands lead to produce a barrier between
holes in the redox couple and electrons in the TiO; to
hinder recombination. In previous study, they have shed
light on the charge transport behavior with respect to the
size of the TiO, and found that the ICT forms dye with
TiO; crystal [54]. The inorganic materials, e.g., TiO, in
the photovoltaic devices would overwhelm the photo-
induced degradation of the dyes. Moreover, the photo-
generation of charge transporters would lead to excitons
being absorbed by the TiO, [55, 56]. Additionally,
absorption yield can be enhanced by incorporating TiO-
[57]. The computed oscillator strengths (f), absorption
wavelengths (L), and major transitions of Indole-based
squaraine SQ1 and SQ2 at absorption wavelengths (Aa) of
indole-based SQ1 and SQ2 (in dichloromethane) at
B3LYP/6-31G** and TD-B3LYP/6-31G** level of
theories.

Table 2. The calculated highest occupied molecular orbital energies
(Enomo), lowest occupied molecular orbital energies (E umo), LUMO+1
energies (ELumo-1), energy gaps (Eg)

E (eV)|E (eV)| E (eV) Eg(eV) le(nm)” 1

HOMO LUMO LUMO+1 Transition

‘Dyenitro| -6.43 -3.62 2.82 | 529 |1.324| H->L
SO, -4.98 -2.76 -1.33 225 | 625 |[1.980 H->L
SO, -4.69 -2.43 -0.44 231 619 [1.719] H->L

#Experimental Aa in DCM = 637, 634 nm
Detail can be found in reference [29, 60], "Oscillator strength

B T ' o8, oml 2 0 ik 2 ¥, w¥ss
o geBtist AADmALL Sl e
) ’4"‘ - 5% [ e wh o 64" s ( Waad
) » ) o » 8 o »*

o 2 o . = <
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2 o 4, > 2,

LUMO-1 LUMO HOMO HOMO+1

Fig. 4. The charge density distribution of the frontier molecular orbitals
(0.02 contour value) of indole-based SQ1 (e) & SQ2 (f) at B3LYP/6-
31G** level of theory.
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Short-circuit current density (Jsc)

The comparative study of some previously reported
dyenitro, Cis-SQ dyes and present work for SQ1 & SQ2.
The AG™e®, LHE, and AGr'™e of indole-based squaraine
sensitizers for DSSc are showed in Table 3. The negative
calculated values of AG™e showed that the excited state
of the dye lies above the condu- ction band edge (CB) of
TiO; resulting good conditi- on for electron injection, it
can be seen from Eq. 6, that the improvement of the short-
circuit current density (Js), i,e., LHE and Qinject are two
major factors which influence and enhance the Jsc. The
electron injection efficiency (Dinject) IS related directly to
the light-harvesting efficiency (LHE).

TD-B3LYP/6-31G** level of theory is in good
agreement with the experimentally measured values of
637, 634 nm respectively (see Table 2.). The major
transitions have been observed from H -> L in two indole-
based SQ1 and SQ2 sensitizers. The computed Amax Of
SQ1 has been observed at 625 nm is red shifted by 6 nm
compared to SQ2, so the SQ1 sensitizer is red shifted than
SQ?2 sensitizer.

The AGMe of SQ1 and SQ2 are 2.5, 3.59 times more
than dyenitro and 1.02, 1.12 superior to Cis-SQ dyes.
The values of AG™et for different hydrazones and
azo sensitizers have been previously computed at
TD-B3LYP/6-31G* level of theory, e.g. dyenitro
(-0.39 and 0.195 eV), (2-{4-[2-p-chlorobenzylidene -
hydrazino] phenyl}ethylene-1,1,2-tricarbonitrile (—0.39
and 0.9520), 2-{4-[2-p-chlorobenzylidenehydrazino]
phenyl} -ethylene-1,1,2-tricarbonitrile and 2-{4-[2-p-
bromobenzylidenehydrazino] phenyl}ethylene-1,1,2-
tricarbonitrile(—0.53 and 0.26 eV), respectively [43], and
the azo dye  3-(4-methyl-phenylazo)-6-(4-nitro-
phenylazo)-2,5,7-triaminopyrazolo  [1,5-a] pyrimidine
(-1.19 and 0.53 eV) [58] reveal improved electron
injection in the set analyzed here. The calculated f and
AG"Met yalyes SQ1 & SQ2 sensitizers reveal electron
injection in these dye would be superior to above
mentioned hydrazine, azo dyes and Cis-SQ dyes.
The LHE of SQ1 & SQ2 sensitizers are greater than the
dyenitro, and Cis-SQ dyes see Table 3.The greater LHE
values of SQ1 & SQ2 sensitizers than dyenitro (0.9985
and -0.39), 2-{4-[2-p-chlorobenzyl- idenehydrazino]
phenyl}-ethylene-1,1,2-tricarbonitrile  and  2-{4-[2-p-

