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a b s t r a c t

A series of double donor-acceptor organic dyes (C4eC12) have been synthesized to investigate the in-
fluence of the alkyl chain length between the two chromophores on the performance of dye sensitized
solar cells (DSSCs). The chain length dependent performance was investigated further using the elec-
trochemical impedance and stepped light induced transient measurement methods. Dye with longer
alkyl chain (C6eC12) shows a broader and higher IPCE as well as photo-current density (Jsc) with an
enhanced photovoltage (Voc) relative to the reference PTZ-S. In contrast, C4 with shorter alkyl chain
presents a relatively low IPCE within the whole spectral region, along with low Jsc and Voc, which
predominately arising from the short electron diffusion length with significant electron loss during
charge transport. The higher Jsc and Voc obtained with the devices incorporating C10 and C12 dyes with
long alkyl chain resulted in a higher conversion efficiencies of 4.02% and 4.03%, respectively, (3.14% for
single donor-acceptor dye PTZ-S). Density functional theory simulations were also performed to examine
the effect of the alkyl chain length on electrochemical and optical properties of the dyes. Adsorption
studies of the dyes on TiO2 clusters were carried out to explain the variation in Jsc with the alkyl chain
length.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, organic dyes have attracted considerable
attention for use as sensitizers in dye sensitized solar cells (DSSCs)
owing to their strong absorption in the visible region, as well as
their optical, photo-physical and electrochemical properties, which
can be tuned readily by peripheral substitutions [1e3]. The light-
harvesting unit is a potent part of the dye sensitizer. Generally,
the p-conjugated bridge structure with electron donor-acceptor
(D-p-A) moieties is effective for intramolecular charge transfer.
hyu@ynu.ac.kr (S. Thogiti),
DSSCswith these dyes showbetter performance [1e17]. If the light-
harvesting units of the D-p-A sensitizer increase, the photovoltaic
performance of DSSCs should increase. Therefore, there has been
considerable interest in the design and synthesis of novel double
donor-acceptor dyes bridged with an alkyl spacer system, which
show dark current suppression, and improved absorption proper-
ties in the visible light range. The phenothiazine unit is a fairly
strong donor, and organic dyes based on this unit have been applied
successfully in the DSSCs research field and shown quite promising
efficiencies [18e30]. Derong Cao et al. reported novel
phenothiazine-based double branched (DB) dyes that contained
double symmetric and asymmetric D-p-A systems bridged with a
fixed alkyl chain, and obtained increased conversion efficiencies of
DSSCs compared to the corresponding single D-p-A dyes [18e20].
The same group reported the impact of the position isomer of the
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linkage in DB organic dyes on the photovoltaic performance of
DSSCs [21]. In 2015, they also examine the effects of the linkage
location in DB organic dyes on the photovoltaic performance of
DSSCs [23]. Recently, our group reported a novel DB dye with un-
symmetrical anchoring groups and obtained higher efficiency as
compared to those of cells sensitized with DB dyes with symmet-
rical anchoring groups [31].

Increasing the alkyl chain length is believed to reduce the charge
recombination dynamics and increase the electron lifetime because
the better surface protection would facilitate electron injection,
leading to high overall conversion efficiency [32e42]. Qipeng Chai
et al. reported that the alkyl chain length is crucial to the photo-
voltaic performance of cyclopentadithiophene-bridged sensitizers
[43]. Why structural modification of the organic dyes can greatly
influence the performance of the sensitizer based DSSCs is easy to
understand [44e46]. Taking these points into consideration, a se-
ries of organic sensitizers with different alkyl chain spacers C4eC12
were designed to obtain greater insight into the impact on the
photovoltaic performance of the solar cells under the conditions of
introducing different alkyl chain spacers to the sensitizers that bear
symmetric double donor-acceptor systems (Fig. 1). The bridged
alkyl chain length of double branched dyes was expected to influ-
ence the surface coverage of the dyes on the TiO2 films, affecting the
performance of the device. The corresponding single branched dye
PTZ-S was also synthesized for comparison (Fig. 1).

To determine the correlations between the device performance
and the alkyl chain length, this study investigated the optical and
electrochemical properties and the photovoltaic performance of
the DSSCs based on these double donor-acceptor dyes bridged with
different alkyl chain spacers. Density functional theory (DFT) and
time dependent DFT (TDDFT) calculations were performed on five
organic dyes. The experimental photophysical data were confirmed
by the computational simulations. The variation of the excitation
energies with respect to the alkyl chain length of the dyes was
examined through TDDFT simulations. Moreover, the effects of the
alkyl chain length on the solar cell performance was studied by
electrochemical impedance (EIS) and the stepped light induced
transient measurement (SLIM) technique. As the alkyl chain length
was increased, the current density, open-circuit voltage and overall
performance of DSSC increased due to the decreased recombina-
tion resistance and increased charge transport, diffusion length,
and electron lifetime.
Fig. 1. Chemical structures of the new sensitize
2. Experimental

2.1. Synthesis

The synthetic routes of C4eC12 are displayed in Scheme 1. The
structures of the compounds were identified by 1H NMR. The 1H
NMR spectra of the final product are shown in Supporting
Information (ESI).
2.1.1. 10-Hexyl-10H-phenothiazine (1)
An oven dried, 250 mL round bottom flask (RBF) was charged

