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ABSTRACT: Two organic D-A-7-A sensitizers LS-2 and WS-5 containing N-octyl
substituted phthalimide and benzotriazole as auxiliary electron withdrawing units with
similar dimension and structure architecture were systematically studied, focusing on
photophysical and electrochemical as well as photovoltaic properties in nanocrystalline
TiO,-based dye-sensitized solar cells (DSSCs). Interestingly, with similar five-member
benzo-heterocycles, the two auxiliary acceptors of phthalimide and benzotriazole play
exactly different roles in absorption and intramolecular charge transfer: (i) in contrast
with WS-§ delocalized throughout the entire chromophore, the HOMO orbital of LS-2
is mainly located at the donor part due to the twist conformation with the existence of
two carbonyl groups in phthalimide; (ii) the dihedral angles of “D-A” plane and “A-z”
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plane in LS-2 further suggest that the incorporation of phthalimide moiety results in

curvature of electron delocalization over the whole molecule, in agreement with its blue-shifted, relatively narrow absorption
spectra and low photocurrent density; (iii) in contrast with the beneficial charge transfer of benzotriazole in WS-S, the
phthalimide unit in LS-2 plays an oppositely negative contribution to the charge transfer, that is, blocking intramolecular electron
transfer (ICT) from donor to acceptor to some extent; and (iv) in electrochemical impedance spectroscopy, the incorporated
benzotriazole unit enhances electron lifetime by 18.6-fold, the phthalimide only increases electron lifetime by 5.0-fold. Without
coadsorption of chenodeoxylic acid (CDCA), the DSSCs based on WS-§ exhibited a promising maximum conversion efficiency
(17) of 8.38% with significant enhancement in all photovoltaic parameters (Jsc = 15.79 mA cm 2, Vo = 791 mV, ff = 0.67). In
contrast, with the very similar D-A-7-A feature changing the additional acceptor from benzotriazole to phthalimide unit, the
photovoltaic efficiency based on LS-2 was only 5.11%, decreased by 39%, with less efficient photovoltaic parameters (Jsc = 10.06
mA cm™%, Voc = 748 mV, ff = 0.68). Therefore, our results demonstrate that it is essential to choose proper subsidiary
withdrawing unit in D-A-7-A sensitizer configuration for DSSCs.
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B INTRODUCTION

Along with increasing energy demands and global warming
problems, dye-sensitized solar cells (DSSCs) are considered as
promising candidates for cheap and sustainable energy sources
due to their facile structural modifications, low cost, and
environmentally friendly nature." Up to now, DSSCs based on
zinc porphyrin dye have been reported with a high photo-
electric conversion yield (#7) exceeding 12.0% under standard
AM 1.5 sunlight irradiation.” As a vital component, the
sensitizer has the function of absorbing light and injecting
electrons into the conduction band of TiO, films, while the
redox couples in electrolyte play an important role in fast
reduction of dye cations. Therefore, it is crucial that the
HOMO and LUMO energy of sensitizers should match the
corresponding conduction band energy level (Ecg) of TiO, and
the redox potential of oxide species I7/I;~.> Recently, donor-7-
acceptor (D-7-A) configuration for metal free organic
sensitizers has been widely used due to feasible modification
in enhancing light-harvesting ability and adjusting HOMO and
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LUMO levels.* On the basis of this model, we further put
forward a new configuration defined as D-A-z-A, which
introduces an auxiliary acceptor between the donor and 7
bridge to further promote ICT process.® Our previous work has
also demonstrated that the incorporation of an additional
acceptor is beneficial to dye stability due to effectively
dispersing the lone pair electrons of nitrogen in the indoline
$6 Efficient light-harvesting, electron injection, and
hindrance of charge recombination are critical factors
corresponding to the two crucial parameters of photocurrent
density (Jsc) and open-circuit voltage (Vo) in DSSCs.” Co-
adsorption of chenodeoxycholic acid (CDCA) with steric
structure can inhibit unfavorable dye aggregation and facilitate
electron injection, thus realizing the enhancement of Joc
However, a large amount of CDCA has been proved to leave

unit.
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protons on the TiO, and decrease the conduction band edge,
resulting in a loss in Vpc.” Besides, the introduction of CDCA
always occupies TiO, sites and decreases the dye coverage,
which potentially limits further improvement in the photo-
voltaic performance.'® Structure modification with incorpo-
ration of a long alkyl is a rational strategy to balance both V¢
and Jgc.

Phthalimide'® and benzotriazole'' derivatives have been
vigorously investigated in organic photovoltaics, organic thin
film transistors, and organic light emitting diodes due to their
good electron affinity and easy solubility modification by
introducing a long alkyl chain to the nitrogen site. It is worth
mentioning that both phthalimide and benzotriazole are five-
member benzo-heterocycles with similar dimension and
structure architecture. Up to now, an insight into the selection
of proper additional unit in the D-A-7-A configuration has
seldom been involved. Accordingly, herein, we incorporated
phthalimide and benzotriazole into the D-A-7-A configuration
to design sensitizers LS-2 and WS-§ and systematically
investgated their absorption spectra and electrochemical and
photovoltaic properties. LS-1 with traditional D-7-A config-
uration was introduced as reference dye. Interestingly, we found
that with the very similar structure, the two D-A-7-A dyes LS-2
and WS-5 show distinctly different variations in absorption
spectra and electrochemical property. The molecular simulation
indicates that the HOMO orbital for WS-§ has a 7 orbital
delocalization throughout the entire molecule, while for LS-2 it
is mainly localized at the donor part with phthalimide as
auxiliary acceptor. The existence of carbonyl groups in
phthalimide may interrupt the rotation of aryl groups resulting
in large dihedral angles of “D-A” planes and “A-7” planes, which
is unfavorable to electron delocalization throughout the whole
structure and transition from the donor part to acceptor.
DSSCs sensitized with LS-2 and WS-$ show distinctly different
performances in both photocurrent and photoelectric con-
version yield. Our results indicate that the introduction of
auxiliary electron withdrawing unit in the D-A-7-A config-
uration should be carried out carefully.

