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ABSTRACT: Three new dyes have been synthesized to investigate the influence of the
distance between the electron acceptor and TiO, surface on the performance of dye-
sensitized solar cells (DSSCs). In these dyes, the isoquinolinium acceptor, with a
—(CH,),COOH anchoring group, and a functionalized triphenylamine donor are
separated by an oligothiophene bridge. The physical and electrochemical properties of the
dyes were investigated systematically. The results prove that different numbers of —CH,—
units between the isoquinolinium acceptor and the carboxyl anchoring group have a less
pronounced effect on the physical and electrochemical properties of these dyes. However,
when applied in DSSCs, a sharp decrease in the short-circuit current (J,.) was observed
with increasing numbers of —CH,— units. For example, the device containing the organic
dye bearing three —CH,— units produced the lowest J,. of 7.94 mA-cm ™ In contrast, the
device containing the dye bearing only one —CH,— unit exhibited the highest J,. of 13.88
mA-cm 2 The higher photocurrent obtained with the device incorporating the dye with
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one —CH,— unit resulted in a higher power conversion efficiency of 6.8%.
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B INTRODUCTION

Donor—7-conjugated bridge—acceptor (D—7z—A)-structured
organic dyes frequently used in photon-to-electron conversion
systems such as dye-sensitized solar cells (DSSCs)'™ and
organic solar cells.*> In DSSCs, these types of organic dyes
have achieved a photon-to-electron conversion efficiency higher
than 10%.° Much effort has been devoted to exploring new
molecular units; triphenylamine,”® phenoxazine,'® and indo-
line'"'* have been introduced as electron donors successfully;
thiophene and its derivatives''* have served as 77-conjugated
bridges; cyanocrylic acid and rhodanine-N-acetic acid have
been widely used as electron acceptors.">™'® On the basis of
such a molecular design, a series of excellent organic dyes have
emerged, such as triphenylamine-based C252,"° Y123, and
phenoxazine-based TH305.”' These dyes exhibit a strong
spectral response in the UV-—visible region, suitable redox
potentials for DSSC applications, and high incident photon-to-
electron conversion efficiency (IPCE). Considering the
reflection of conducting glass, the IPCE values for DSSC
devices based on the dyes above are close to unity in certain
regions. There are several explanations for this phenomenon.
First, a planar molecule is beneficial for the intramolecular
charge-transfer process. Second, a suitable spatial configuration
when anchoring on the TiO, surface could facilitate electron
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injection from the electron acceptor of the dye into the
conduction band (Eg) TiO, and suppress electron recombi-
nation. Furthermore, the distance between the electron
acceptor and TiO, surface could be appropriate for good
charge separation, leading to a high efliciency. Therefore, it is
worth investigating whether a high efficiency can be maintined
when the distance between the electron acceptor and TiO,
surface is increased.

Our group reported a series of isoquinolinium photo-
sensitizers, which employed isoquinolinium as the electron
acceptor and a carboxyl group as the anchoring group. The
highest photon-to-electron conversion efficiency obtained with
these dyes was 7.3%.>% It is difficult to tune the distance
between the electron acceptor and TiO, surface for traditional
cyanocrylic acid organic dyes. However, the electron acceptor
and anchoring group can be easily separated for isoquinolinium
dyes by tuning the number of —CH,— units, as shown in Figure
1. In order to explore the impact of the distance between the
electron acceptor and TiO, surface on the performance of
DSSCs, the series of isoquinolinium photosensitizers with
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Figure 1. Structures of the sensitizers JH101—-JH103.

different numbers of —CH,— units between isoquinolinium and
the carboxyl group displayed in Figure 1 have been synthesized
and applied in DSSCs. The experimentally determined physical
and electrochemical properties of these photosensitizers are
also presented.

B EXPERIMENTAL SECTION

Synthetic Routes. The synthetic routes of JH101-JH103 are
displayed in Figure 2. The solvents used in these reactions were
distilled freshly according to standard procedures. The commercial
reagents were used as received. The donor and bridge linker were
synthesized by our previously reported procedure.”* The structures of
the compounds were identified by 'H NMR and mass spectrometry
(MS). The '"H NMR spectra of the final product are shown in Figure
S2 in Supporting Informantion (SI).