Table 3. The comparative study of AG™*, AG/"e, oxidation potential, light harvesting efficiency (LHE) of previously reported with present

investigated SQ1 and SQ2 dyes in DCM at TD-B3LYP/6- 31G** level of theory.

Compound inject E ;i)z/e E gge* V) IEI f LHE r‘”i“‘ References
(eV) a
(eV) (eV) (eV)
®Dyenitro -0.39 5.96 3.61 2.35 1.319 0.9520 1.00 [29]
SQ1 —0.98 5.19 3.14 1.98 1.919 0.9985 2.75 [50,60]
SQ2 —1.40 491 2.86 2.05 1.804 0.9848 3.45
Cis-SQ1 -0.96 5.05 3.04 2.01 1.890 0.9871 2.45 [50,58,60]
Cis-SQ2 -1.24 4.83 2.76 2.07 1.714 0.9807 3.18
Detail can be found in reference [29,50, 60], °AGr"et = relative electron injection AG™* (dye)/ AG™* (Dyenitro)
Copyright © 2018 VBRI Press 281
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bromobenzylidenehydrazino] phenyl} ethylene-1, 1,2-
tricarbonitrile (0.9848 and 0.53), resp -ectively [43]; the
azo dye 3-(4-methyl- phenyl - z0)-6-(4-nitro-phenylazo)-
2, 5, 7-triaminopyrazolo [1, 5-a] pyrimidine (0.8732 and -
0.86) [78], and Cis-SQ dyes (0.9985 and 0.9807) [50]
illuminate that SQ1 sensitizer would be proficient
material for DSSCs.

Open-circuit voltage (Voc)

The open-circuit voltage (Voc) is generally measured only
experimentally, it means the relationship among the
electronic structure of the squaraine dyes and these
quantities are unknown till now. The energy relationship
can be obtained according to the sensitized mechanism,
single electron and single state approximation as under
[59]:

€Voc = ELumo—Ecs (7

In 2001, Brabec et.al mentions that the V. depends
on the ELumo [59], and concluded that the larger values of
the ELumo would lead higher Vqc. The reduction potential
(ELumo) of the SQL1 is greater than the SQ2, mean that the
Voc of SQ1 sensitizer would be larger than that of SQ2
counterpart, this is due to the—COOH group is favorable
site to transfer the electrons from dyes to TiO; surface.

Conclusions

New SQ1 and SQ2 indole-based squaraine sensitizers
suitable for DSSCs have been synthesized. The theoretical
calculations and absorbance results show that the electron
density of LUMO of SQ1 is delocalized in the whole
chromophore, leading to strong electronic coupling
between SQ1 and TiO, surface. So, the SQ1 sensitized
solar cells exhibit better photovoltaic performance. The
SQ1 showed significant effect towards the red shifts in the
absorption spectra due to carboxylic groups. The electron
donating group —OCHj5 increases the energies while the —
COOH group decreases the energies of HOMOs and
LUMOs. The greater and voltage open circuit (Voc) of
SQ1 and SQ2 indole-based squaraine dyes compared to
the corresponding values in the dyenitro (2-{4-[2-p-
chlorobenzylidenehydrazino]phenyl}-ethylene-1, 1,2-, 2-
{4-[2-p-bromobenzylidenehydrazino]phenyl} ethy -lene -
1,1,2-tricarbonitrile) and Cis-SQ dyes reveal that the SQ1
and SQ2 sensitizers would be efficient dye-sensitized
solar cells materials. The enhanced electron injection and
light harvesting efficiencies of indole-based squaraine
dyes would lead improved short-circuit current density
(Jsc) than the referenced sensitizers which would be
proficient DSSCs materials [50, 58]. We hope this work
will be helpful to improve the performance of DSSc.
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