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ABSTRACT: Indoline (In) and aniline (An) donor-based visible light active unsymmetrical squaraine (SQ) dyes were synthesized
for dye-sensitized solar cells (DSSCs), where the position of An and In units was changed with respect to the anchoring group
(carboxylic acid) to have In-SQ-An-CO2H and An-SQ-In-CO2H sensitizers, AS1−AS5. Linear or branched alkyl groups were
functionalized with the N atom of either In or An units to control the aggregation of the dyes on TiO2. AS1−AS5 exhibit an isomeric
π-framework where the squaric acid unit is placed in the middle, where AS2 and AS5 dyes possess the anchoring group connected
with the An donor, and AS1, AS3, and AS4 dyes having the anchoring group connected with the In donor. Hence, the conjugation
between the middle squaric acid acceptor unit and the anchoring −CO2H group is short for AS2, AS5, and AK2 and longer for AS1,
AS3, and AS4 dyes. AS dyes showed absorption between 501 and 535 nm with extinction coefficients of 1.46−1.61 × 105 M−1 cm−1.
Further, the isomeric π-framework of An-SQ-In-CO2H and In-SQ-An-CO2H exhibited by means of changing the position of In and
An units a bathochromic shift in the absorption properties of AS2 and AS5 compared to the AS1, AS3, and AS4 dyes. The DSSC
device fabricated with the dyes contains short acceptor-anchoring group distance (AS2 and AS5) showed high photovoltaic
performances compared to the dyes having longer distance (AS1, AS3, and AS4) with the iodolyte (I−/I3

−) electrolyte. DSSC device
efficiencies of 5.49, 6.34, 6.16, and 5.57% have been achieved for AS1, AS2, AS3, and AS4 dyes, respectively; without
chenodeoxycholic acid (CDCA), small changes have been observed in the device performance of the AS dyes with CDCA.
Significant changes have been noted in the DSSC parameters (open-circuit voltage VOC, short-circuit current JSC, fill factor ff, and
efficiency η) for the AS5 dye while sensitized with CDCA and showed highest DSSC efficiency of 8.01% in the AS dye series. This
study revealed the potential of shorter SQ acceptor-anchoring group distance over the longer one and the importance of alkyl groups
on the overall DSSC device performance for the unsymmetrical squaraine dyes.

1. INTRODUCTION
Dye-sensitized solar cells (DSSCs) have been considered as an
alternative source of clean energy for the future due to their
advantages over the first- and second-generation solar cells in
terms of production costs, weight, flexibility, scalability, and
works in diffused or reflected light conditions.1−8 The
operational performance under artificial light conditions with
the high device efficiency output makes DSSCs a potential and
promising technology for harvesting indoor lights over the
silicon solar cells.9−12 A multidisciplinary and concerted

research has been performed over the last two decades for

commercializing DSSC devices. The dye anchored on the
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mesoporous TiO2 surface is the main component which
determines the overall device performance and stability;13

therefore, designing new sensitizers that can efficiently absorb
solar light from the various solar regions and convert it into
electricity is one of the major research topics in DSSCs.4,14 Since
1991, transition metal-containing dyes (ruthenium complexes)
and organic dyes are commonly used sensitizers in DSSCs.15,16

Structurally engineered sensitizers with electronic and steric
effects achieved a DSSC device efficiency of 13.0% for the
porphyrin dye17 and 11.7% for the ruthenium dye.18 The metal-
free organic dye has achieved an efficiency of 13.6%,19 and
cosensitizing with optically complementary dyes helped to
enhance the performance to 15.2%.20 A DSSC device perform-
ance of 37%21 has been achieved under the dim light condition
(6000 l×) and 10.0% for DSSC-based small modules.22,23

Among them, organic sensitizers have attracted great attention
of researchers due to diversity in the tuning of donor, acceptor,
and π-spacer moieties that absorb solar light from visible to near-
infrared regions.24,25 Organic sensitizers with the dye
architectures of donor−acceptor (D−A), donor−π−acceptor
(D−π−A), donor−acceptor−π−acceptor (D−A−π−A), and
donor−donor−π−acceptor (D−D−π−A) for harvesting most
of the solar light have been employed. Further, the effect of the
position of donor, acceptor, and π-spacer moieties has been
studied in DSSCs.24−29 Further, charge injection and dye
regeneration processes of a DSSC device are strongly affected by
the distance and interactions between the anchoring group and
the acceptor unit of the dyes.30−33 The alkyl group-wrapped far-
red and visible light active unsymmetrical squaraine dyes have
been explored for DSSCs.34−38 Squaraine dyes belong to the
family of polymethine chromophores and exhibit a sharp

transition with high extinction coefficient (>105 M−1 cm−1) in
the far-red region of the solar spectrum and also form well-
defined H- and J-aggregated structures both in solution and on
the metal oxide surface.39,40 The self-assembled structures of the
squaraine dyes have the variety of applications, such as in organic
photovoltaic, sensors, and DSSCs.41,42 In our previous work, we
have systematically studied the effect of alkyl-group-wrapping,
position of anchoring group, best sensitizing solvents/electro-
lytes, and effect of changing the donor moieties for unsym-
metrical squaraine on the DSSC performance.35−37,43−48

Recently, it has been reported that aniline (An) and indoline
(In) donors containing unsymmetrical squaraine dyes absorb in
the visible region centered at 520 nm with an extinction
coefficient of >105 M−1 cm−1. Furthermore, the alkyl group-
wrapped visible light active squaraine dye, AK4 (η = 7.73%), and
the dye with methyl groups, AK2 (η = 7.34%), showed good
device performance,35 and the effect of position of donor units
within the squaraine dye framework has not been studied. In this
study, the structures of In and An donor-based unsymmetrical
squaraine dyes have been modulated by keeping the shorter An
and slightly longer In donors between the acceptor and
anchoring units to evaluate their effect on DSSC device
performance. A series of visible light-responsive squaraine AS
dyes with changes in the position of donor units (where small
linear and branched alkyl groups were placed systematically at
the N atoms of An and In donors) have been designed and
synthesized for DSSCs. Further, the importance of the effect of
the position of alkyl groups also included in the present set of AS
dyes (Figure 1).