with N,N-dimethylformamide (DMF) (100 mL), 1-bromohexane
(10.7 g, 0.065 mol), and sodium hydride (1.8 g, 0.075 mol). Subse-
quently, a DMF solution of phenothiazine (10 g, 0.05 mol) was
added to the mother solution, and the reaction mixture was
maintained at room temperature for 10 h. After the reaction was
complete, the solution was neutralized with a dilute HCl aqueous
solution. The mixture was extracted with chloroform/water. The
organic solution was then concentrated. The resulting crude oily
product was purified by column chromatography on silica gel with
hexane. The product was obtained as a colorless liquid. Yield: 11.2 g
(79%). 1H NMR (300 MHz, DMSO-d6): d (ppm) 7.20 (d, 2H), 7.14 (d,
2H), 6.99 (d, 2H), 6.91 (t, 2H), 3.84 (t, 2H), 1.67e1.60 (m, 2H),
1.41e1.27 (m, 2H), 1.23e1.19 (m, 4H), 0.86e0.80 (m, 3H).
2.1.2. 10-Hexyl-10H- phenothiazine-3-carbaldehyde (2)
An oven dried, 250 mL round bottom flask was charged with a

solution of DMF (13.2 g, 0.18 mol) and 1,2-dichloroethane (20 mL).
Subsequently, 10-hexyl-10H-phenothiazine, 1 (5.0 g, 0.017 mol) in
1,2-dichloroethane (20 mL) was added slowly to the mixture for
30 min POCl3 (10.7 g, 0.07 mol) was then added drop wise over a
30 min period. The mixture was stirred for 10 h at 90 �C, and then
poured into ice water (300 mL), neutralized with an aqueous so-
lution of NaOH, and extracted three times with chloroform. The
solvent was removed under reduced pressure. The resulting prod-
uct was purified by column chromatography on silica gel with ethyl
acetate/hexane (1:5 v/v). The product was obtained as a yellow
solid. Yield: 2.7 g (51%). 1H NMR (300 MHz, CDCl3): d (ppm) 9.79 (s,
1H), 7.63 (d, 1H), 7.58 (s, 1H), 7.17 (d, 1H), 7.11 (d, 1H), 6.97 (d, 1H),
6.92 (d, 1H), 6.88 (d, 1H), 3.88 (t, 2H), 1.85e1.76 (m, 2H), 1.43e1.30
(m, 6H), 0.87 (m, 3H).
rs C4eC12 and reference sensitizer PTZ-S.
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Scheme 1. Synthesis of dyes C4eC12 and reference PTZ-S.
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2.1.3. 2-Cyano-3-(10-hexyl-10H-phenothiazine-3-yl)acrylic acid
(PTZ-S)

In a dried, 100 mL round bottom flask, 10-hexyl-10H-pheno-
thiazine-3-carbaldehyde, 2 (2.0 g, 6.4 mmol), 2-cyanoacetic acid
(0.71 g, 8.3 mmol), and piperidine (0.081 g, 0.96 mmol) were dis-
solved in acetonitrile (10 mL). The reaction mixture was efluxed for
6 h. After cooling to room temperature, 5 mL of 2 M aqueous HCl
was added and the mixture was stirred for 30 min. Then the
mixture was washed with water and extracted three times with
chloroform. The combined organic fractions were washed with
brine and dried over Na2SO4. The solvent was removed under
reduced pressure and the residue was purified by recrystallization
in acetonitrile. The product was obtained as a black solid. Yield:
1.9 g (42%). 1H NMR (300 MHz, CDCl3): d (ppm) 8.09 (s, 1H), 7.91 (d,
1H), 7.68 (s, 1H), 7.17 (d, 1H), 7.09 (d, 1H), 6.96 (d, 1H), 6.87 (d, 2H),
3.88 (t, 2H), 1.80 (d, 2H), 1.44e1.31 (m, 6H), 0.88 (m, 3H).

2.1.4. 1,4-Di (10H-phenothiazin-10-yl) butane (3a)
A 250 mL 3-neck flask was charged with 10H-phenothiazine

(8.99 g, 45.1 mmol), and 1,4-dibromobutane (5 g, 20.5 mmol), NaH
(4.1 g, 102.5 mmol) and 100 mL of DMF. The resulting mixture was
stirred for 3 h at room temperature. The reaction mixture was then
quenched with water and extracted three times with chloroform.
The solvent was removed under reduced pressure and the product
was purified by column chromatography on silica gel. Isolated
yield ¼ 74%. 1H NMR (300 MHz, DMSO-d6): d (ppm) 7.15e7.10 (d,
8H), 6.96e6.89 (m, 8H), 3.88 (t, 4H), 1.82 (m, 4H).

2.1.5. 10,100-(Butane-1,4-diyl)bis(10H-phenothiazine-3-
carbaldehyde) (4a)

A 250 mL 3-neck flask was charged with 1,4-di(10H-phenothi-
azine-10-yl)butane (2 g, 4.40 mmol), and DMF (6.43 g, 88.0 mmol),
POCl3 (13.5 g, 88.0 mmol), and 20 mL of 1,2-dichloroethane. The
resulting mixture was stirred for 2 h at 90e95 �C. The reaction
mixture was quenched with water and extracted three times with
chloroform. The solvent was removed under reduced pressure and
the residue was purified by column chromatography using silica gel
and ethyl acetate/hexane (1/3; v/v) as the eluent to give 10,100-
(butane-1,4-diyl)bis(10H-phenothiazine-3-carbaldehyde) as a yel-
low viscous liquid. Isolated yield ¼ 90%. 1H NMR (300 MHz, DMSO-
d6): d (ppm) 9.78 (s, 2H), 7.66e7.64 (d, 2H), 7.53 (s, 2H), 7.16e7.09
(m, 6H), 7.04e6.98 (m, 4H), 3.98 (t, 4H), 1.84 (m, 4H).