B EXPERIMENTAL SECTION

Materials. Unless otherwise stated, starting materials were used as
commercially purchased and without any_ further purification.
Tetrahydrofuran (THF) was predried over 4 A molecular sieves and
distilled under argon atmosphere from sodium benzophenone ketyl
immediately prior to use. The intermediate of N-octylphthalimide was
synthesized according to the corresponding literature."® All aldehyde
intermediates were synthesized by conventional Suzuki cross-coupling
reaction with a relatively high yield, followed by Knoevenagel reaction
to get the final sensitizers. Synthesis of WS-5 was reported
previously.Sb

Characterization. 'H NMR and *C NMR spectra were recorded
on a Bruker AM 400 spectrometer with tetramethylsilane (TMS) as
the internal standard, operating at 400 and 100 MHz, respectively.
HRMS were recorded with a Waters ESI mass spectroscopy. The UV—
vis spectra were measured with a model CARY 100 spectropho-
tometer. The cyclic voltammograms of the dyes were obtained with a
Versastat 11 electrochemical workstation (Princeton Applied Research)
using a three-electrode cell with a Pt working electrode, a Pt wire
auxiliary electrode, and a saturated calomel reference electrode (SCE)
in saturated KCI solution; 0.1 M tetrabutylammonium hexafluor-
ophosphate (TBAPF,) was used as the supporting electrolyte in
CH,Cl,. The scan rate was 100 mV s,

Synthesis of 2. Bromo-substituted indoline 1 (500 mg, 1.52
mmol), S-formylthiophen-2-yl boronic acid (261 mg, 1.67 mmol),
K,CO; (2 M, 15 mL), and Pd(PPh;), (30 mg, 0.03 mmol) were
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dissolved in 30 mL of THF, and the mixture was heated to 80—90 °C
under a nitrogen atmosphere to reflux for 12 h. After cooling to room
temperature, the mixture was extracted with CH,Cl, (50 mL X 3).
The organic portion was combined and removed by rotary
evaporation. The residue was purified by column chromatography
using silica gel (CH,Cl,/petroleum ether = 5/1) to give a yellow solid
of 223 mg (Yield 41%). "H NMR (400 MHz, CDCl,, ppm): § 9.82 (s,
1H), 7.67 (d, ] = 4.0 Hz, 1H), 7.40 (s, 1H), 7.37 (dd, ] = 8.4 Hz, 1.6
Hz, 1H), 7.23 (d, ] = 4.4 Hz, 1H), 7.18 (m, 4H), 6.83 (d, ] = 8.0 Hz,
1H), 4.84 (m, 1H), 3.85 (m, 1H), 2.35 (s, 3H), 2.08 (m, 1H), 1.91 (m,
2H), 1.78 (m, 1H), 1.70 (m, 1H), 1.55 (m, 1H). *C NMR (100 MHz,
CDCl,, ppm): & 18240, 15625, 149.67, 139.96, 139.51, 138.02,
135.82, 132.51, 129.92, 126.42, 122.98, 122.84, 121.49, 120.89, 107.25,
69.48, 45.15, 35.21, 33.53, 24.37, 20.84. HRMS (ESI, m/z): [M + H]*
caled for Cj3H,,NOS, 360.1422; found, 360.1423.

Synthesis of LS-1. Intermediate 2 (105 mg, 0.29 mmol) and
cyanoacetic acid (248.4 mg, 29.20 mmol) were dissolved in acetonitrile
(15 mL) in the presence of piperidine (0.5 mL) and then refluxed for
8 h. The solvent was removed by rotary evaporation; the residue was
purified by column chromatography using silica gel (CH,Cl,/MeOH
=10/1) to give a red solid of 78 mg (Yield 63%). 'H NMR (400 MHz,
DMSO-dg, ppm): & 822 (s, 1H), 7.7 (d, ] = 3.6 Hz, 1H), 7.51 (s,
1H), 7.48 (d, ] = 3.6 Hz, 1H), 7.41 (d, ] = 8.0 Hz, 1H), 7.21 (m, 4H),
6.83 (d, J = 8.4 Hz, 1H), 491 (m, 1H), 3.85 (m, 1H), 2.29 (s, 3H),
2.05 (m, 1H), 1.77 (m, 3H), 1.62 (m, 1H), 1.40 (m, 1H). *C NMR
(100 MHz, DMSO-dg, ppm): § 164.70, 151.72, 148.35, 142.80, 138.97,
138.33, 135.79, 133.06, 131.39, 129.80, 125.95, 122.66, 122.31, 121.91,
120.10, 118.66, 106.87, 68.39, 44.29, 34.90, 32.89, 23.90, 20.38. HRMS
(ESL, m/z): [M + Na]* caled for C,4H,,N,NaQ,S, 449.1300; found,
449.1303.