Figure 1. (a) Dye design with variations in the position of In and An units in visible light active unsymmetrical squaraine dyes and (b) structures of
visible light active AK2 (reference dye) and targeted AS1−5 dyes.
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2. EXPERIMENTAL SECTION
Compounds 1,35 2,43 3,54 4,44 and 1136 were synthesized using
the procedure provided in the literature. 3,4-Dibutoxycyclobut-
3-ene-1,2-dione (5), An (8), 4-aminobenzoic acid (9), N-
methylaniline (12), and 4-(methylamino)benzoic acid (13)
were procured from the commercial sources.
2.1. General Methods and Instrumentation. General

methods for synthesizing the targeted dyes, techniques utilized
for structural characterization of newly synthesized AS dyes, and
methods used for photophysical and electrochemical properties
of the sensitizers are provided in the Supporting Information.
2.2. Synthesis of AS Dyes. 2.2.1. 2-((2-Butoxy-3,4-

dioxocyclobut-1-en-1-yl)methylene)-1-hexyl-3,3-dimethylin-
doline-5-carboxylic Acid (6). Compound 4 (0.9 g, 2.16 mmol)
and 3,4-dibutoxycyclobut-3-ene-1,2-dione (5) (0.49 g, 2.16
mmol) were dissolved in 20 mL of n-BuOH in a round-bottom
flask (100 mL), triethylamine (0.55 g, 5.4 mmol) was added,
stirred at room temperature for 12 h, and then the reaction
mixture was heated for 2 h at 70 °C. The reaction mixture was
cooled to room temperature, and solvents were removed under
reduced pressure and purified with column chromatography
(SiO2, 100−200 mesh) with using MeOH and CH2Cl2. Yield:
500 mg, 52%. 1H NMR (400 MHz, CDCl3): δ 8.09 (dd, J = 8.38,
1.63 Hz, 1H), 7.98 (d, J = 2 Hz, 1H), 6.90 (d, J = 8 Hz, 1H), 5.51
(s, 1H), 4.88 (t, J = 6.63 Hz, 2H), 3.84 (t, J = 7.50 Hz, 2H),
1.83−1.95 (m, 2H), 1.76 (t, J = 7.00 Hz, 2H), 1.49−1.58 (m,
2H), 1.31−1.47 (m, 6H), 1.02 (t, J = 7.44 Hz, 3H), 0.87−0.95
(m, 3H). 13C NMR (101 MHz, CDCl3): δ ppm 13.6, 13.9, 18.7,
22.4, 26.2, 26.6, 27.0, 31.3, 32.1, 43.1, 47.3, 74.1, 83.2, 107.7,
122.9, 123.87, 131.5, 140.8, 147.5, 167.3, 171.1, 173.4, 188.5,
188.8, 192.3.

2.2.2. 2-((2-Butoxy-3,4-dioxocyclobut-1-en-1-yl)-
methylene)-1-hexyl-3,3-dimethylindoline-5-carboxylic Acid
(7). Compound 6 (0.45 g, 1.02 mmol) was dissolved in 10 mL
of acetone, and 2 N aqueous HCl (3 mL) was added to the above
mixture and refluxed for 12 h. The reaction mixture was cooled
to room temperature, and solvents were removed under reduced
pressure and dried. Yield: 0.25 g, 55%. 1H NMR (400 MHz,
DMSO-d6): δ 7.88 (s, 1H), 7.86 (d, J = 4 Hz, 1H), 7.14 (d, J =
8.39 Hz, 1H), 5.59 (s, 1H), 3.87 (t, J = 7.25 Hz, 2H), 1.59−1.67
(m, 2H), 1.56 (s, 6H), 1.24−1.39 (m, 6H), 0.83 (t, J = 7.25 Hz,
3H). 13C NMR (101 MHz, DMSO-d6): 14.2, 22.4, 26.2, 26.2,
27.2, 31.3, 46.8, 83.7, 108.4, 123.3, 124, 130.8, 140.5, 147.3,
164.8, 167.7, 174.5, 193.

2.2.3. N-(2-Ethylhexyl)aniline (10). An (8) (0.7 g, 7.51
mmol) and 2-ethylhexanal (1.15 g, 9.01 mmol) were dissolved in
20 mL of anhydrous CH2Cl2, 1 mL of acetic acid was added in a
100 mL round-bottom flask and stirred at rt for 1 h, and then
NaBH(OAc)3 (3.18 g, 15.03 mmol) was added in a reaction
flask and stirred at room temperature for 12 h; after that, the
reaction mixture was quenched with NaHCO3 aqueous solution,
the organic layer was extracted with CH2Cl2 (3 × 30 mL), dried
over Na2SO4, concentrated, and purified with 97.5% pet ether
and 2.5% EtOAc. Yield: 0.85 g, 55%. 1H NMR (500 MHz,
DMSO-d6): δ 7.00−7.07 (m, 2H), 6.52−6.57 (m, 2H), 6.44−
6.50 (m, 1H), 5.46 (t, J = 5.63 Hz, 1H), 2.88 (t, J = 6.07 Hz, 2H),
1.47−1.58 (m, 1H), 1.29−1.41 (m, 4H), 1.24−1.28 (m, 4H),
0.79−0.93 (m, 6H). 13C NMR (125 MHz, CDCl3): 15.9, 19.2,
27.8, 29.0, 33.6, 35.8, 43.2, 51.3, 116.9, 120.3, 134.0, 154.4.
General procedure for the synthesis of AS dyes: semisquaric acid
derivative (1 equiv) and corresponding An derivative (1 equiv)
were dissolved in anhydrous toluene and n-BuOH (1:1, 10 mL

of each) in a 50 mL round-bottomed flask and charged with the
Dean−Stark distillation apparatus. The reaction mixture was
refluxed for 16 h under an inert atmosphere. After completion of
the reaction, solvents were removed and purified by column
chromatography (SiO2, 100−200 mesh, MeOH and CH2Cl2) to
obtain the required dyes.