2.1.6. (2E,20E)-3,30-(10,100-(butane-1,4-diyl)bis(10H-
phenothiazine-10,3-diyl)bis(2-cyanoacrylic acid) (C4)

A 100mL 3-neck flaskwas chargedwith 10,100-(butane-1,4-diyl)
bis(10H-phenothiazine-3-carbaldehyde) (0.3 g, 0.59 mmol), 2-
cyanoacetic acid (0.014 g, 0.16 mmol), piperidine (0.143 g,
1.68 mmol) and 10 mL of acetonitrile. The reaction mixture was
refluxed for 6 h. After cooling to room temperature, 5 mL of 2 M
aqueous HCl was added and the mixture was stirred for 30 min.
Then themixturewaswashedwithwater and extracted three times
with chloroform. The combined organic fractions were washed
with brine and dried over Na2SO4. The solvent was removed under
reduced pressure and the residue was purified by recrystallization
in acetone andmethanol. The product was obtained as a black solid.
Isolated yield ¼ 90%. 1H NMR (300 MHz, DMSO-d6): d (ppm) 8.11 (s,
2H), 7.87e7.84 (d, 2H), 7.74 (s, 2H), 7.19e7.09 (m, 6H), 7.05e6.96 (m,
4H), 3.98 (t, 4H), 1.84 (t, 4H).

2.1.7. 1,6-di(10H-phenothiazine-10-yl)hexane (3b)
A 250 mL 3-neck flask was charged with 10H-

phenothiazine(8.99 g, 45.1 mmol), and 1,6-dibromohexane (5 g,
20.5 mmol), NaH (4.1 g, 102.5 mmol) and 100 mL of DMF. The
synthetic method was similar to that used to synthesize compound
3a, and compound 3bwas obtained in 74% yield. 1H NMR (300MHz,
DMSO-d6): d (ppm) 7.20e7.10 (m, 8H), 6.97e6.90 (m, 8H), 3.81 (t,
4H), 1.64 (m, 4H), 1.39 (m, 4H).

2.1.8. 10,100-(hexane-1,6-diyl)bis(10H-phenothiazine-3-
carbaldehyde) (4b)

A 250 mL 3-neck flask was charged with 1,6-di(10H-phenothi-
azine-10-yl)hexane (2 g, 4.16 mmol), DMF (3.041 g, 41.6 mmol),
POCl3 (6.38 g, 41.6 mmol), and 10 mL of 1,2-dichloroethane. The
synthetic method was similar to that used to synthesize compound
4a, and compound 4b was obtained as a yellow viscous liquid in
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50% yield. 1H NMR (300 MHz, DMSO-d6): d (ppm) 9.78 (s, 2H),
7.71e7.68 (d, 2H), 7.57 (s, 2H), 7.23e7.10 (m, 6H), 7.05e6.97 (m, 4H),
3.91 (t, 4H), 1.66 (m, 4H), 1.40 (m, 4H).

2.1.9. (2E,20E)-3,30-(10,100-(hexane-1,6-diyl)bis(10H-
phenothiazine-10,3-diyl)bis(2-cyanoacrylic acid) (C6)

A 100 mL 3-neck flask was charged with 10,100-(hexane-1,6-
diyl)bis(10H-phenothiazine-3-carbaldehyde) (0.5 g, 0.745 mmol),
2-cyanoacetic acid (0.19 g, 2.24 mmol), piperidine (0.019 g,
0.22 mmol), and 10 mL of acetonitrile. The synthetic method was
similar to that used to synthesize compound C4, and compound C6
was obtained as a black solid in 60% yield. 1H NMR (300 MHz,
DMSO-d6): d (ppm) 8.20 (s, 2H), 7.96e7.93 (d, 2H), 7.84e7.83 (s, 2H),
7.30e7.20 (m, 6H), 7.11e7.03 (m, 4H), 3.97 (t, 4H), 1.73 (m, 4H), 1.48
(m, 4H).

2.1.10. 1,8-di(10H-phenothiazine-10-yl)octane (3c)
A 250 mL 3-neck flask was charged 10H-phenothiazine (8.07 g,

40.5 mmol), and 1,8-dibromo octane (5 g, 18.4 mmol), NaH (4.42 g,
110.4 mmol) and 100 mL of DMF. The synthetic method was similar
to that used to synthesize compound 3a, and compound 3c was
obtained in 75% yield. 1H NMR (300 MHz, DMSO-d6): d (ppm)
7.21e7.11 (m, 8H), 7.0e6.92 (m, 8H), 3.85 (t, 4H), 1.55 (m, 4H), 1.25
(m, 8H).

2.1.11. 10,100-(octane-1,8-diyl)bis(10H-phenothiazine-3-
carbaldehyde) (4c)

A 250 mL 3-neck flask was charged with 1,8-di(10H-phenothi-
azine-10-yl)octane (2 g, 3.54mmol), DMF (5.19 g, 71.0mmol), POCl3
(10.9 g, 71.0 mmol), and 20 mL of 1,2-dichloroethane. The synthetic
method was similar to that used to synthesize compound 4a, and
compound 4c was obtained as a viscous yellow liquid in 50% yield.
1H NMR (300 MHz, DMSO-d6): d (ppm) 9.79 (d, 2H), 7.72e7.70 (d,
2H), 7.58 (s, 2H), 7.24e7.13 (m, 6H), 7.07e6.97 (m, 4H), 3.91 (t, 4H),
1.64 (m, 4H), 1.34 (m, 8H).

2.1.12. (2E,20E)-3,30-(10,100-(octane-1,8-diyl)bis(10H-
phenothiazine-10,3-diyl)bis(2-cyanoacrylic acid) (C8)

A 100 mL 3-neck flask was charged with 10,100-(octane-1,8-diyl)
bis(10H-phenothiazine-3-carbaldehyde) (0.5 g, 0.715 mmol), 2-
cyanoacetic acid (0.182 g, 2.15 mmol), piperidine (0.018 g,
0.21 mmol), and 10 mL of acetonitrile. The synthetic method was
similar to that used to synthesize compound C4, and compound C8
was obtained as a black solid in 60% yield. 1H NMR (300 MHz,
DMSO-d6): d (ppm) 8.14 (s, 2H), 7.92e7.24 (d, 4H), 7.23e7.12 (m,
10H), 3.91 (t, 4H), 1.65 (m, 4H), 1.25 (m, 8H).