Synthesis of 3. A solution of n-butyllithium (2.5 M in hexane, 1.68
mL, 420 mmol) was added dropwise to a solution of bromo-
substituted indoline 1 (1.16 g, 3.53 mmol) in 25 mL of predried THF
at —78 °C under a nitrogen atmosphere; B(OCHj;); (0.47 mL, 4.14
mmol) was added after the mixture was stirred at —78 °C for 1 h. The
reaction mixture was allowed to warm up to room temperature 1 h
later and stirred overnight. Without further purification, the mixture is
used for Suzuki cross-coupling. N-octyl-4,7-Dibromophthalimide (1.48
g, 3.55 mmol), K,CO; (2 M, 10 mL), Pd(PPh;), (100 mg, 0.09
mmol), and THF (30 mL) were heated to 80—90 °C under a nitrogen
atmosphere for 30 min. Borate ester synthesized previously was added
slowly and refluxed for a further 12 h. After cooling to room
temperature, the mixture was extracted with CH,Cl, (50 mL X 3).
The organic portion was combined, and the solvent was removed by
rotary evaporation. The residue was purified by column chromatog-
raphy using silica gel (CH,Cl,/petroleum ether = 1/20) to give a red
oil of 804 mg (Yield 39%). "H NMR (400 MHz, CDCl;, ppm): 6 7.74
(d, ] = 8.4 Hz, 1H), 7.46 (d, J = 8.4 Hz, 1H), 7.31 (s, 1H), 7.22 (m,
3H), 7.16 (d, ] = 8.4 Hz, 2H), 6.91 (d, ] = 8.4 Hz, 1H), 4.85 (m, 1H),
3.88 (m, 1H), 3.65 (t, ] = 7.2 Hz, 2H), 2.34 (s, 3H), 2.07 (m, 1H),
1.93 (m, 2H), 1.79 (m, 1H), 1.65 (m, 4H), 1.26 (m, 10H), 0.86 (t, ] =
4.0 Hz, 3H). *C NMR (100 MHz, CDCl,, ppm): § 166.70, 166.29,
149.04, 141.17, 139.93, 138.27, 136.75, 134.66, 131.94, 130.27, 129.81,
129.30, 128.44, 126.04, 124.67, 120.60, 115.54, 106.63, 69.33, 45.29,
38.80, 35.20, 33.65, 31.78, 29.15, 29.13, 28.43, 2691, 24.48, 22.62,
20.82, 14.08. HRMS (ESI, m/z): [M + H]" calcd for C5,H3sBrN,O,,
585.2117; found, 585.2121.

Synthesis of 4. Compound 3 (530 mg, 0.90 mmol), S-
formylthiophen-2-yl boronic acid (281 mg, 1.80 mmol), K,CO; (2
M, 15 mL), and Pd(PPh;), (30 mg, 0.03 mmol) were dissolved in 30
mL of THF, and the mixture was heated to 80—90 °C under a
nitrogen atmosphere to reflux for 12 h. After cooling to room
temperature, the mixture was extracted with CH,Cl, (50 mL X 3).
The organic portion was combined and removed by rotary
evaporation. The residue was purified by column chromatography
using silica gel (CH,Cl,/petroleum ether = 5/1) to give a yellow solid
of 183 mg (Yield 33%). '"H NMR (400 MHz, CDCl,, ppm): 5 9.95 (s,
1H), 7.80 (s, 2H), 7.74 (d, ] = 8.2 Hz, 1H), 7.66 (d, ] = 8.2 Hz, 1H),
7.36 (s, 1H), 7.32 (m, 1H), 7.22 (d, ] = 8.4 Hz, 2H), 7.17 (d, ] = 8.4
Hz, 2H), 6.94 (d, ] = 8.0 Hz, 1H), 4.87 (m, 1H), 3.90 (m, 1H), 3.64 (t,
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] = 7.6 Hz, 2H), 2.34 (s, 3H), 2.08 (m, 1H), 1.94 (m, 2H), 1.79 (m,
1H), 1.63 (m, 4H), 1.26 (m, 10H), 0.86 (t, ] = 6.3 Hz, 3H). 3C NMR
(100 MHz, CDCl,, ppm): 6 182.90, 167.37, 167.29, 149.16, 147.48,
144.11, 142.31, 139.89, 136.29, 136.04, 135.28, 134.68, 134.65, 132.00,
130.55, 129.82, 129.52, 129.16, 128.91, 127.87, 127.80, 126.18, 124.97,
120.65, 106.61, 69.36, 45.30, 38.23, 35.21, 33.64, 31.77, 29.16, 29.14,
28.48, 26.95, 24.49, 22.61, 20.83, 14.07. HRMS (ESL m/z): [M + H]*
caled for C3oH, N,05S, 617.2838; found, 617.2836.

Synthesis of LS-2. The synthesis method resembles that of
compound LS-1, and the compound was purified by column
chromatography on silica (CH,Cl,/MeOH = 10/1) to give an orange
solid of 122 mg (Yield 66%). "H NMR (400 MHz, DMSO-d,, ppm): &
8.17 (s, 1H), 7.85 (d, ] = 8.2 Hz, 1H), 7.77 (d, ] = 6.4 Hz, 2H), 7.73
(d, ] = 8.4 Hz, 1H), 7.40 (s, 1H), 7.28—7.18 (m, SH), 6.87 (d, ] = 8.3
Hz, 1H), 491 (m, 1H), 3.85 (m, 1H), 3.52 (t, J = 7.2 Hz, 2H), 2.29 (s,
3H), 2.03 (m, 1H), 1.80 (m, 2H), 1.64 (t, J = 5.6 Hz, 2H), 1.54 (m,
2H), 1.45 (m, 1H), 1.23 (m, 10H), 0.83 (t, ] = 6.6 Hz, 3H). >*C NMR
(100 MHz, DMSO-dg, ppm): 8 166.77, 166.72, 163.24, 147.91, 142.15,
140.40, 139.50, 138.18, 135.90, 135.18, 134.86, 134.08, 130.96, 130.43,
129.77, 129.31, 128.74, 128.16, 127.51, 126.36, 125.17, 119.80, 118.95,
106.06, 68.36, 44.47, 37.40, 34.80, 33.08, 31.16, 28.49, 27.69, 26.26,
23.95, 22.37, 21.82, 20.38, 13.89. HRMS (ESI, m/z): [M + H]* caled
for C,,H,,N,0,S, 684.2896; found, 684.2899.

Fabrication of Solar Cells. All chemicals and solvents used for
DSSCs fabrication were of reagent-grade quality; Lil, I,, ethanol, and
4-tert-butylpyridine (4-TBP) were obtained from Acros and used
without further purification. Transparent TiO, paste was composed of
nanoparticles with diameter of 15 nm, while light-scattering anatase
particles were composed of a mixture of nanoparticles with diameter of
15 nm (60%) and large particles with diameter of 100 nm (40%). The
pretreatment of transparent conducting oxide (TCO) glass and
fabrication of solar cells were performed according to the published
procedures. ¢ To scrutinize and optimize the concentration of CDCA,
TiO, films were immersed in CDCA ethanol solution for 6 h before
dipped into dye CH,Cl, solution. DSSCs were fabricated using LS-1,
LS-2, and WS-§ as sensitizers with an effective working area of 0.25
cm?, dye adsorbed TiO, films pasted onto TCO glass as the working
electrode, Pt coated TCO glass as the counter electrode, and 0.05 M
I,, 0.10 M Lil, 0.60 M PMI], and 0.50 M 4-TBP in cosolvent of
acetonitrile and methoxypropionitrile (volume ratio, 7:3) mixture
solution as the redox electrolyte.