2.2.4. 2-((-5-Carboxy-1,3,3-trimethylindolin-2-ylidene)-
methyl)-4-(methyl(phenyl)iminio)-3-oxocyclobut-1-en-1-
olate (AS1). Compound 1 (0.2 g, 0.63 mmol) and N-
methylaniline (12) (0.070 g, 0.63 mmol), orange solid, filtered
and dried under reduced pressure. Yield: 150 mg, 56%. mp: 248
°C. 1H NMR (400 MHz, CDCl3): δ 8.09 (dd, J = 8.39, 1.53 Hz,
1H), 8.00 (d, J = 1.53 Hz, 1H), 7.41−7.54 (m, 4H), 7.31−7.41
(m, 1H), 6.96 (d, J = 8.39 Hz, 1H), 5.88 (s, 1H), 4.06 (s, 3H),
3.48 (s, 3H), 1.75 (s, 6H); 13C NMR (101 MHz, CDCl3): 27.4,
30.4, 39.3, 46.0, 48.0, 86.7, 107.9, 122.8, 123.8, 127.8, 129.0,
131.2, 140.3, 141.4, 147.4, 169.1, 170.6, 174.5, 180.2. IR (cm−1):
3005, 2924, 2862, 1758, 1695, 1602, 1574, 1501, 1446, 1398,
1356, 1275, 1217, 1096, 1054, 926. HRMS (m/z): [M]+ calcd
for C24H22O4N2, 402.1580; found, [M + H]+ 403.1653.

2.2.5. 4-((4-Carboxyphenyl)(2-ethylhexyl)iminio)-3-oxo-2-
((1,3,3-trimethylindolin-2-ylidene) methyl)cyclobut-1-en-1-
olate (AS2). Compound 2 (0.2 g, 0.74 mmol) and 4-((2-
ethylhexyl)amino)benzoic acid (11) (0.18 g, 0.74 mmol),
orange solid, filtered and dried. Yield: 230 mg, 60%. mp: 250 °C.
1H NMR (400 MHz, CDCl3): δ 8.06 (d, J = 8.63 Hz, 2H), 7.29−
7.42 (m, 4H), 7.14 (t, J = 7.50 Hz, 1H), 7.00 (d, J = 7.88 Hz,
1H), 5.85 (br. s., 1H), 4.30−4.59 (m, 2H), 3.51 (br. s., 3H), 1.75
(br. s., 5H), 1.46−1.58 (m, 1H), 1.15−1.45 (m, 9H), 0.80−0.93
(m, 6H); 13C NMR (101 MHz, CDCl3): 10.5, 13.9, 22.8, 23.3,
27.2, 28.3, 29.8, 37.2, 48.9, 54.4, 85.5, 109.0, 122.1, 123.6, 124.0,
127.8, 129.4, 131.1, 142.0, 167.5, 171.2, 177.0, 180.6. IR (cm−1):
2957, 2924, 2863, 1760, 1707, 1601, 1565, 1486, 1453, 1426,
1403, 1307, 1267, 1204, 1102, 1069, 1016, 982, 924. HRMS (m/
z): [M]+ calcd for C31H36O4N2, 500.2675; found, [M + H]+

501.2748.
2.2.6. 2-((5-Carboxy-1,3,3-trimethylindolin-2-ylidene)-

methyl)-4-((2-ethylhexyl)(phenyl)iminio)-3-oxocyclobut-1-
en-1-olate (AS3). Compound 1 (0.2 g, 0.63 mmol) and N-(2-
ethylhexyl)aniline (10) (0.13 g, 0.63 mmol), orange color solid,
filtered and dried under reduced pressure. Yield: 200 mg, 60%.
mp: 210 °C. 1H NMR (500 MHz, CDCl3): δ 8.08 (dd, J = 8.20,
1.72 Hz, 1H), 7.98 (d, J = 1.53 Hz, 1H), 7.48 (t, J = 7.82 Hz,
2H), 7.32−7.43 (m, 3H), 6.93 (d, J = 8.39 Hz, 1H), 5.84 (s, 1H),
4.45−4.52 (m, 1H), 4.36−4.44 (m, 1H), 3.45 (s, 3H), 1.74 (s,
6H), 1.48−1.56 (m, 1H), 1.38−1.44 (m, 2H) 1.29−1.37 (m,
2H), 1.18−1.27 (m, 5H) 0.82−0.88 (m, 6H); 13C NMR (126
MHz, CDCl3): 10.4, 13.9, 22.8, 23.2, 27.5, 28.0, 28.3, 29.8, 30.2,
37.1, 47.8, 55.1, 86.6, 107.7, 123.6, 123.8, 124.4, 128.2, 129.0,
131.2, 137.9, 141.3, 147.5, 168.4, 170.7, 174.5, 176.7, 179.5,
182.3. IR (cm−1): 2960, 2927, 2866, 1762, 1703, 1607, 1576,
1508, 1429, 1360, 1275, 1217, 1106, 1060, 937. HRMS (m/z):
[M]+ calcd for C31H36O4N2, 500.2675; found, [M + H]+