2.1.13. 1,10-di(10H-phenothiazine-10-yl)decane (3d)
A 250 mL 3-neck flask was charged with 10H-phenothiazine

(7.45 g, 37.4 mmol), 1,10-dibromodecane (5 g, 17.0 mmol), NaH
(4.08 g, 102.0 mmol), and 100 mL of DMF. The synthetic method
was similar to that used to synthesize compound 3a, and com-
pound 3d was obtained in 75% yield. 1H NMR (300MHz, DMSO-d6):
d (ppm) 7.20e7.7.10 (m, 8H), 7.00e6.89 (m, 8H), 3.83 (t, 4H),1.63 (m,
4H), 1.32 (m, 4H), 1.15 (m, 8H).

2.1.14. 10,100-(decane-1,10-diyl)bis(10H-phenothiazine-3-
carbaldehyde) (4d)

A 250 mL 3-neck flask was charged with 1,10-di(10H-pheno-
thiazine-10-yl)decane (2 g, 3.40 mmol), DMF (4.97 g, 68.0 mmol),
POCl3 (10.43 g, 68.0 mmol), and 20 mL of 1,2-dichloroethane. The
synthetic method was similar to that used to synthesize compound
4a, and compound 4d was obtained as a yellow viscous liquid in
50% yield. 1H NMR (300 MHz, DMSO-d6): d (ppm) 9.78 (s, 2H),
7.72e7.69 (d, 2H), 7.58 (s, 2H), 7.24e7.13 (m, 6H), 7.07e6.96 (m, 4H),
3.92 (t, 4H), 1.65 (m, 4H), 1.33e1.15 (m, 12H).

2.1.15. (2E,20E)-3,30-(10,100-(decane-1,10-diyl)bis(10H-
phenothiazine-10,3-diyl)bis(2-cyanoacrylic acid) (C10)

A 100 mL 3-neck flask was charged with 10,100-(decane-1,10-
diyl)bis(10H-phenothiazine-3-carbaldehyde) (0.5 g, 0.69 mmol),
2-cyanoacetic acid (0.176 g, 2.07 mmol), piperidine (0.018 g,
0.207 mmol), and 10 mL of acetonitrile. The synthetic method was
similar to that used to synthesize compound C4, and compound
C10 was obtained as a black solid in 60% yield. 1H NMR (300 MHz,
DMSO-d6): d (ppm) 8.15 (s, 2H), 7.92e7.90 (d, 2H), 7.80 (s, 2H),
7.24e7.14 (m, 6H), 7.08e6.98 (m, 4H), 3.93 (t, 4H), 1.66 (m, 4H), 1.18
(m, 12H).

2.1.16. 1,12-di(10H-phenothiazine-10-yl)dodecane (3e)
A 250 mL 3-neck flask was charged with 10H-phenothiazine

(6.68 g, 33.5 mmol), and 1,12-dibromododecane (5 g, 15.2 mmol),
NaH (3.65 g, 91.2 mmol), and 100 mL of DMF. The synthetic method
was similar to that used to synthesize compound 3a, and com-
pound 3e was obtained in 90% yield. 1H NMR (300 MHz, DMSO-d6):
d (ppm) 7.21e7.11 (m, 8H), 7.00e6.89 (m, 8H), 3. 85 (t, 4H), 1.66 (m,
4H), 1.35 (m, 4H), 1.14 (m, 12H).

2.1.17. 10,100-(dodecane-1,12-diyl)bis(10H-phenothiazine-3-
carbaldehyde) (4e)

A 250 mL 3-neck flask was charged with 1,12-di(10H-pheno-
thiazine-10-yl)dodecane (0.5 g, 0.89 mmol), DMF (1.3 g,17.8 mmol),
POCl3 (2.73 g, 17.8 mmol), and 20 mL of 1,2-dichloroethane. The
synthetic method was similar to that used to synthesize compound
4a, and compound 4ewas obtained as a yellow viscous liquid in 50%
yield. 1H NMR (300MHz, DMSO-d6): d (ppm) 9.78 (s, 2H), 7.72e7.69
(d, 2H), 7.56 (s, 2H), 7.24e7.13 (m, 6H), 7.07e6.96 (m, 4H), 3.92 (t,
4H), 1.65 (m, 4H), 1.33e1.15 (m, 16H).

2.1.18. (2E,20E)-3,30-(10,100-(dodecane-1,12-diyl)bis(10H-
phenothiazine-10,3-diyl)bis(2-cyanoacrylic acid) (C12)

A 100 mL 3-neck flask was charged with 10,100-(dodecane-1,12-
diyl)bis(10H-phenothiazine-3-carbaldehyde) (0.3 g, 0.483 mmol),
2-cyanoacetic acid (0.123 g, 1.45 mmol), piperidine (0.012 g,
0.14 mmol), and 10 mL of acetonitrile. The synthetic method was
similar to that used to synthesize compound C4, and compound
C12 was obtained as a black solid in 60% yield. 1H NMR (300 MHz,
DMSO-d6): d (ppm) 8.15 (s, 2H), 7.93e7.90 (m, 2H), 7.82 (s, 2H),
7.25e7.14 (m, 6H), 7.09e6.97 (m, 4H), 3. 94 (t, 4H), 1.68 (m, 4H), 1.37
(m, 4H), 1.15 (m, 12H).

2.2. Material and instruments

All starting materials and solvents were purchased from Sigma-
Aldrich and used as received. The 1H NMR spectrawere recorded on
a Bruker Advance NMR 300MHz spectrometer. The UVeVis spectra
were recorded using Cary 5000 UVeViseNIR Spectrophotometer.