General Synthetic Procedures. 6-(3,4'-Dihexyl-2,2'-bithiophen-
5-ylisoquinoline (1). 6-Bromoisoquinoline (1 g, 4.83 mmol), 2-(3,4'-
dihexyl-2,2"-bithiophen-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(2.67 g, 5.8 mmol), K,CO; (1.29 g, 7.25 mmol), and Pd(PPh;), (48
mg) were dissolved in tetrahydrofuran (THF)/H,O (5:1, v/v) under
N,. The mixture was refluxed for 12 h. Then the reaction was cooled
to the room temperature, and water was added and extracted with
CH,Cl,. The combined organic phase was dried over anhydrous
MgSO,, and the solvent was removed by rotary evaporation. The
crude product was purified by CH,Cl, to give compound 1 (1.74 g,
68%) as a yellow oil. 'H NMR (400 MHz, CDCL;): 5 9.20 (s, 1H),
8.50 (d, J = 5.7 Hz, 1H), 8.02—7.89 (m, 2H), 7.84 (d, ] = 8.6 Hz, 1H),
7.64 (t,] = 9.2 Hz, 1H), 7.34 (d, ] = 3.1 Hz, 1H), 7.01 (s, 1H), 6.93 (s,
1H), 2.87—2.73 (m, 2H), 2.63 (dd, J = 15.5, 7.8 Hz, 2H), 1.84—1.55
(m, 4H), 1.51-1.16 (m, 12H), 0.90 (dd, ] = 6.4 and 5.6 Hz, 6H). MS
(m/z): [M]" caled for C,gHyNSO,, 461.2211; found, 461.2232.

6-(5'-Bromo-3,4'-dihexyl-2,2'-bithiophen-5-yl)isoquinoline (2).
Compound 1 (1.02 g, 2.23 mmol) was dissolved in THF at 0 °C,
N-bromosuccinimide (NBS; 416 mg, 2.34 mmol) was added slowly,
and the resulting mixture was stirred for 3 h. When the reaction was
finished, water was added and the mixture was extracted with CH,Cl,.
The organic layer was collected and concentrated by rotary
evaporation. The crude product was purified by CH,Cl, to give
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compound 2 (1.12 g, 94%) as a yellow oil. 'H NMR (400 MHz,
CDCly): 6 9.25 (s, 1H), 8.51 (d, J = 5.5 Hz, 1H), 8.01 (d, ] = 8.7 Hz,
2H), 7.95—7.86 (m, 1H), 7.71 (t, ] = 5.4 Hz, 1H), 7.37 (d, ] = 7.6 Hz,
1H), 7.06 (s, 1H), 6.89 (s, 1H), 2.86—2.73 (m, 2H), 2.66—2.52 (m,
2H), 1.80—1.56 (m, 4H), 1.47—1.27 (m, 12H), 0.90 (t, ] = 5.8 Hz,
6H). MS (m/z): [M]* caled for C,oH3,NBrS,, 539.1316; found,
539.1313.
4-Butoxy-N-(4-butoxyphenyl)-N-[4-(3',4-dihexyl-5'-isoquinolin-6-
yl-2,2'-bithiophen-5-yl)phenyljaniline (3). Compound 1 (1 g 1.86
mmol), [4-[bis(4-butoxyphenyl)amino]phenyl]boronic acid (0.96 g,