501.2748.
2.2.7. 2-((-5-Carboxy-1-hexyl-3,3-dimethylindolin-2-

ylidene)methyl)-4-(methyl(phenyl)iminio)-3-oxocyclobut-1-
en-1-olate (AS4). Compound 7 (0.2 g, 0.589 mmol) and N-
methylaniline (12) (0.089 g, 0.589 mmol), orange color solid,
filtered and dried under reduced pressure. Yield: 200 mg, 70%.
mp: 180 °C. 1H NMR (400 MHz, CDCl3): δ 8.09 (d, J = 8.75
Hz, 2H), 7.45 (d, J = 8.88 Hz, 2H), 7.30−7.39 (m, 2H), 7.15−
7.22 (m, 1H), 7.02 (d, J = 8.00 Hz, 1H), 5.95 (s, 1H), 4.03 (s,
3H), 3.93−4.02 (m, 2H), 1.77−1.87 (m, 2H), 1.76 (s, 6H),
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1.38−1.49 (m, 2H), 1.28−1.38 (m, 4H), 0.84−0.93 (m, 3H);
13C NMR (101 MHz, CDCl3): 13.9, 22.4, 26.6, 26.9, 27.1, 31.4,
43.7, 49.4, 85.8, 109.6, 121.8, 122.2, 124.1, 127.8, 127.8, 131.1,
142.0, 142.1, 144.5, 168.4, 171.6, 175.3, 181.8. IR (cm−1): 2954,
2928, 2859, 1760, 1702, 1603, 1572, 1502, 1448, 1405, 1356,
1280, 1217, 1179, 1137, 1104, 1049, 934. HRMS (m/z): [M]+

calcd for C28H32O4N2, 472.2360; found, [M + H]+ 473.2435.
2.2.8. 4-((4-Carboxyphenyl)(methyl)iminio)-2-((1-hexyl-

3,3-dimethylindolin-2-ylidene)methyl)-3-oxocyclobut-1-en-
1-olate (AS5). Compound 3 (0.15 g, 0.39 mmol) and 4-
(methylamino) benzoic acid (13) (0.042 g, 0.391 mmol),
orange color solid, filtered and dried under reduced pressure.

Yield: 150 mg, 78%. mp: 228 °C. 1H NMR (400 MHz, CDCl3):
δ 8.09 (dd, J = 8.32, 1.69 Hz, 1H), 8.01 (d, J = 1.50 Hz, 1H),
7.41−7.51 (m, 4H), 7.33−7.39 (m, 1H), 6.95 (d, J = 8.38 Hz,
1H), 5.92 (s, 1H), 4.06 (s, 3H), 3.92 (t, J = 7.57 Hz, 2H), 1.81
(br. s., 2H), 1.75 (s, 6H), 1.36−1.46 (m, 2H), 1.21−1.34 (m,
4H), 0.87 (m, J = 7.06 Hz, 3H); 13C NMR (101 MHz, CDCl3):
13.9, 22.4, 26.6, 26.6 27.4, 31.4, 39.2, 43.4, 48.1, 86.6, 108.2,
122.8, 123.6, 123.9, 127.7, 129.1, 131.2, 140.3, 141.5, 147.1,
168.6, 170.7, 180.2, 180.7. IR (cm−1): 3009, 2924, 2859, 1760,
1701, 1599, 1566, 1485, 1450, 1395, 1357, 1284, 1226, 1137,
1090, 923. HRMS (m/z): [M]+ calcd for C28H32O4N2,
472.2360; found, [M + H]+ 473.2435.

Scheme 1. Synthesis of An and In Donor-Based Visible Light Active Squaraine Dyes (AS Dyes)
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2.3. DSSC Fabrication. The procedure followed for the
DSSC device fabrication and device characterization methods is
provided in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Synthesis of In−An Donor-Based AS Dyes. The

synthesis of In-SQ-An-CO2H- and An-SQ-In-CO2H-based
visible active unsymmetrical squaraine dyes with varied
positions of donor units comprised a condensation reaction
between the semisquaric acid derivatives and corresponding An
derivatives. To obtain the required semisquaric acid derivatives,
1, 2, 3, and 7, we have followed the reported procedures which
involve Fischer indole reaction for In synthesis, Fischer’s base
synthesis by the alkylation of In with alkyl iodide, formation of
semisquaraines by treating Fischer’s base with dibutoxysquarate,
followed by deprotection transformation. N-Methylaniline (12),
4-amino-benzoic acid (9), and 4-N-methylamino-benzoic acid
(13) are commercially available derivatives of An, whereas
derivatives 10 and 11 were synthesized by condensation of
corresponding amine with 2-ethylhexanal, followed by the
reduction reaction with NaBH3CN. Finally, semisquaric acid
derivatives condensed with the An derivatives (1 equiv) in
anhydrous toluene and n-BuOH (1:1) to obtain the required AS
dyes (Scheme 1).
3.2. Photophysical and Electrochemical Properties.

UV−vis measurements for the AS1−AS5 dyes have been carried
out in CH2Cl2 solution as well as on the TiO2 surface (with a
short dipping time of 10 min) to evaluate the absorbance
properties of the dyes in solution and on the metal oxide surface.
The UV−vis spectra for AS dyes along with reference dye AK2
are provided in Figure 2 and Table 1. In CH2Cl2 solution, the
absorbance maxima for the AS dyes have been found between
501 and 535 nm and showed its molar extinction coefficients
between 1.46 and 1.61 × 105 M−1 cm−1 (Figure 2 and Table 1).