Photovoltaic Measurements. Photovoltaic measurements em-
ployed an AM 1.5 solar simulator equipped with a 300 W xenon lamp
(model no. 91160, Oriel). The power of the simulated light was
calibrated to 100 mW cm ™ using a Newport Oriel PV reference cell
system (model 91150 V). Photocurrent density—voltage (I-V) curves
were obtained by applying an external bias to the cell and measuring
the generated photocurrent with a model 2400 source meter (Keithley
Instruments, Inc. USA). The voltage step and delay time of the
photocurrent were 10 mV and 40 ms, respectively. The cell active area
was tested with a mask of 0.25 cm* with 9 ym transparent TiO, and 8
um scattering TiO,. The photocurrent action spectra were measured
with the incident monochromatic photon-to-current conversion
efficiency (IPCE) test system consisting of a model SR830 DSP
Lock-In Amplifier and model SRS40 Optical Chopper (Stanford
Research Corporation, USA), a 7IL/PX150 xenon lamp and power
supply and a 7ISW301 spectrometer. Electrochemical impedance
spectroscopy (EIS) Nyquist and Bode plot for DSSCs was performed
using a two-electrode system under dark. The spectra were scanned in
a frequency range of 0.1 Hz—100 kHz at room temperature with
applied bias potential set at —750 mV. The alternate current (AC)
amplitude was set at 10 mV.

B RESULTS AND DISCUSSION

Design and Synthesis. Phthalimide and benzotriazole
polymers have been widely investigated in organic electronics
due to their excellent electron transporting ability, good
environmental stability, and easy solubility modification by
introducing functional groups to the nitrogen site.'”'! As
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shown in Figure 1, we incorporated the two moieties into the
novel D-A-7-A configuration to afford the sensitizers LS-2 and

Figure 1. Chemical structures of sensitizers LS-2 and WS-§ and
reference dye LS-1.

WS-5 based on the following considerations: (i) both
phthalimide and benzotriazole units show high electron-affinity
property; (ii) the solubilizing octyl group on N-position in both
units can efficiently inhibit electron recombination between the
oxidized species and injection electrons on the surface of TiO,
film; and (iii) their similar structures of five-member benzo-
heterocycles afford a systematical comparison in photophysical
and electrochemical as well as photovoltaic properties in
nanocrystalline TiO,-based DSSCs.

As illustrated in Scheme 1, the target dye LS-2 was
conveniently prepared by traditional Suzuki cross-coupling

Scheme 1. Synthetic Routes of LS-1 and LS-2“

< B
@L / QJQ\L%CHO
RSN

SN -
1"%

#(i) S-formylthiophen-2-yl boronic acid, THF, K,CO;, Pd(PPh;),,
reflux for 12 h, yield 41%; (i) cyanoacetic acid, piperidine, acetonitrile,
reflux for 8 h, yield 63%; (iii) (a) THF, n-BuLi, B(OCH,),, (b) THF,
K,CO;, Pd(PPh,),, reflux for 12 h, yield 39%; (iv) S-formylthiophen-
2-yl boronic acid, THF, K,CO;, Pd(PPh;),, reflux for 12 h, yield 33%;
(v) cyanoacetic acid, piperidine, acetonitrile, reflux for 8 h, yield 66%.

reaction and Knoevenagel condensation reaction. LS-1 was
synthesized as reference dye based on the traditional D-7-A
configuration. The synthetic routes of sensitizer WS-5 has been
reported before.*® LS-1 was obtained through Suzuki coupling
reaction between bromo-substituted indoline and S-formylth-
iophen-2-ylboronic acid using Pd(PPh,), as a catalyst, followed
by treatment with cyanoacetic acid in the presence of piperidine
as a catalyst in acetonitrile. While for LS-2, two steps of Suzuki
coupling reactions on N-octylphthalimide unit resulted in the
corresponding aldehyde precursor, which was finally converted
to the target dye through Knoevenagel condensation. Their
chemical structures were fully characterized by 'H NMR, *C
NMR, and HRMS in the Experimental Section.

dx.doi.org/10.1021/am3001049 | ACS Appl. Mater. Interfaces 2012, 4, 1822—1830



ACS Applied Materials & Interfaces

Research Article

Photophysical and Electrochemical Properties. The
UV—vis absorption spectra of dyes LS-1, LS-2, and WS-§ in
CH,Cl, and on 2 pm transparent TiO, films are shown in
Figure 2, and the corresponding data are summarized in Table

3.0

@) —— LS

300 400 500 600 700 800
Wavelength (nm)

1.04®) . —Ls-1

Absorbance (a. u.)

400 500 600 700 800
Wavelength (nm)

Figure 2. Absorption spectra of LS-1, LS-2, and WS-5 measured in
CH,Cl, (a) and on 2 pm transparent TiO, films (b).