2.23 mmol), K,CO; (385 mg, 2.79 mmol), and Pd(PPh;), (19 mg)
were dissolved in THF/H,O (5:1, v/v) under N,. The mixture was
refluxed for 12 h. Then the reaction was cooled to the room
temperature, and water was added and extracted by CH,Cl,. The
combined organic phase was dried over anhydrous MgSO,, and the
solvent was removed by rotary evaporation. The crude product was
purified by silica gel column chromatography with CH,Cl,/methanol
(50:1) to give compound 3 (1.13 g, 72%) as an orange oil. 'H NMR
(400 MHz, CDCly): § 9.22 (s, 1H), 8.50 (d, J = 5.7 Hz, 1H), 8.02—
7.94 (m, 2H), 7.89 (d, J = 11.9 Hz, 1H), 7.69 (d, ] = 5.7 Hz, 2H), 7.45
(dd, J = 16.1 and 10.7 Hz, 1H), 7.30—7.22 (m, 3H), 7.17—7.03 (m,
SH), 6.94 (d, ] = 8.5 Hz, 2H), 6.85 (m, 3H), 3.95 (t, ] = 6.5 Hz, 4H),
2.68 (ddd, J = 31.9, 20.1, and 11.9 Hz, 4H), 1.75 (ddd, J = 18.8, 13.7,
and 6.5 Hz, 4H), 1.49 (m, 8H), 1.38—1.20 (m, 12H), 1.03—0.86 (dt, J
=272 and 12.6 Hz, 12H). MS (m/z): [M]* calcd for C;Hg,N,O,S,,
848.4409; found, 848.4504.
6-[5'-[4-[bis(4-butoxyphenyl)amino]phenyl]-3,4'-dihexyl-2,2’'-bi-
thiophen-5-yl]-2-(2-ethoxy-2-oxoethyl)isoquinolin-2-ium (4). Com-
pound 3 (200 mg, 0.24 mmol) and BrCH,COOCH,CHj, (197 mg, 1.2
mmol) were dissolved in a CH;CN solution and refluxed for S h.
When the reaction was finished, water was added and the mixture was
extracted with CH,Cl,. The organic layer was collected and
concentrated by rotary evaporation. The crude product was purified
by CH,Cl,/CH;OH (8:1) to give compound 4 (195 mg, 87%) as a
red solid. 'H NMR (400 MHz, DMSO): § 9.86 (s, 1H), 8.66 (d, ] =
6.2 Hz, 1H), 8.54 (d, ] = 8.7 Hz, 1H), 8.51—8.45 (m, 1H), 8.42 (d, ] =
8.5 Hz, 1H), 8.02 (d, ] = 8.0 Hz, 1H), 7.26 (d, ] = 8.7 Hz, 2H), 7.22 (s,
1H), 7.06—7.02 (m, 2H), 6.93 (d, ] = 8.9 Hz, 4H), 6.79 (d, ] = 8.6 Hz,
2H), 6.60 (d, J = 7.1 Hz, 2H), 5.74 (s, 2H), 4.12—3.95 (m, 6H), 2.69—
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Figure 2. Synthetic routes of JH101—JH103: (a) K,CO,, Pd(PPh;),, 6-bromoisoquinoline, THF/H,0, reflux, 12 h; (b) NBS, THF, 0 °C, 3 h; (c)
K,CO;, Pd(pph;),, THF/H,0, reflux, 12 h; (d) acetonitrile, reflux, 12 h; (e) LiOH-H,0, CH,Cl,/EtOH/H,0, room temperature, 24 h.