Here, AS dyes with a shorter acceptor-anchoring group distance
(In-SQ-An-CO2H) showed a 12 nm blue shift for the AS2 dye
and a 5 nm red shift for the AS5 dye, whereas AS dyes with a
longer acceptor-anchoring group distance for AS1, AS3, and
AS4 (An-SQ-In-CO2H) showed a 21−29 nm blue shift
compared to reference dye AK2 in CH2Cl2 solution. The
obtained 25 nm blue shift for the AS1 dye in CH2Cl2 solution is
due to the change in the distance between the acceptor-
anchoring group, whereas the 12 nm blue shift for the AS2 dye
and the 5 nm red shift for the AS5 dye are due to the interactions
between solvent and alkyl groups compared to reference dye
AK2. Similarly, the obtained differences in the absorbance
maxima for AS3 and AS4 dyes are due to the long acceptor-
anchoring group distance and interactions between the solvent
and alkyl groups compared to reference dye AK2. Further, AS
dyes with 10 min sensitization time on the TiO2 surface showed
the absorbance maxima between 490 and 535 nm, where the
AS5 dyes showed the absorbance maxima like the solution, and
AS1 and AS3 dyes showed broad absorbance compared to other
AS dyes. Dyes belonging to the AS series showed the emission
maxima between 560 and 572 nm with an onset of >700 nm. AS
dyes with the small acceptor-anchoring group distance showed
similar emission maxima (572 nm) like reference dye AK2,
whereas dyes with longer acceptor-anchoring group distance
showed different emission maxima. Dye anchoring on the TiO2
surface has been characterized by IR spectroscopy, and the
carbonyl stretching frequencies for the squaric acid and
carboxylic acid units appeared at 1565, 1599, and 1709 cm−1,
respectively. Upon sensitizing with TiO2, the carbonyl stretching
frequency corresponding to the carboxylic acid groups (1709
cm−1) has disappeared for the AS dyes (Figure S23, Supporting
Information), which establish the coupling between the dye and
TiO2. The light harvesting efficiency (LHE) of the AS dyes has
been calculated (LHE = 1−10−A) at 80% and showed different

Figure 2. (a) Normalized UV−vis spectra of AS and AK2 dyes in CH2Cl2 solution, (b) fluorescence spectra of AS and AK2 dyes in CH2Cl2 solution,
(c) normalized UV−vis spectra ofAS andAK2 dyes on TiO2 (the thickness of the TiO2 electrode was 6 μm, and the dipping time was 10 min), and (d)
LHE (=1−10−A) profiles of AS and AK2 dyes on TiO2 electrodes (thickness 6 μm and dipping time 12 h).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00123
ACS Omega 2024, 9, 16429−16442

16433

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00123/suppl_file/ao4c00123_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00123/suppl_file/ao4c00123_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00123?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00123?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00123?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00123?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


LHE properties due to the changed acceptor unit position and
alkyl group incorporation (Figure 2c and Table 1). Here, the
AS2 dye showed a relatively narrowed LHE due to more
hindrance near the anchoring group compared to other AS dyes.
All the dyes belonging to the AS series showed reversible redox
properties, where two oxidation and two reduction peaks have
been obtained during the cyclic voltammetry experiment, and
cyclic voltammograms for the AS dyes are provided in Figure
S15. The differential pulse voltammetry (DPV) experiments
were performed in an anhydrous CH2Cl2 solution to find out the
redox potentials of theAS dyes (Figure 3a). AS dyes showed two
oxidation peaks.AS2 and AS5 (dyes with shorter acceptor-
anchoring group distance) that were oxidized easily compared to
AS1, AS3, and AS4 (dyes with longer acceptor-anchoring group
distance). The first oxidation potential obtained from the DPV
experiment for the AS dyes has been used to calculate the
highest molecular occupied orbital (HOMO) energy level,
where the oxidation potential converted with respect to NHE by
the addition of 0.7 V (by using an external standard of
ferrocene).49 Intersection points of absorbance and emission
spectra have been used to calculate the optical energy gap of the
AS dyes by using the formula Eg = 1240/λintersection. Further, the
lowest unoccupied molecular orbital (LUMO) energy levels of
the AS dyes were calculated by subtracting the band gap from
the HOMO of the dyes. The HOMO energy levels were
estimated to be 1.06, 1.03, 1.07, 1.08, and 1.05 eV (vs NHE) for
AS1−AS5, respectively, and the LUMO energy levels of the dyes
were found to be −1.21, −1.24, −1.27, −1.20, and −1.27 eV (vs
NHE) for AS1−AS5, respectively. The HOMO of AS dyes has
sufficient over potential in the range of 0.63−0.68 V to the I−/I3

−

electrolyte for the dye regeneration processes, and LUMO has
sufficient negative potential in the range of −0.70 to −0.77 V
compared to the TiO2 conduction band level (−0.5 V vs NHE)
for the electron injection processes.

Furthermore, the charge injection efficiency of photoexcited
AS dyes to the conduction band of TiO2 has been evaluated by
steady-state fluorescence quenching experiments. AS dyes have
been anchored on TiO2 and insulating ZrO2 surfaces, and a
similar OD at the excitation wavelengths on both surfaces was
maintained for the AS dyes. The efficiency of fluorescence
quenching on the TiO2 surface over the ZrO2 surface has been
used to evaluate the charge injection efficiency. The charge
injection efficiency for the AS dyes was 75−79% (Figures S24
and S25, Supporting Information) which indicated the efficient
charge separation process occurred at the dye−TiO2 interface.
3.3. Computational Studies. All the DFT calculations

were performed by employing Gaussian09 software50 for AS
dyes with changes in the position of the acceptor unit, using the
B3LYP, 6-311G (++) level of theory, to assess the effect of
acceptor unit position on electronic distributions in different
electronic states. The isodensity surface value was fixed at 0.03
(Figure 4). For all the AS dyes, the HOMO electronic level
showed the maximum electron density on the squaric acid unit,
whereas the LUMO is significantly populated on the anchoring
−CO2H group which help in unidirectional charge transfer from
the photoexcited dye to the conduction band of TiO2. Here,
AS1, AS3, and AS4 dyes with a similar π-backbone (long
distance between the acceptor and carboxylic acid units) showed
similar electronic distributions in the different electronic levels,
but the dihedral angle changed in the AS3 dye by incorporating
the ethyl−hexyl chain at the An donor. The AS2 and AS5 dyes
with a similar π-backbone (short distance between the acceptor
and carboxylic acid units) showed slight variations in electronicT
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distributions for the different electronic levels, and the dihedral
angle of the AS2 dye changed due to incorporating the ethyl−
hexyl chain at the An donor. It has been observed that the
branched N-alkylation of An and In donors disturbed the
planarity of the molecule compared with the normal N-
alkylation. Further, the dipole moment obtained from the
energy-optimized structures for the long acceptor-anchoring
group distance-based AS1, AS3, and AS4 dyes was relatively low
(1.96, 3.23, and 2.14 D, respectively) compared to the small
acceptor-anchoring group distance-based AS2 (5.40 D), AS5
(6.77 D), and AK2 (6.73 D) dyes. The dipole moment of the
dyes increased with the An donor attached to the anchoring