1. As a typical D-7-A or D-A-7-A system, they all exhibit a
typical, strong absorption in the range of 400—600 nm with a
molar extinction (¢ = 1.79—2.01 X 10* M~ cm™), which can
be ascribed to the ICT process between the indoline donor part
and the cyanoacetic acid acceptor moiety. To be mentioned,
LS-2 and WS-§ exhibit an additional absorption peak around
300—400 nm. Compared with the reference compound LS-1,
the maximum absorption peak of WS- is red-shifted by 13 nm
due to the incorporation of benzotriazole, which enhances the
extent of electron delocalization over the whole molecule. In
contrast with LS-1, unexpectedly, the absorption spectrum of
LS-2 with phthalimide as auxiliary acceptor shows an abnormal
phenomenon with a significant blue-shift by almost 40 nm.
Moreover, in WS-5, the additional absorption band appearing
at 396 nm and the apparent red-shift in the absorption
threshold are beneficial to the light harvesting. While in LS-2,

the additional absorption band is mainly located at the
ultraviolet region. That is, the two auxiliary acceptors of
phthalimide and benzotriazole have a different effect on optical
properties in the developed D-A-7-A featured sensitizers.
Moreover, when adsorbed onto 2 pm TiO, films (Table 1),
the absorption peaks for LS-1, LS-2, and WS-$ are blue-shifted
to some different extent located at 442, 389, and 471 nm,
respectively. Obviously, LS-1 and LS-2 exhibit sharp absorption
hypsochromic-shift by 41 and 53 nm, respectively, while in WS-
S, it is slightly blue-shifted by 25 nm (Figure 2b). As is well-
known, when sensitizers anchored onto the nanocrystalline
TiO, surface, the deprotonation and H-aggregates always result
in blue-shift.'> To study the aggregation effect on the
absorption spectra, another set of TiO, films were stained by
dye/CDCA mixtures with different dye/CDCA ratios (shown
in Figure S16 in Supporting Information). As the concentration
of CDCA increased in the dye bath, the absorption band of LS-
1 on TiO, film showed significantly red-shift, while no obvious
change was observed for LS-2. That is, the blue-shift of LS-2 in
absorption spectra after adsorption on TiO, film might be
predominated by deprotonation, which decreases the strength
of the electron acceptor. While for LS-1, the phenomenon may
arise by the synergy of deprotonation and aggregation effects.
By comparison of absorption spectra on TiO, films of LS-2 and
WS-5, we could find that the incorporation of benzotriazole
unit in WS-§ is beneficial to countervail the deprotonation
effect and contributes to the observed small blue-shift.
Furthermore, due to the very large blue shift by $3 nm, the
absorption band of LS-2 is mostly shifted to below 400 nm,
that is, in ultraviolet region (Figure 2b). Apparently, the
absorption range of WS-5 on TiO, film becomes much broader
than that of LS-1 and LS-2 because the former shows the
smallest blue-shift after adsorption. With the very similar
structure, the two D-A-7-A dyes LS-2 and WS-5 show distinctly
different variations in absorption spectra when they were
adsorbed on the TiO, films. Therefore, it is essential to choose
proper subsidiary withdrawing unit in D-A-7-A configuration.
To evaluate the possibility of electron injection and dye
regeneration, cyclic voltammograms were performed in CH,Cl,
solution (shown in Figure 3a) with ferrocene (0.4 V vs. normal
hydrogen electrode (NHE)) as external reference to determine
the redox potential. The HOMO and LUMO levels of these
dyes were summarized in Table 1. The first oxidation potentials
of the dyes (0.66, 0.71, and 0.61 V for LS-1, LS-2, and WS-5,
respectively), corresponding to HOMO values, are more
positive than that of I;7/I7, ensuring the thermodynamic
regeneration of dyes. As estimated from the band gap derived
from the wavelength at 10% maximum absorption intensity of
these dyes adsorbed onto TiO, films, the resulting E,_, is 2.17,

Table 1. Photophysical and Electrochemical Properties of Sensitizers LS-1, LS-2, and WS-$ in CH,Cl, Solution and Adsorbed

on TiO, Films

absorption
dyes Amae/nm in CH,CL, (¢/M™' cm™) A’ /nm on TiO,
LS-1 483 (20100) 442
LS-2 383 (27000) 442 (17900) 389
WS-$ 396 (14700) 496 (19200) 471

HOMOS (V) (vs NHE) Eo_od V) LUMO? (V) (vs NHE)
0.66 2.17 -1.51
0.71 2.30 —1.59
0.61 2.12 —1.51

“Absorption peaks (4,,,,) and molar extinction coefficients (¢) were measured in CH,ClL,. bAbsorption peaks (,,,,) were obtained with adsorption
onto 2 ym nanocrystalline TiO, film deposited on TCO glass. “The HOMO was obtained in CH,Cl, with ferrocene (0.4 V vs. NHE) as external
reference. “E,_ was derived from the wavelength at 10% maximum absorption intensity for the dye-loaded 2 ym nanocrystalline TiO, film. “The

LUMO was calculated with the equation of LUMO = HOMO — E;_,.

dx.doi.org/10.1021/am3001049 | ACS Appl. Mater. Interfaces 2012, 4, 1822—1830
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Figure 3. (a) Oxidative cyclic voltammetry plots of LS-1, LS-2, and
WS-S. (b) Schematic diagram of energy levels of TiO, conduction
band, dyes, and I"/I;~ redox couple.

2.30, and 2.12 eV for LS-1, LS-2, and WS-, respectively (Table
1). Consequently, all the LUMO values of these dyes (—1.51,
—1.59, and —1.51 V, respectively) are more negative than the
conduction band (Ecg) of TiO,, indicating the electron
injection process from the LUMO orbital of these sensitizers
to the conduction band of TiO, energetically permitted.
Notably, comparing with LS-1, the incorporation of the
benzotriazole group in WS-§ does not have an effect on the
LUMO orbital but only shifts the oxidation potential (HOMO)
cathodically by 0.05 V (Figure 3b), indicating the beneficial
charge transfer from donor (indoline unit) to acceptor
(cyanoacetic acid) with the incorporated strong electron-
withdrawing unit of benzotriazole. However, the incorporation
of phthalimide unit has an effect on both HOMO and LUMO
values, that is, LS-2 shows a more positive HOMO level by 0.05
V and a more negative LUMO level by —0.08 V than that of
LS-1 (Figure 3b). Consequently, in contrast with the beneficial
charge transfer of benzotriazole, the phthalimide unit in LS-2
plays an opposite negative contribution to the charge transfer,
that is, blocking ICT from donor to acceptor to some extent.