2.3. Computational details

All ground state and excited state simulations were performed
using the Gaussian 09 [47] quantum chemical program. Geometry
optimization and vibrational frequency analysis of all the dyes were
carried out at the B3LYP/6-31G(d) level of theory [48e50]. The
theoretical singlet equilibrium structures were obtained when the
maximum internal forces acting on all the atoms and the stress
were less than 4.5 � 10�4 eV/Å and 1.01 � 10�3 kbar, respectively.
The minima were confirmed by harmonic vibrational frequency
analysis by ensuring all positive frequencies. The UVevisible ab-
sorption spectra were simulated with the pre optimized structures



Fig. 2. Absorption spectra of the dyes (a) in DMF solution; (b) anchored on the TiO2

films.
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using the TDDFT formalism at the CAM-B3LYP/6-31G(d) level of
theory [51]. In the TDDFT simulations, 25 vertical singlet excitations
were calculated to obtain the UVevis absorption spectra of the
dyes. The experimental acetonitrile solution was mimicked using
the polarizable continuummodel [52,53] in the TDDFT simulations.

2.4. Solar cell fabrication and characterization

The fluorine-doped tin oxide (FTO) transparent conducting
glasses (Pilkington, 15 U/cm2) were cleaned with methanol, D.I
water and acetone. The cleaned FTO glasses (Pilkington, 15 U/cm2)
were coated with transparent TiO2 pastes (20e30 nm in diameter,
Dyesol Ltd.) using the doctor blade technique, followed by sintering
at 450 �C for 30 min. The TiO2 particle scattering layer (200 nm in
diameter, Dyesol Ltd.) was deposited on the transparent nano-
porous TiO2 films, followed by sintering at 450 �C for 30 min.
Two layers of TiO2 films were treated with a 40 mM of a TiCl4
aqueous solution at 70 �C for 30 min and then sintered at 450 �C for
30 min. After cooling to 100 �C, the TiO2 films were immersed in
0.3 mM dye solutions at 25 �C for 24 h in the dark and the residual
dye was rinsed off with acetonitrile to provide the working elec-
trode. The platinum paste was deposited on the FTO glasses using
the doctor blade technique, followed by sintering at 450 �C for
30min to give the counter electrodes. Theworking electrode and Pt
counter electrodeswere assembled into a sealed sandwich cell with
a 60 mm thick Surlyn film (Dupont), which was then filled with an
electrolyte solution through pre-drilled holes on the Pt counter
electrode. The electrolyte solution contained 1-butyl-3-
methylimidazolium iodide (0.7 M), lithium iodide (LiI, 0.2 M),
iodine (I2, 0.05 M), and t-butylpyridine (TBP, 0.5 M) in acetonitrile/
valeronitrile (85:15, v/v).

2.5. Photovoltaic characterization

The photo current density-voltage (J-V) characteristics of the
prepared DSSCs were measured under AM 1.5 irradiation with an
incident power of 100 mW/cm2 (PEC-L11, Peccell Technologies,
Inc.). The incident monochromatic photon-to-current efficiencies
(IPCEs) were recorded as a function of the light wavelength using
an IPCE measurement instrument (PEC-S20, Peccell Technologies,
Inc.). Electrochemical impedance spectroscopy (EIS) was carried
out using a computer-controlled potentiostat (IVIUMSTAT, IVIUM)
at the open circuit voltage with a 10 mV of amplitude and an AC
frequency range between 100 kHz and 0.1 Hz (PEC-L11, Peccell
Technologies, Inc.). The electron diffusion coefficient and electron
lifetime of the DSSCs were measured using the stepped light-
induced transient measurements of the photocurrent and voltage
(SLIM-PCV) using a diode laser (HeliumeNeon laser power supply,
Thor Lab, l¼ 632.8 nm). The current transient wasmonitored using
a digital phosphor oscilloscope (Tektronic DPO 4102B-L) through a
current amplifier.

3. Results and discussion

Fig. 2a presents the UVeVis absorption spectra of the double
donor-acceptor dyes, C4eC12, and single donor-acceptor dye, PTZ-
S, dissolved in DMF. Table 1 shows that the peak positions are
similar for all dyes. All the dyes exhibited absorption maxima at
396e402 nm, which might be due to intramolecular charge
transfer between the phenothiazine donor and terminal cyano-
acetic acid acceptor. The absorption bands observed for these di-
anchoring dyes C4eC12 are similar to that observed for the corre-
sponding mono-anchoring dye, PTZ-S (Fig. 2a). Despite this draw-
back, the molar extinction coefficients (ε) of the di-anchoring dyes
were higher than that of the mono-anchoring dye PTZ-S.
Fig. 2b shows the absorption spectra of these dyes anchored on a
TiO2 film. The spectra were slightly different for C4eC12 with ab-
sorption maxima ranging from 419 to 433 nm. Compared to the
absorption spectra in solution, a bathochromic shift (23e33 nm)
was observed for the C4eC12-dyes upon adsorption on TiO2 from a
DMF solution. This bathochromic shift has been observed for many
organic dyes and can be attributedmainly to the formation of J-type
aggregation. In particular, the C10 and C12 dyes exhibited a red
shifted pattern (33 and 25 nm) compared to the other dyes, which
benefits the capture of photons over an extended region.

Fig. 3 shows the optimized ground state geometries of the dyes,
C4 and C6, whereas the geometries of the dyes, C8, C10, and C12,
are given in the supporting information (Fig. S1). The geometry of
the phenothiazine part in each dye was not precisely planar but
slightly bent in the middle with a butterfly shape. The non-planar
geometry of the phenothiazine ring can help reduce the aggrega-
tion effect of the dyes on the TiO2 surface. The distance between
two phenothiazine rings is also given along with the optimized
geometries. The increase in the distance between the two pheno-
thiazine rings is approximately 2.55 Å with each eCH2-CH2-
addition. The dipole moment of the dye increased gradually with
increasing alkyl chain length, reaching a maximum for dye C12.