group (shorter distance) compared to the nonanchoring In
donor unit due to the change in the electronic structures. The
distance between the N atom of In and An donors and the
carbonyl C atom of carboxylic acid and the acceptor unit was
calculated from the minimized energy structure of molecules by
DFT (Figure 5). The average lengths of visible light active AS
dyes range from 15.5 to 16.6 Å, depending on the anchoring
group position on donor units. Anchoring group attached to the
An donor promotes the molecule to slightly twist, resulting in a
decreased length compared to the anchoring group attached to
the In donor. The distance between both carbonyl-C of the
acceptor unit and carboxylic acid C�O of the anchoring group

Figure 3. (a) Differential pulse voltammograms of AS dyes in CH2Cl2 solution and (b) energy level diagram of AS1−5 dyes along with reference dye
AK2.

Figure 4. Energy-minimized frontier molecular orbital diagram of D−A−D-based AS1, AS2, AS3, AS4, and AS5 dyes with their electronic levels.
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was greater for AS1 (10.4−11.0 Å), AS3 (10.39−11.01 Å), and
AS4 (10.34−11.0 Å) dyes compared to AS2 (7.13−8.62 Å) and
AS5 (7.32−8.70 Å) dyes. The dihedral angles between the An
unit and acceptor unit in-plane were 0.81, −41.26, −46.42, 0.85,
and −1.16° for the AS1, AS2, AS3, AS4, and AS5 dyes,
respectively, indicating that branching at the An donor distorted
the geometry of the molecule.
3.4. Photovoltaic Performance. The DSSC device

characterizations of the photoanode made from the AS dyes
and AK2 dye with the I−/I3

− electrolyte have been carried out,
and optimized DSSC results have been provided in Figure 6 and
Table 2. The DSSC device performance for AS2, AS5, and AK2
dyes (with shorter acceptor-anchoring group distance) obtained
was high compared to that for the AS1, AS3, and AS4 dyes (with
longer acceptor-anchoring group distance). The AS1 dye with
longer acceptor-anchoring group distance gave a VOC of 768 mV,
a JSC of 9.46 mA cm−2, and an efficiency of 5.49%, whereas the
AK2 dye (which is only different in respect to the donor
position) gave a maximum VOC of 802 mV, a JSC of 11.90 mA
cm−2, and an efficiency of 7.51% in the absence of CDCA.
Similarly, device performance patterns have been observed
between AS3/AS2 and AS4/AS5 dyes in the absence of CDCA,
which indicates that the charge injection enhanced with the
small acceptor-anchoring group distance without steric
hindrance. Incorporation of an ethyl−hexyl group into the An
unit near the TiO2 surface for the AS2 dye enhanced the VOC by

passivating the TiO2 surface and reduced the JSC (dye loading on
TiO2) and DSSC efficiency compared to the AK2 dye.
Fabrication of DSSC devices of AS dyes with 2 equiv of
CDCA enhanced the VOC of all the dyes due to better TiO2
passivation from the oxidized electrolytes (by minimizing the
charge recombination between oxidized electrolytes and
electrons present into conduction band of TiO2). However,
the JSC ofAS dyes (except theAS5 dye) decreased when the dyes
were sensitized with CDCA. Meanwhile, the JSC was found to be
high for shorter distance of acceptor-CO2H dyes AS5 and AK2,
but a decrease in the case of AS2 due to the branched alkyl group
near TiO2 leads to low dye loading without CDCA. However,
dyes with long distance acceptor units AS1, AS3, and AS4
showed little difference in JSC value, but the AS1 dye has high
dye loading and showed low JSC value due to aggregation and
charge recombination (Figure S16g and Table S3). Here, the
AS5 dye sensitized with 2 equiv of CDCA showed a maximum
DSSC device efficiency of 8.01% with a VOC of 819 mV and a JSC
of 11.98 mA cm−2 compared to reference AK2 and other AS
dyes. Here, visible light-responsive unsymmetrical squaraine
dyes AS with the N-hexylation on the In moiety that is away
from the TiO2 surface showed a significant effect on the DSSC
device performance compared to the N-alkylation on the An
moiety that is near or away from the TiO2 surface.AS dyes with a
small acceptor-anchoring group distance showed a better IPCE
response over the dyes with a longer acceptor-anchoring group

Figure 5. Energy-minimized structures of AS1−AS5 dyes with structural features (distance between the carboxylic acid C�O of the anchoring group
to the N atom of donors and the carbonyl-C atom of the squaraine acceptor) and dihedral angles between An and In donor and acceptor units.
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distance. Incorporation of the N-ethylhexyl group in the An
moiety of the AS2 dye showed decreased IPCE response,

whereas N-hexylation on the In moiety for the AS5 dye showed
enhanced IPCE response which was further enhanced by CDCA
addition compared to the AS2 dye. The VOC of the DSSC
devices changed due to shifts in the conduction band of TiO2
due to the dipole moment of dyes.51,52 It is observed that the
VOC for the DSSC devices sensitized with the dyes with An-SQ-
In-CO2H (longer distance between the SQ unit and the
anchoring group) was lower than its other counterpart (In-SQ-
An-CO2H), and it may be due to the reduced dipole moments of
the earlier set of dyes (Table S4, Supporting Information).
Further, the presence of the alkyl group away from the TiO2
surface helps more loading of dyes compared to the dyes with
the alkyl group, which is near to the surface. Overall, the
influence of alkyl groups can be discussed in two aspects: (i) the
effect of position of the alkyl group, whether near or far away to
the −CO2H anchoring group, and (ii) the effect of linear vs
branched alkyl groups. Dyes AS5, AS3 and AS4, AS2 have alkyl
groups away and near the anchoring groups, respectively. Alkyl
groups near the anchoring group may shield the 5-coordinated
Ti site which affects the dye loading capacity that affects the

Figure 6. (a) I−V and (b) IPCE curves for AK2 and AS dyes without CDCA, (c) I−V, and (d) IPCE curves for AK2 and AS dyes with CDCA in the
I−/I3

− electrolyte.