Theoretical Approach. To get insight into the effect of
different additional withdrawing units of phthalimide and
benzotriazole on absorption of LS-2 and WS-§, the ground-
state geometries, electron distribution for the frontier molecular
orbitals and electronic transitions upon photo excitation were
calculated by DFT and TDDEFT calculations with the
Gaussian09 package.'> The ground-state geometries of these
dyes have been optimized in the gas phase by DFT,"? using the
hybrid B3LYP'* functional and the standard 6-31G(d) basis set.
For the TDDFT calculations, performed on the B3LYP
optimized ground-state geometries, the Coulomb attenuating
B3LYP (CAM-B3LYP) approach'® was used with 6-31+G(d)
basis set. Solvation effect was taken into account into the
TDDFT calculations in CH,Cl, with the nonequilibrium
version of the C-PCM model'® implemented in Gaussian09."
Optimized ground-state geometries and dihedral angles
between main aromatic rings for the optimized structures of
these dyes are shown in Figure 4 and Table 2, while the TD-
DFT results and frontier molecular orbitals are shown in Table
3 and Figure S, respectively.
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Figure 4. Optimized ground-state geometries for LS-1, LS-2, and WS-
S. Note: the ethyl group was used instead of the octyl group in LS-2
and WS-$ for computational efficiency reasons.

Table 2. Critical Dihedral Angles (in Degrees) in LS-1, LS-2,
and WS-5 Optimized at B3LYP/6-31G(d) Level

IC1-C2—-C3—-CH4l IC5—C6—C7-C8l
LS-1 16.8
LS-2 43.5 31.9
WS-5 26.6 0.1

Table 3. Calculated TDDFT (CAMB3LYP) Excitation
Energies for the Lowest Transition (eV, nm), Oscillator
Strengths (f), Composition in Terms of Molecular Orbital
Contributions, and Experimental Absorption Maxima

dyes  state  composition” E (eV, nm) f exp. (eV, nm)
LS-1 S1 86% H—L 2.65 (467.3)  1.3558 2.57 (483)
S2  68% H-1-L 395 (3139) 0.0814 3.98 (312)
LS2  Sl1 63% H—L 293 (423.7) 11019 2.81 (442)
S2 8% H—L+1  3.11 (3982)  0.3341 3.24 (383)
WS-s  S1 72% H-L 249 (4972)  1.6271 2.50 (496)
2 59% H-1-L 339 (3659)  0.1511 3.13 (396)

“H = HOMO, L = LUMO, H-1 = HOMO-1, L+1 = LUMO+1.

As shown in Table 2, the dihedral angles formed between the
donor group indoline and conjunction bridge in LS-1 is
computed to be 16.8°. For WS-§, the dihedral angle formed
between the donor group and auxiliary acceptor benzotriazole
group (IC1-C2—C3—C4l) is calculated to be 26.6°, while the
angle formed between benzotriazole group and thiophene
moiety (ICS—C6—C7—C8l) is calculated to be 0.1° an exact
coplanarity. It is consistent that the introduction of
benzotriazole unit into the molecular frame can red-shift the
ICT absorption peak by 13 nm (Table 1). Moreover, in WS-S,
the additional absorption band appearing at 396 nm and the
apparent red-shift in the absorption threshold are beneficial to
the light harvesting. Consequently, the incorporated benzo-
triazole unit can efficiently decrease the band gap and optimize
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Figure S. Calculated frontier orbitals of dyes LS-1, LS-2, and WS-§
(isodensity = 0.020 au). Orbital Energies are in eV.

energy levels, thus resulting in broader responsive wavelength
region and higher light-harvesting efficiency. In sharp contrast
with WS-§, LS-2 shows significant twist structure with dihedral
angles formed by |C1-C2—C3—C4l and IC5—C6—C7-C8|
calculated to be 43.5° and 31.9° respectively. The twist
conformation suggests that the incorporated phthalimide unit
destroys electron delocalization between the donor and
acceptor units, resulting in the observed distinct blue-shift in
absorption. Similar phenomenon was observed in our previous
work using fluorene as conjunction bridge.®® Generally, the
aromatic rings linked by single bonds would undergo fast single
bond rotation leading to coplanar conformation. However, the
presence of carbonyl groups in phthalimide may interrupt the
rotation of aryl groups, resulting in relatively larger dihedral
angles and twist conformation. Accordingly, upon incorpo-
ration of phthalimide unit, the formed twist conformation of
LS-2 is unfavorable to electron transition from the donor part
to acceptor, in accordance with a large blue shift by 41 nm in
absorption spectra and more positive HOMO level (Figures 2a
and 3b). Again, the deprotonation effect in WS-S and LS-2 is
fundamentally different due to the different conformation and
coplanarity of the phthalimide and benzotriazole unit. We
assume that the different hypsochromic-shift of LS-2 and WS-5
up adorption onto TiO, (Table 1) may be ascribed to their
different influence on electron delocalization throughout the
whole structure. Obviously, in the D-A-7-A system for LS-2 and
WS-5, the incorporated electron-withdrawing units of phtha-
limide and benzotriazole play exactly an opposite role in
absorption.