Fig. 4 presents the electron density distribution in the frontier
molecular orbitals of all the dyes. The electron density in the
highest occupied molecular orbitals (HOMOs) of all the dyes was
localized over one phenothiazine ring and partly on the anchoring



Table 1
Optical and photovoltaic parameters of the DSSCs.

Dye lmax Dye amount
(10�4 mol/cm2)

Jsc
(mA/cm2)

Voc
(V)

FF h

Sol. (ε; M�1cm�1) Film

N719 14.363 0.760 0.68 7.17
PTZ-S 396 (7968) 432 3.67 6.575 0.670 0.70 3.14
C4 396 (14,353) 417 2.57 6.133 0.670 0.72 2.84
C6 399 (14,089) 423 2.57 7.804 0.670 0.71 3.60
C8 402 (16,332) 425 2.41 8.713 0.695 0.68 4.00
C10 402 (15,276) 434 2.35 8.817 0.695 0.68 4.03
C12 400 (15,276) 427 2.21 8.754 0.705 0.68 4.02

Fig. 3. Ground state optimized geometries of C4 (top) and C6 (bottom) dyes obtained
at the B3LYP/6-31G(d) level of theory. The hydrogen atoms are omitted for clarity.
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group. The electron density was shifted to the other phenothiazine
ring in the lowest unoccupied molecular orbitals (LUMOs) of the
dyes. In the LUMOs, the electron density was localized more to-
wards the anchoring group rather than the phenothiazine moiety.

The HOMO energies (oxidation potential) of the dyes helps, to
some extent, evaluate thermodynamically the possibility of dye
regeneration. The HOMO eigenvalues of all the dyes (Table 2) were
just below �5.30 eV, and were also lower in energy than the redox
potential (�5.20 eV) of the I�/I3� redox couple, which facilitates
effective dye regeneration from its oxidized state. From the values,
there was little variation in the HOMO energies when changing
from C4 to C8, and the energy values almost converged when
changing from C8 to C12. The LUMO energy of the dye C4 was
�2.51 eV, and very small stabilization in LUMO energies from C4 to
Table 2
Calculated eigenvalues of the various molecular orbitals of the dyes along with the
HOMO-LUMO energy gaps obtained at the B3LYP/6-31G(d) level of theory.

Dye HOMO-1 HOMO LUMO LUMOþ1 DHOMO-LUMO

C4 �5.51 �5.34 �2.51 �2.49 2.83
C6 �5.48 �5.32 �2.50 �2.48 2.82
C8 �5.47 �5.32 �2.50 �2.48 2.82
C10 �5.46 �5.31 �2.49 �2.48 2.82
C12 �5.46 �5.31 �2.49 �2.48 2.82
C12 (Table 2). The LUMO energies were sufficiently above the
conduction band (�4.20 eV) of TiO2. The high LUMO energy level of
all the dyes can provide an adequate driving force for electron in-
jection to the conduction band of the TiO2 from the dye excited
state.

The experimentally obtained optical properties of the dyes were
also well supported by computational studies using TDDFT
formalism. The absorption maxima of the dyes obtained in the low
energy regionwere in excellent agreement with the corresponding
experimental data. The simulated absorption maxima of the dyes
were approximately 405 nm with small variations with changing
from the C4 dye to the C12 dye. The optical transitions of these five
dyes were transferred mainly from the HOMO to LUMOþ1. The
UVevisible absorption data showed that there is a decrease in the
excitation energies (eV) from dye C4 to C6 and C6 to C8. The exci-
tation energies almost converged by varying from dye C8 to C12
(Fig. 5). These lower and converged excitation energies of dyes C8,
C10, and C12 may be responsible for showing higher and similar
efficiencies over dyes C4 and C6. Although the observed variation in
the excitation energies with increasing alkyl chain length is
consistent with the experimentally observed trend, the variation is
not significant to explain the variation of their respective DSSC
efficiencies. In addition, to explain the effect of alkyl chain length
on the overall efficiency, adsorption studies of the five dyes on the
TiO2 (101) cluster were carried out.

Fig. 6 shows the electron density distribution in the systems,
C4@TiO2 and C6@TiO2, whereas those of the other dyes are shown
in the supporting information (Fig. S2). The electron density dis-
tribution in the HOMOs and LUMOs of these five dye@TiO2 systems
showed no reasonable deviation. In the case of HOMOs, despite the
presence of two phenothiazine rings, the electron density was
localized mainly over one phenothiazine ring attached directly to
the TiO2 cluster through the anchoring group. On the other hand, in
the case of the LUMOs, the electron density was shifted completely
to the TiO2 cluster. The shifting of the electron density from the dye
to the TiO2 indicates the direct electron injection process from the
excited state of the dye to the conduction band of TiO2.

As the electronic coupling between the excited state of the dye
and the unoccupied states of TiO2 has a direct effect on the overall
efficiency of the DSSC, the interaction between the dye sensitizer
and the TiO2 is a very prominent aspect. Therefore, adsorption
studies of the dyes on TiO2 cluster were performed to evaluate the
effect of the alkyl chain length on the efficiency of the DSSCs.
Calculation of the binding energy between the dye and TiO2 pro-
ceeds by tethering one of the anchoring groups of the dye to a clean
and relaxed anatase (TiO2)16 cluster in an appropriate bidentate
bridging motif. The binding energies were then obtained by sub-
tracting the energy of the total system from the sum of the energies
of the dye and TiO2:

EBE ¼ �
EDye þ ETio2

�� EDye@Tio2



Fig. 4. Electron density distribution in the frontier molecular orbitals of dyes C4eC12 obtained at the B3LYP/6-31G(d) level of the theory. (Isosurface: ±0.02 e Å�3).