2.59 (m, 4H), 1.74—1.64 (m, 4H), 1.48—1.36 (m, 8H), 1.35—1.19 (m,
14H), 0.89 (dt, J = 38.9 and 7.1 Hz, 15H). MS (m/z): [M]" calcd for
CyoH,N,0,S,, 935.4855; found, 935.4838.
6-[5'-[4-[bis(4-butoxyphenyl)amino]phenyl]-3,4'-dihexyl-2,2’'-bi-
thiophen-5-yl]-2-(3-ethoxy-3-oxopropyl)isoquinolin-2-ium (5).
Compound 3 (200 mg, 0.24 mmol) and BrCH,CH,COOCH,CH,
(217 mg, 1.2 mmol) were dissolved in a CH;CN solution and refluxed
for 12 h. After the reaction was finished, water was added and the
mixture was extracted with CH,Cl, and concentrated by rotary
evaporation. The crude product was purified by CH,Cl,/CH;OH
(8:1) to give compound 5 (187 mg, 82%) as a red solid. "H NMR
(400 MHz, DMSO): § 9.93 (s, 1H), 8.73 (d, ] = 6.7 Hz, 1H), 8.53 (s,
1H), 8.46 (d, ] = 7.6 Hz, 2H), 7.98 (s, 1H), 7.27 (d, ] = 8.7 Hz, 2H),
7.08 (m, 2H), 6.95 (d, J = 8.7 Hz, 2H), 6.92 (d, ] = 3.5 Hz, 2H), 6.80
(m, 4H), 6.60 (d, J = 7.1 Hz, 2H),5.75 (s, 1H), 4.07 (dd, ] = 14.2 and
7.1 Hz, 2H), 3.95 (t, ] = 6.4 Hz, 6H), 2.85 (t, ] = 6.4 Hz, 4H), 1.69
(dd, J = 14.4 and 6.5 Hz, 4H), 1.48—1.37 (m, 8H), 1.25 (d, ] = 9.6 Hz,
16H), 0.97—0.81 (m, 1SH). MS (m/z): [M]* calcd for C4oH;3N,0,S,,
949.5006; found, 949.2892.
6-[5'-[4-[bis(4-butoxyphenyl)amino]phenyl]-3,4'-dihexyl-2,2'-bi-
thiophen-5-yl]-2-(3-ethoxy-3-oxopropyl)isoquinolin-2-ium (6).
Compound 3 (200 mg, 0.24 mmol) and ICH,CH,CH,COOCH,CH,
(480 mg, 2.4 mmol) were dissolved in a CH;CN solution and refluxed
for 24 h. After the reaction was finished, water was added and the
mixture was extracted with CH,Cl, and concentrated by rotary
evaporation. The crude product was purified by CH,Cl,/CH;OH
(8:1) to give compound 6 (110 mg, 48%) as a red solid. '"H NMR
(400 MHz, CDCl,): 6 10.15 (d, J = 9.6 Hz, 1H), 8.61 (d, ] = 8.8 Hz,
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1H), 843 (d, ] = 6.3 Hz, 1H), 8.19—8.06 (m, 3H), 7.26—7.21 (m,
2H), 7.11 (d, J = 2.8 Hz, 2H), 7.09 (s, 1H), 7.00 (s, 1H), 6.94 (d, ] =
8.7 Hz, 2H), 6.85 (d, ] = 8.9 Hz, 4H), 6.73 (d, ] = 8.8 Hz, 2H), 5.05 (t,
J=7.7Hz, 2H), 3.95 (t, ] = 6.5 Hz, 6H), 2.70—2.60 (t, 4H), 2.50—2.41
(m, 2H), 1.81-1.72 (m, 6H), 1.50 (dd, J = 15.0 and 7.5 Hz, 8H),
1.32—122 (m, 16H), 0.99-0.85 (m, 15SH). MS (m/z): caled for
CeH,sN,0,S,, 963.5168; found, 963.5131.
6-[5'-[4-[bis(4-butoxyphenyl)amino]phenyl]-3,4'-dihexyl-2,2’'-bi-
thiophen-5-ylJ-2-(carboxymethyl)isoquinolin-2-ium (JH101). Com-
pound 4 (190 mg, 0.2 mmol) and LiOH-H,0O (84 mg, 2 mmol) were
dissolved in CH,Cl;/EtOH/H,O (1:2:0.02). The mixture was stirred
at room temperature for 24 h. When the reaction was finished, 2 M
HCI was added to adjust the pH to neutral. Then the mixture was
extracted with CH,Cl, and evaporated to dryness. The crude red solid
was purified by silica gel column chromatography with CH,Cl,/
CH,0H (5:1, v/v) to give a red solid (58 mg, 32%)."H NMR (400
MHz, DMSO-dg): 6 10.21 (s, 1H), 9.69 (s, 1H), 8.50 (d, 1H), 8.43—
8.36 (d, 2H), 7.96 (d, 1H), 7.31-7.27 (d, ] = 8.9 Hz, 2H), 7.22—7.13
(s, 1H), 7.08 (d, ] = 8.8 Hz, 2H), 6.94 (d, ] = 8.7 Hz, 4H), 6.79 (d, ] =
8.5 Hz, 4H), 6.61 (d, 2H), 4.95 (s, 2H), 4.22—3.95 (m, 4H), 2.65—
2.33 (m, 4H), 1.70 (m, 4H), 1.44 (dd, ] = 14.8 and 7.4 Hz, 8H), 1.26
(d, J = 222 Hz, 16H), 0.97—0.79 (m, 12H). *C NMR (101 MHz,
CDCLy): & 155.65, 14832, 147.14, 14031, 131.41, 129.11, 126.81,
119.62, 115.26, 67.89, 65.58, 31.54, 30.95, 29.71, 29.37, 22.65, 19.29,
18.82, 14.13, 13.80. MS (m/z): [M]* caled for CsHgN,O,S,,
907.4537; found, 907.4532.
6-[5'-[4-[bis(4-butoxyphenyl)amino]phenyl]-3,4’-dihexyl-2,2’'-bi-
thiophen-5-ylJ-2-(carboxymethyl)isoquinolin-2-ium (JH102). A syn-
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Figure 3. Absorption spectra of JH101—JH103 in a CH,Cl, solution (a) and on a TiO, film (b).