As shown in Figure 5, the HOMOs for LS-1 and WS-5 have
a 7 orbital delocalization throughout the entire molecule, while
for LS-2, it is mainly localized on the donor part due to the
twist structure, which would have adverse effect on electron
transition from HOMO to LUMO orbital. From the analysis of
the TD-DFT results in Table 3, we assign the experimental
absorption band at 496 and 396 nm of WS-$ as transitions from
H—L and H-1—L. The two electronic transitions in WS-$§ are
positively contributed to electron injection since both
transitions correspond to electron transfer from the whole
molecule (H and H—1) to the anchoring group (L), which is
the main electron flux from excited dyes to the CB of
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semiconductor TiO,. In contrast, the absorption bands of LS-2
located at 442 and 383 nm are ascribed to electron transitions
from H—L and H—L+1, respectively. The former corresponds
to electron transfer from the indoline part to the cyanoacrylic
acid segment, while the later arises from electron transition
from the indoline to the phthalimide core, which is far from the
anchoring group. Therefore, the electron flux of LS-2 injected
to the CB of semiconductor TiO, will be reduced.
Photovoltaic Performance. Figure 6 shows the action
spectra of IPCE for DSSCs based on LS-1, LS-2, and WS-5 as a

80-
70-
60
50-
40
30-

IPCE (%)

500 600 700

Wavelength (nm)

800

Figure 6. IPCE action spectra of DSSCs sensitized by LS-1, LS-2, and
WS-5 without coadsorption of CDCA.

function of light excitation wavelength. The IPCE onsets for
LS-1, LS-2, and WS-5 are 700, 650, and 740 nm, respectively,
increasing in the order of LS-2 < LS-1 < WS-5. The IPCE of
WS-5 is higher than 70% in the range of 400—650 nm with a
maximum value of 80% at 500 nm. It seems that introduction of
benzotriazole in WS- with good delocalization between the
donor and anchoring group may broaden the spectrum of
absorption to get better IPCE. Compared to LS-1, the IPCE
data of WS-5 is much higher, despite lower ¢, indicating the
incorporation of benzotriazole is beneficial to obtain the higher
conversion efficiency. However, in the case of LS-2, the
corresponding IPCE value becomes quite lower with narrow
profile. Again, the IPCE spectra of LS-2 and WS-5 are in good
consistency with their absorption spectra on the TiO, film
(Figure 2b) and light harvesting efficiency. In the system of
WS-5 and LS-2, the opposite effect of five-member benzo-
heterocycles as auxiliary acceptor on IPCE action spectra
further indicates that the modification in D-A-7-A configuration
should be carried out carefully.

Figure 7 presents I—V curves of the cells measured at 100
mW cm™* under simulated 1.5 air mass global solar light, and
parameters like Jsc, Vo, ff, and 1 are summarized in Table 4.
Compared to LS-1, the Jsc of WS-§ was enhanced significantly
from 11.25 to 15.79 mA cm™2, and V¢ increased by 168 mV
from 623 to 791 mV due to the incorporation of n-octyl
substituted benzotriazole into the dye skeleton. However, with
the similar modification, LS-2 shows an almost unchanged
photocurrent, mainly due to the disadvantageous absorption
behaviors with respect to WS-S.

Generally, in DSSCs, CDCA is always introduced as
coadsorbent to hinder strong intermolecular interaction for
breaking up dye aggregation due to its steric structure.® To gain
insight into the effect of n-octyl chain on the photovoltaic
performance, TiO, films were pretreated with different
concentration of CDCA in ethanol solution. As illustrated in
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Figure 7. Photocurrent—voltage characteristics of DSSCs sensitized by
LS-1 (a), LS-2 (b), and WS-5 (c) coadsorbed with CDCA.

Table 4. Effect of CDCA on Photovoltaic Performances of
LS-1, LS-2, and WS-§

dyes CDCA Jso/mA cm™  Voo/mV ff n/%
LS-1 0° 1125 623 0.63 442
10 mM? 10.89 649 0.65 4.59
20 mM¢ 10.58 650 0.69 4.72
saturated® 10.25 644 0.69 4.54
LS-2 0° 10.06 748 0.68 5.11
10 mM? 9.85 753 0.68 5.04
20 mM¢ 9.53 738 0.69 4.85
saturated® 9.14 705 0.72 4.65
WS-5 0° 15.79 791 0.67 8.38
10 mM® 13.66 796 0.66 7.12
20 mM¢ 13.16 791 0.67 6.98
saturated” 12.43 767 0.69 6.62

“Tmmersed in ethanol solution without CDCA before use. “Immersed
in ethanol solution with 10 mM CDCA before use. “Immersed in
ethanol solution with 20 mM CDCA before use. “Immersed in ethanol
solution with saturated CDCA before use.
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Figure 7, only LS-1 shows significant enhancement in
photovoltage coadsorbed with CDCA, while for LS-2 and
WS-35, there is no obvious change. In the cases of LS-2 and WS-
5 containing a long alkyl group, the Jsc decreased with an
incremental amount of CDCA. One possible explanation is that
the coverage of dyes on TiO, films is decreased along with the
coadsorption of CDCA, leading to a loss in the light harvest,
thus decreasing current density.” The V¢ of LS-1 increased
with coadsorption of CDCA but decreased with further
increasing CDCA to be saturated. When the concentration of
CDCA is below 20 mM, with the increasing CDCA
concentration, the V¢ value increased because the suppression
of dye aggregation with CDCA is beneficial to extend the
injection electron lifetime and inhibit charge recombination.'*”
However, with further increasing CDCA concentration, the
Voc values decreased, which may be explained as the decrease
in the conduction band edge of TiO, semiconductor caused by
excessive amounts of CDCA.” The best photoelectric
conversion yield of LS-1 was obtained when coadsorbed with
20 mM CDCA, while for LS-2 and WS-5 with n-octyl on the
skeleton structure, a highest photoelectric conversion yield was
obtained without coadsorption of CDCA, indicating that dye
aggregation is efficiently prohibited by the alkyl chain. Without
coadsorption of CDCA, the DSSCs based on WS-$ exhibited a
maximum solar energy to electricity conversion efficiency (77) of
8.38% with significant enhancement in all photovoltaic
parameters (Joc = 1579 mA cm™?, Vo = 791 mV, ff =
0.67). However, with the very similar D-A-7-A feature changing
the additional acceptor from benzotriazole to phthalimide unit,
the photovoltatic efficiency based on LS-2 was only 5.11%,
decreased by 39%, with less efficient photovoltaic parameters
(Jsc = 10.06 mA cm™2, Vo = 748 mV, ff = 0.68).