Y.H. Lee et al. / Dyes and Pigments 133 (2016) 161e172 167
Here, a positive EBE value indicates stable adsorption. The
binding energies obtained in this way were then plotted as a
function of the alkyl chain length (Fig. 7). The dyes, C4 and C6,
showed relatively lower binding energies compared to those of C8
to C12. The dyes, C8, C10, and C12, showed similar binding energies
with small deviations, which leads to similar Jsc and overall
efficiencies.

The current density�voltage (JeV) properties of the DSSCs
based on these double donor-acceptor dyes were evaluated under
standard AM 1.5G illumination and compared with that of the
corresponding single donor-acceptor dye (PTZ-S) and conventional
ruthenium dye sensitizer (N719). Fig. 8 and Table 1 present the J�V
curves and photovoltaic parameters. The short-circuit current
density (Jsc) and open-circuit voltage (Voc) increase gradually with
increasing alkyl chain length. This leads to a linear increase in the
device efficiency with increasing chain length (Fig. 8). All the



Fig. 5. Variation in the excitation energies with the alkyl chain length obtained at the
CAM-B3LYP/6-31G(d) level of theory.

Fig. 6. Computed isodensity (isodensity contour: 0.02 e Ǻ�3) surface plots for the frontier
theory.

Fig. 7. Variation in binding energies of the dyes with the TiO2 (101) cluster.
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double donor-acceptor dyes showed improved performance
compared to the single donor-acceptor dye. For the shortest chain
(C4), however, a decrease in short-circuit current density and cell
efficiency was observed.

As is well known, the presence of long alkyl chains in the dye
sensitizer could increase the device efficiency due to a decrease in
charge recombination [32e42]. Other groups have reported that
the surface potential of the sensitizer increases with increasing
alkyl chain length and could be attributed to the increase in pho-
tovoltage (Voc) [54,55]. The adsorption amount was measured
further to shed light on the possible interactions. The adsorption
amount of the C4eC12 dyes was in the order
C4 � C6 > C8 > C10 > C12 (Table 1). With respect to the dyes with
long alkyl chain, the decreased alkyl chain length in the dyes with a
short alkyl chain leads to more void space between the electrolyte
and the TiO2 films, which may facilitate the recombination of
injected electrons and redox species. In these dyes, although the
adsorbed amount of dye decreased with increasing alkyl chain
length, the dye with the long alkyl chain bridge is expected to
molecular orbitals of C4@TiO2 and C6@TiO2 obtained at the B3LYP/6-31G(d) level of

Fig. 8. J-V curves of the DSSCs sensitized with C4eC12 and PTZ-S.



Fig. 10. IPCE spectra of the DSSCs based on C4eC12 and PTZ-S.
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provide a more protected area. The longer alkyl chain between two
chromophores is believed to facilitate greater protection and have a
high propensity to prevent the binding of the iodide�triiodide
redox couple (Fig. 9), whichmay form a compact layer to effectively
retard the charge recombination process and improve the short
circuit current density and open-circuit voltage.

Fig. 10 compares the incident photon to current efficiency (IPCE)
spectra for the DSSCs sensitized with C4eC12 with those of the
N719 and PTZ-S sensitized DSSC. With the exception of the C4-
based device, all the dyes exhibited improved IPCE values
compared to the single donor-acceptor dye. The IPCE is a product of
the electron injection efficiency (Finj), light-harvesting efficiency
(LHE) and charge collection efficiency (hc) [56]. The relative low
IPCE value for C4 dye is probably due to the low electron injection
efficiency or charge collection efficiency. The charge collection ef-
ficiency of the excited C4 dye is insufficient, as revealed by the
SLIM-PCV (discussed in following section). Therefore, the electron
injection efficiency or the charge collection efficiency is can be
reduced dramatically, which lowers the IPCE significantly under
similar adsorption conditions. The narrow spectral window and
lower IPCE values for the shorter alkyl chain reflects the lower
photocurrent and the lower photovoltaic performance. Fig. 10
shows that the IPCE response in the visible region increases with
increasing alkyl chain length for the C4eC12 sensitized devices,
which is in agreement with the trend for the Jsc for C4eC12
described above.

EIS was employed under illumination and dark conditions to
evaluate the interfacial charge-transfer/recombination processes in
the DSSCs containing these dyes. Fig. 11 shows the Nyquist plots;
the high-frequency region represents the series resistance (R1),
corresponding to the diameter of the first semicircle; the larger
semicircle in the mid-frequency region reflects the charge transfer/
recombination resistance (R3) at the TiO2/dye/electrolyte interface.
As shown in Table 3, there was little difference in the R2 values
because the same counter electrode (Pt) and electrolyte was used.
On the other hand, there was a substantial difference in the R3
values, which indicates that the charge-transfer behavior between
TiO2 and the electrolyte is altered significantly, which is due likely
to surface modification with different alkyl chain length dyes. R3
values of 24.91, 19.48, 17.38, 17.30, and 16.37 U were obtained for
the C4eC12 based devices, respectively. The charge transfer resis-
tance decreased with increasing alkyl chain length. These results
Fig. 9. Schematic adsorption coverage for the dyes C4eC12.

Fig. 11. Electrochemical impedance spectra (a) measured under illuminated condition
(b) measured in the dark for DSSCs sensitized by C4eC12 and PTZ-S.



Table 3
EIS analysis of the DSSCs under illumination and dark conditions.

Dye Illumination Dark

R1 R2 R3 R1 R2 R3

PTZ-S 18.82 4.312 22.48 23.14 4.415 14.78
C4 16.44 3.818 24.91 21.13 3.946 12.83
C6 18.01 3.872 19.48 24.06 5.132 13.78
C8 19.28 3.429 17.38 22.13 3.531 14.56
C10 22.23 3.599 17.30 23.34 4.257 14.50
C12 18.26 3.133 16.37 22.37 3.727 15.71

Fig. 12. (a) Typical current responses of the DSSCs against the different stepped laser
intensities; (b) typical open circuit voltage transients induced by the stepped laser
intensity.