Table 1. Absorption and Electrochemical Data of JH101-JH103

dye A (nm) € at A, (M~"-cm™) 2 e on the film (nm) Eyp_® (V) Enomo® (V vs NHE) Erumo (V vs NHE)
JH101 481 23400 464 2.16 0.62 —1.54
JH102 481 14900 463 2.16 0.62 —1.54
JH103 479 10400 456 2.19 0.64 —~1.55

“Absorption spectra on the TiO, film were measured with a dye-loaded TiO, film immersed in a CH,Cl, solution. YE,_, was determined from the
intersection of the tangent of absorption on the TiO, film and the x axis by 1240/4. “The oxidation potentials of the dyes were measured in a
CH,Cl, solution with TBAPF (0.1 M) as an electrolyte and ferrocene/ferrocenium (F./F_.*) as an internal reference and converted to NHE by the

addition of 440 mV.

thetic procedure similar to that of JH101 was used to give JH102 as a
red solid (49 mg, 28%)."H NMR (400 MHz, DMSO-d;): 5 10.08 (s,
1H), 9.63 (s, 1H), 8.43 (d, 2H), 827 (d, 1H), 8.12 (d, J = 12.7 Hz,
1H), 7.97 (s, 1H), 7.20 (d, J = 8.1 Hz, 2H), 7.15 (s, 1H), 7.05 (d, ] =
8.9 Hz, 2H), 6.87 (d, ] = 8.7 Hz, 4H), 6.81 (d, ] = 8.2 Hz, 4H), 6.47 (t,
] = 5.2 Hz, 2H), 492 (t, 2H), 4.93 (t, 2H), 3.94 (t, ] = 6.1 Hz, 4H),
2.68—2.56 (m, 4H), 2.32 (t, 2H), 1.70 (d, ] = 6.7 Hz, 4H), 1.46 (dd, |
= 14.8 and 7.6 Hz, 8H), 1.35—1.19 (m, 16H), 1.00—0.77 (m, 12H).
3C NMR (101 MHz, DMSO-dg): § 155.65, 148.32, 147.14, 140.31,
13141, 129.11, 126.81, 119.62, 115.26, 67.89, 65.58, 31.54, 30.95,
29.71, 29.37, 23.1, 22.65, 19.29, 18.82, 14.13, 13.80. MS (m/z): [M]*
caled for CsgHgoN,O,S,, 921.4693; found, 921.41185.

6-[5'-[4-[bis(4-butoxyphenyl)amino]phenyl]-3,4'-dihexyl-2,2’'-bi-
thiophen-5-yl]-2-(3-carboxypropyl)isoquinolin-2-ium (JH103). A
synthetic procedure similar to that of JH101 was used to give
JH103 as a red solid (12 mg, 12%). "H NMR (400 MHz, DMSO-dj):
59.97 (s, 1H), 9.58 (s, 1H), 8.73 (d, J = 6.8 Hz, 2H), 8.46 (d, ] = 8.3
Hz, 1H), 8.39 (s, 1H), 7.94 (s, 1H), 7.25 (d, ] = 8.6 Hz, 2H), 7.19 (s,
1H), 7.07 (d, ] = 8.7 Hz, 2H), 6.92 (d, ] = 8.9 Hz, 4H), 6.81 (d, ] = 8.6
Hz, 4H), 6.52 (d, ] = 5.0 Hz, 2H), 4.71 (t, 3H), 3.95 (t, ] = 6.2 Hz,
6H), 2.70—-2.58 (m, 4H), 2.35-2.20 (m, 2H), 1.76—1.56 (m, 6H),
1.44—1.33 (m, 8H), 1.04—0.80 (m, 12H). MS (m/z): [M]" calcd for
CyoH,N,0,S,, 935.4850; found, 935.4153.