Electrochemical Impedance Spectroscopy (EIS). EIS
analysis is an important method to study charge recombination
and the redox reaction process at the platinum counter
electrode in DSSCs in terms of equivalent circuits.'”'* Figure 8
shows the Nyquist and Bode plots for DSSCs based on LS-1,
LS-2, and WS-5 measured under the dark. In the Nyquist
diagram, three semicircles were observed in the measured
frequency range of 0.1 Hz—100 kHz. The three semicircles are
attributed to the reduction process of I;” at Pt/electrolyte
interface (Z;), charge transfer in the TiO,/dye/electrolyte
interface (Z,), and carrier transport within electrolyte (Z,),
respectively.'® The resistance element Ry, in the high frequency
range corresponds to the sheet resistance of TCO and the
contact resistance between the TCO and TiO,. In our work,
EIS analysis was performed to further clarify the effect of
structure modification on V. As listed in Table S, R;, and R,
of three dye-based solar cells show almost the same value due
to the same electrolyte and electrode in both materials and
surface area. The charge transfer impedance from TiO, to
electrolyte, R,, corresponding to the diameter of middle-
frequency semicircle of Nyquist plot, increases in the order of
LS-1 (21.63 Ohm cm™2) < LS-2 (71.34 Ohm cm™2) < WS-§
(101.4 Ohm cm™2). The significant enhancement of R,
indicates that the introduction of alkyl chains to the dyes
molecules is effective in TiO,/dye/electrolyte interface
modification.

Besides, the reaction resistance of the DSSCs was analyzed
by software (ZSimpWin) using an equivalent circuit shown in
Figure 8c and the parameters obtained by fitting the impedance
spectra shown in Table 5."7*° The higher V¢ of LS-2 and WS-
S can be further explained by electron lifetime, calculated
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Table 5. Parameters Obtained by Fitting the Impedance
Spectra of the DSSCs with LS-1, LS-2, and WS-$5 Sensitizers
Using the Equivalent Circuit (Figure 8c)®

cells LS-1 LS-2 WS-5
R,/Ohm cm™ 21.81 19.30 21.11
CPE,/uF cm™ 314 51.3 83.6
n 0.8205 0.7914 0.7450
R,/Ohm cm™ 6.36 4.10 4.05
CPE,/uF cm™ 424 558 707
n, 0.8080 0.9076 0.9161
R,/Ohm cm™ 21.63 71.34 101.4
7./ms 29 14.4 54.0

“Equivalent circuit of the DSSC consisting of TiO,/dye/electrolyte
and Pt/electrolyte interface; Ry, R;, and R, are the series resistance of
Pt and TCO, charge transfer resistance at Pt/electrolyte, and at TiO,/
dye/electrolyte interface, respectively; CPE, and CPE, are the
constant phase element for the TiO,/dye/electrolyte and Pt/
electrolyte interface, respectively. n presents the degree of surface
inhomogeneity; 7, is calculated from the relation 7, = 1/(2xf).

through the relation 7, = 1/(27f) (f is the peak frequency of
charge transfer in Z, in EIS Bode plot). For the three devices,
the peak frequency decreased in the order of LS-1 > LS-2 >
WS-5, and the electron lifetime was enhanced in reverse with
the calculated values of 2.9, 14.4, and 54.0 ms, respectively. The
longer electron lifetime of LS-2 and WS-5 explained the
significant enhancement in Vg for LS-2 and WS-§ in I-V test
(Table 4). Here, comparing the additional acceptor contribu-
tion in D-A-7-A feature, the benzotriazole and phthalimide
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units can increase electron lifetime by 18.6- and 5.0-fold,
respectively, with respect to LS-1. Again, the distinctly longer
electron lifetime of WS-5§ with respect to LS-2 is further
indicative of the vital effect of subsidiary withdrawing unit in D-
A-7-A configuration.

B CONCLUSIONS

In summary, we have developed two novel D-A-7-A organic
dyes LS-2 and WS-5 by incorporating phthalimide and
benzotriazole as the additional electron-withdrawing units
based on the following considerations: (i) both the two units
show high electron-affinity property; (ii) the N-position in both
units supply conveniently a modification position for
solubilizing alkyl chains, which can efficiently inhibit electron
recombination between the oxidized species and inject
electrons on the surface of TiO, film; (iii) their similar five-
member benzo-heterocycles structures afford a systematical
comparison investigations in choice of the auxiliary acceptors in
D-A-7-A dyes. Our results indicate that the two auxiliary
acceptors play exactly different roles in affecting the absorption
and electrochemical properties of the D-A-z-A dyes. Compared
with reference dye LS-1, the absorption spectra of WS-5 show
distinctly batho-chromic shift both in CH,Cl, and on TiO, film
due to the incorporation of benzotriazole. However, the
phthalimide in LS-2 shows a negative effect on extending the
absorption range due to the twist conformation formed
between phthalimide and its neighboring groups, resulting in
significant hypso-chromic shift in absorption spectra of LS-2.
The molecular simulation on the two dyes indicates that the
benzotriazole unit facilitates the orbital overlap between
HOMO and LUMO. While the twist structure around the
phthalimide unit, conversely, breaks the molecular conjugation,
which is unfavorable to the charge migration from donor to
acceptor. Due to the existence of alkyl chain, both of the two
dyes show preferable photovoltaic performance with consid-
erable high photovoltage (>750 mV) even without CDCA
treatment. The conversion efficiency for WS-5-based DSSCs
achieves 8.31%, which is 64% higher than that of LS-2 mainly
due to its better photocurrent. EIS measurements further
indicated that, with respect to octyl-phthalimide, the incorpo-
ration of octyl-benzotriazole is more favorable to TiO,/dye/
electrolyte interface modification and injected electron lifetime
enhancement. The large difference between WS-5 and LS-2 in
absorption, energy levels, and photovoltaic performances
caused by the additional electron-withdrawing units indicates
that the auxiliary acceptor unit in the D-A-7-A configuration
dyes should be screened with caution.
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'"H NMR, *C NMR, and HRMS spectra of intermediates, LS-1
and LS-2, and absorption spectra of LS-1 and LS-2 coadsorbed
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