Table 2. Optimized DSSC Performances of AS and AK2 dyes
with and without the Coadsorbent (CDCA) in the I−/I3−

Electrolyte

dyes CDCA VOC (mV) JSC (mA/cm2) ff (%) η (%)

AK2 0 800 ± 2 11.76 ± 0.14 78 ± 0.68 7.34 ± 0.17
AK2 2 812 ± 1 11.03 ± 0.27 80 ± 0.95 7.17 ± 0.27
AS1 0 765 ± 3 9.34 ± 0.12 75 ± 0.59 5.36 ± 0.13
AS1 2 787 ± 4 8.80 ± 0.18 78 ± 0.67 5.40 ± 0.19
AS2 0 808 ± 2 9.69 ± 0.16 79 ± 0.43 6.19 ± 0.15
AS2 2 827 ± 2 9.53 ± 0.19 82 ± 0.83 6.46 ± 0.21
AS3 0 791 ± 4 9.59 ± 0.23 78 ± 0.82 5.92 ± 0.24
AS3 2 807 ± 3 9.32 ± 0.21 79 ± 0.78 5.94 ± 0.22
AS4 0 786 ± 3 9.01 ± 0.17 76 ± 0.94 5.38 ± 0.19
AS4 2 805 ± 2 8.70 ± 0.10 78 ± 0.64 5.46 ± 0.13
AS5 0 793 ± 3 11.19 ± 0.25 77 ± 0.61 6.83 ± 0.23
AS5 2 816 ± 3 11.74 ± 0.24 81 ± 0.56 7.76 ± 0.25

Figure 7. (a) I−V and (b) IPCE curves for AS2 and AS5 dyes in the presence and absence of CDCA with the Cu(I/II) electrolyte.
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device performance (Table S3, Supporting Information),
whereas alkyl groups enhance the dye−dye interaction when it
is functionalized slightly far away from the anchoring groups for
better dye loading. Hence, AS5 and AS3 are performing better
than AS2 and AS4 dyes, respectively.

Furthermore, introducing linear and branched alkyl groups at
the N atoms of In and An donors may affect the planarity of the
dyes. The presence of alkyl groups on the N atom of the An
donor distorts the dye structures more than that of having the
alkyl group on the N atom of the In unit. It is possible that more
distortion on the planarity of the structure is due to the alkylated
N atom of the An donor being directly attached to the four-
membered cyclic squaric acid unit. Hence, the dihedral angle
between the N-alkylated An donor and squaric acid acceptor is
more than that of the N-alkylated In donor and squaric acid
acceptor (Figure 5). While comparing the device performance of
AS5 and AS3 (both dyes possess alkyl groups on the top), the
AS5 dye performs better than AS3.

Furthermore, the HOMO energy level of the highly efficient
AS2 and AS5 dyes was more positive and therefore has been
tested with the copper electrolyte. The DSSC device character-
izations of the photoanode made from AS2 and AS5 dyes in the
Cu(I/II) electrolyte with and without CDCA have been carried
out, and optimized DSSC results have been provided in Figure 7
and Table 3. Here, the AS5 dye gave the highest VOC of 1036
mV, a JSC of 8.36 mA cm−2, and an efficiency of 7.08%, whereas

the AS2 dye gave a VOC of 1007 mV, a JSC of 7.38 mA cm−2, and
an efficiency of 5.95% with 2 equiv of CDCA. The VOC of 1010
mV, JSC of 6.78 mA cm−2, and efficiency of 5.34% have been
achieved by the AS5 dye, whereas 1006 mV of VOC, 6.30
mAcm−2 of JSC, and 5.25% efficiency have been achieved by the
AS2 dye in the absence of CDCA. Further, the integrated JSC
value obtained from IPCE is matched with the JSC value
obtained from the I−V characterization with the I−/I3

−

electrolyte and Cu (I/II) electrolyte for AS dyes (Tables S1
and S2) ).

The mass transport limitations were determined by the
photocurrent transient experiment (Figure 8). Here, we have
selected the highly efficient dye, AS5, along with the AS2 dye for
the transient experiment with I−/I3

− and Cu(I/II) electrolytes.
The current values increased along with a light illumination
intensity of 0.8 Sun to 1.0 Sun. Here, AS2 and AS5 dyes with the
Cu(I/II) electrolyte showed relatively low current compared to
the I−/I3

− electrolyte and supports the current obtained from I−
V characterization. Further, the regeneration efficiency of the
AS2 and AS5 dyes was calculated, which showed >90% with
both electrolytes.
3.5. Electrochemical Impedance Spectroscopy. Charge

recombination resistance (Rct), chemical capacitance (Cμ), and
lifetime of electrons (τ) in TiO2 are the important parameters to
study the dye−TiO2/electrolyte interface in a DSSC device and
determine the device performance, and high values of these

Table 3. Optimized DSSC Performances of AS2 and AS5 dyes in the Presence and Absence of the Coadsorbent (CDCA) with the
Cu(I/II) Electrolyte

dyes electrolyte VOC (mV) JSC (mA/cm2) ff (%) η (%)

AS2 Cu(I/II) 1004 ± 2 6.21 ± 0.09 82 ± 0.88 5.11 ± 0.14
AS2/CDCA(1:2) Cu(I/II) 1005 ± 2 7.27 ± 0.11 79 ± 1.03 5.77 ± 0.18
AS5 Cu(I/II) 1007 ± 3 6.63 ± 0.15 77 ± 0.93 5.14 ± 0.20
AS5/CDCA(1:2) Cu(I/II) 1034 ± 2 8.16 ± 0.20 81 ± 0.72 6.84 ± 0.24