Table 4
SLIM-PCV analysis of C4eC12 and PTZ-S.

Dye De(cm2/s � 10�5) te(s) Le(mm)

PTZ-S 4.548 0.0519 15.37
C4 3.794 0.0517 14.00
C6 4.247 0.0567 15.52
C8 4.593 0.0594 16.52
C10 4.715 0.0628 17.21
C12 4.905 0.0662 18.01
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show that an increase in the alkyl chain length is beneficial for
improving the charge transfer process, resulting in a larger JSC
value. To further understand the electron recombination in DSSCs,
EIS was carried out under dark conditions. Fig. 11b shows the
Nyquist plots for the DSSCs based on the dyes, and Table 3 lists the
corresponding parameters. Under dark impedance analysis,
recombination resistance (R3) values of 12.83, 13.78, 14.56, 14.50,
and 15.71 U were obtained for the C4eC12-based devices, respec-
tively. Increasing the alkyl chain length is beneficial for restricting
electron recombination, resulting in a larger recombination resis-
tance. This suggests that the recombination of injected electron
with an oxidized electrolyte can be suppressed more effectively by
introducing long alkyl chains to the double donor-acceptor dyes.

To determine which parameters influence the device perfor-
mance according to the length of alkyl chain, stepped light-induced
transient measurements of the photocurrent and voltage (SLIM-
PCV) measurements are conducted. This method has a simpler set-
up and shorter measurement time compared to the pulsed-laser-
induced current transients and intensity-modulated photovoltage
spectroscopy [31,57,58]. A HeNe laser is used as the excitation
source and white light with different irradiance are applied at
various light biases. Their light irradiance was controlled by
changing the ND filter prior to irradiation of each sample. The
photocurrent and voltage decay with the excitation laser is chop-
ped. Their decay can be fitted to the exponential decay function.
Fig. 12a gives an example of photocurrent decay, which was
measured using the ND filter with an optical density (OD) of 2.0.
The photocurrent decay can be fitted using the following function
[57]:

JSCðtÞ ¼ b� e�t=tc

where JSC (t), b, and tc are the photo-current decay, weight
parameter and the time constant. Using the fitted constant of tc, De
can be obtained from the following equation [57]:

De ¼ L2

2:77tc

where Le is the thickness of the electrode. Table 4 present the
electron diffusion coefficient in each DSSC according to the sta-
tionary JSC controlled by changing the light irradiance. The electron
diffusion coefficient, which is calculated by fitting the curve at
Fig. 12a, tends to increase with increasing alkyl chain length indi-
cating that the electron can travel more through the TiO2 matrix in
the case of long alkyl chain containing devices. In particular, the C10
and C12-based devices accelerates charge transfer from TiO2 to the
current collector.

Similarly, time-resolved photo-voltage measurements using a
HeNe laser as the excitation source are conducted to estimate the
lifetime of photo-generated electron. The chopper was used to cut
the excitation, and the decay of photo-voltage was measured using
an oscilloscope. Fig. 12b gives an example of photo-voltage decay,
which was measured using the ND filter with an OD of 2.0. The
lifetime of a photo-generated electron can be estimated by fitting
with the theoretical exponential equation, as follows [57]:

VocðtÞ ¼ a� e�t=te

where VOC (t), a, and te are the photo-voltage decay, weight
parameter, and lifetime of the photo-generated electron, respec-
tively. The electron lifetime, which is calculated by fitting the
curves in Fig. 12b shows how much time an electron spends in the
TiO2 film before recombination. The electron lifetime increased
with increasing alkyl chain length, which further supports the fact
that there is marked suppression in recombination as the chain
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length is changed from C4eC12. This suppression in recombination
would lead to a decrease in dark current, leading to a high Voc.
Finally, the electron diffusion length (Le) is a useful tool for
reflecting the electron collection efficiency (hc) and it can be esti-
mated as follows [57]:

Le ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
De � te

p

Similar to the case of De, the Le (Table 4) tends to increase with
increasing alkyl chain length and C10 and C12 shows the longer
diffusion lengths among the samples tested. The longer Le of C10
and C12 can be attributed mainly to the high diffusion coefficient.
As the Le increases, the likelihood of charge separation at the TCO
surface increases, leading to higher electron collection efficiency.
Therefore, more photo-generated electrons canmove to the current
collector with a higher Le, resulting in significant enhancement of
the photovoltaic performance.

4. Conclusion

A series of double donor-acceptor organic dyes bridged by
different alkyl chain spacers were synthesized and examined for
DSSC applications. The results suggest that increasing the alkyl
chain length has a significant effect on the physical and electro-
chemical properties, and when the dyes are applied to DSSCs, Jsc
and the maximum IPCE of the devices increase gradually with
increasing alkyl chain length. The long alkyl chains provide an
efficient shielding effect to retard charge recombination, and
resulting in an improvement of the VOC. EIS showed that an in-
crease in the alkyl chain length could suppress the charge transfer
resistance/charge recombination between the injected electrons
with oxidized species. Furthermore, the electron lifetime and
diffusion parameters estimated by SLIM-PCV studies show that
there is a marked increase in the overall performance of the devices
as the alkyl chain length in the dye molecule increases. This could
be due to the improved charge transfer, electron lifetime and
diffusion length as well as to the decreased recombination resis-
tance, which leads to the rapid regeneration of the sensitizing dye.
In case of the C4 dye, the charge transfer resistance increased and
the diffusion length decreased, rendering a decrease in overall ef-
ficiency. Therefore, the device with the dye molecule containing a
longer alkyl chain length showed good conversion efficiency of the
DSSC. This work systematically investigated the influence of the
alkyl chain length on the photovoltaic performance of DSSCs, which
will pave the way for further improvements in double donor-
acceptor organic dyes.
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