Figure 8. Current transient profile of AS2 and AS5 dyes with the (a) I−/I3
− electrolyte and (b) Cu (I/II) electrolyte and (c) regeneration efficiency of

AS2 and AS5 dyes with I−/I3
− and Cu (I/II) electrolytes at different sun intensities.
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parameters directly reflect the DSSC device efficiency. All the
above parameters can be captured by performing the electro-
chemical impedance spectroscopy (EIS) experiment. To
scrutinize the device efficiency of In-An donor-based AS and
AK2 dyes with the I−/I3

− electrolyte, EIS characterizations were
carried out in dark conditions by applying the different
potentials (Figures S17−S21).53 The Nyquist plots for AS
dyes along with reference dye AK2 without CDCA at 0.5 V
applied potentials are shown in Figure 9a. The Rct and Cμ values
were obtained by fitting the Nyquist plot, and multiplication of
these two parameters gave the τ value. The order of Rct values
without CDCA are 5.28 Ω (AS1) < 5.53 Ω (AS3) < 5.70 Ω
(AS2) < 5.71 Ω (AS4) < 6.48 Ω (AS5) < 7.18 Ω (AK2) which
were further changed in the order 5.49 Ω (AS1) < 5.59 Ω (AS2)
< 5.69 Ω (AS3) < 5.95 Ω (AS4) < 6.38 Ω (AK2) < 8.86 Ω
(AS5) with CDCA by sensitizing the dyes with CDCA. The Rct
values for the devices fabricated with AS1, AS3, and AS4 dyes
were low when the distance between the acceptor units and
anchoring group was large compared to the short distance
between the acceptor and −CO2H group of AS2 and AS5
without CDCA. However, the Rct of the AS2 dye decreased
because the branched alkyl group position was down (near to
the TiO2 surface). The low Rct for the AS5 dye without CDCA
compared to the AK2 dye is due to the unwanted vacant spaces
between the anchored AS5 dyes which aroused due to the steric
hindrance on TiO2. The spaces between theAS5 dyes were filled
by CDCA molecules, which passivated the TiO2 surface from
the oxidized electrolyte and enhanced the Rct compared to AK2
(increased competition between dye and CDCA anchoring).
Further, it has been observed that the branched alkyl groups at
up and down positions showed poor response over the normal
alkyl groups with or without CDCA, whereas the short distance
acceptor unit depicted good response due to the increase in the
interfacial electron process with TiO2. Similarly, chemical
capacitance (Cμ) and lifetime (τ) values were obtained high
for AK2 (6.728 D) without CDCA and for AS5 (6.77 D) with

CDCA and supports the achieved efficiency for the respective
dyes (Table 4). The obtained high Cμ values for AK2 and AS5

are due to the change in dipole moment and revealed the
importance of small acceptor-anchoring group distance over the
longer distance, whereas the value revealed the high achieved
current and voltage for the respective dyes. The conduction
band, ECB, depends on the dipole moment (μ) of the dye (eq 1).
The ECB is directly proportional to the dipole moment, so when
the dipole moment of the sensitizer increases the ECB upshift
resultant, the VOC also increased.50

=E
q

CB
o (1)

4. CONCLUSIONS
In summary, a series of unsymmetrical squaraine dyesAS1−AS5
with changes in the position of In and An units along with a less

Figure 9. (a) Nyquist plot, (b) charge recombination resistance, (c) chemical capacitance, and (d) lifetime of electrons of AK2 and AS dyes without
CDCA.

Table 4. EIS Parameters of the DSSC Device Made with
Reference Dyes AK2 and AS Dyes in the Dark with an
Applied Potential of 0.60 V

dye Rct (ohm) Cμ (mF) τ (ms)

AK2 7.18 0.675 4.85
AK2/CDCA(1:2) 6.38 0.648 4.13
AS1 5.28 0.608 3.20
AS1/CDCA(1:2) 5.49 0.617 3.38
AS2 5.70 0.630 3.58
AS2/CDCA(1:2) 5.59 0.628 3.50
AS3 5.53 0.624 3.45
AS3/CDCA(1:2) 5.69 0.606 3.44
AS4 5.71 0.597 3.40
AS4/CDCA(1:2) 5.95 0.618 3.67
AS5 6.48 0.631 4.09
AS5/CDCA(1:2) 8.86 0.734 6.50
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hindered alkyl group have been designed and synthesized for
DSSCs. The isomeric AS dyes showed varied absorption
properties due to the change in the position of In and An
units and alkyl groups. The UV−vis absorption of long acceptor-
anchoring group distance for the AS1, AS3, and AS4 dyes (An-
SQ-In-CO2H) showed a blue shift compared to the short
acceptor-anchoring group distance for the AS2 and AS5 dyes
(In-SQ-An-CO2H) in CH2Cl2. The dihedral angles between the
An and squaraine units were high, −41.26° and −46.42° for AS2
andAS3 dyes, respectively, due to the presence of branched alkyl
groups at the An unit compared to the normal alkyl chain-
containing dyes AS4 (0.85°) and AS5 (−1.16°). The DSSC
device performance for the AS dyes showed the importance of
short acceptor-anchoring groups over a long distance for better
device performance. The maximum DSSC device efficiency of
8.01% has been achieved for the AS5 dye with CDCA in the I−/
I3

− electrolyte. Further, the AS5 dye sensitized with CDCA gave
the highest VOC of 1036 mV, JSC of 8.36 mAcm−2, and efficiency
of 7.08% with the Cu(I/II) electrolyte. The obtained results
from these sets of dyes revealed the importance of acceptor-
anchoring group distance on photovoltaic performance and will
be useful for further designing the new squaraine-based dyes for
DSSCs.
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