Preparation of the DSSCs. The DSSCs sensitized by JH101—
JH103 were fabricated as reported previously.”® Briefly, 20-nm-sized
TiO, paste was coated on the fluorine-doped tin oxide conductive
glass by screen printing five times (10 nm). A 200—300-nm-sized
scattering layer was then coated on top. After that, the electrode was
heated at 520 °C for 45 min and then cooled to room temperature.
The sintered TiO, film was further treated with a 40 mM TiCl,
aqueous solution at 70 °C for 30 min and annealed at 520 °C for 45
min again to improve the quality of the surface. After that, the TiO,
film was immersed in a 2 X 10™* M dye bath containing saturated
chenodeoxycholic acid (CDCA) for 12 h. Then the sensitized TiO,
electrode and platinum-coated conductive glass was compacted and
separated with a hot-melt film. The TiO, films used for UV—visible
absorption measurements were prepared by depositing a 2-pm-thick
layer of TiO, paste on a glass slide by a doctor blade and sintered at
520 °C for 45 min.

Analytical Instruments. The photocurrent—voltage (J—V)
properties were measured under AM 1.5G illumination (16S-002,
Solar Light Co. Ltd., USA). The incident light intensity was 100 mW-
cm™? calibrated with a standard silicon solar cell. The working area of
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the device was masked to 0.159 cm” The J—V data were collected by
an electrochemical workstation (LK980S, Lanlike Co. Ltd., China).
Measurement of the IPCE was obtained by a Hypermono light (SM-
25, Jasco Co. Ltd,, Japan). Electrochemical impedance spectroscopy
(EIS) was measured with an impedance/gain-phase analyzer
(PARSTAT 2273, USA) in the dark, with a forward bias of —0.7 V.
The alternating-current amplitude was set at 10 mV. Nanosecond
time-resolved transient absorption (TA) spectra were recorded on a
LP 920 laser flash photolysis spectrometer (Edinburgh Instruments,
Livingston, U.K.). The samples were excited with a 532 nm laser, and
the transient signals were recorded on a Tektronix TDS 3012B
oscilloscope.

B RESULTS AND DISCUSSION

Physical and Electrochemical Properties. UV—visible
absorption spectra of JH101—JH103 in a CH,ClI, solution and
on a TiO, film are displayed in Figure 3, and the corresponding
physical data are listed in Table 1. The concentrations of the
dyes are 2 X 10~° M. In Figure 3a, two main absorption bands
for JH101—JH103 can be observed. The absorption bands in
the higher energy region (330 nm) are assigned to a 7 — #*
transition. The absorption bands in the lower energy region
(around 480 nm) correspond to the S, — S, transition. There
was no obvious effect on the absorption maxima for either band
when the number of —CH,— units was changed. This is due to
the weak inductive effect of the —CH,— units on the electron
acceptor. The molar extinction coefficients tend to decrease
with an increase of the —CH,— units for JH101-JH103. In a
CH,Cl, solution, there is an equilibrium between dyes with
protonated and deprotonated carboxyl groups.** For JH101—
JH103, as the number of —CH,— units is increased, the
isoquinolinium cationic center and anionic carboxyl group are
separated. This change in the interaction between the dyes and
solvent may be responsible for the change in the molar
extinction coeflicients.

Figure 3b shows the normalized absorption spectra of
JH101-JH103 anchored on a TiO, film. The spectra are
similar for JH101-JH103, with absorption maxima at 464, 463,
and 456 nm for dyes JH101—-JH103, respectively. Compared

dx.doi.org/10.1021/am405014f | ACS Appl. Mater. Interfaces 2014, 6, 3907—3914
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to the absorption spectra in solution, a hypsochromic shift was
observed for JH101-JH103 upon adsorption on TiO, from a
CH,CI, solution. This hypsochromic shift has been observed
for many D—7z—A organic dyes and can be mainly attributed to
the formation of H-type aggregation.”>~>’

Cyclic voltammetry was employed to study the electro-
chemical properties of JH101—JH103. The curves are collected
in the SI (see Figure S1), and the corresponding data are
depicted in Table 1. The highest occupied molecular orbital
(HOMO) levels of all of the dyes are more positive than I7/I;~
(0.4 V vs NHE),*® indicating that the oxidized dyes can be
regenerated effectively by the electrolyte. The lowest
unoccupied molecular orbital (LUMO) levels of JH101—
JH103 are all more negative than E4 of TiO, (—0.5 V vs
NHE),” implying that the excited dyes can inject an electron
into the TiO, conduction band thermodynamically. It is also
noticeable that the HOMO and LUMO values for JH101—
JH103 are almost identical. We can summarize that the number
of —CH,— units between isoquinolinium and the carboxyl
group has a less pronounced effect on the physical and
electrochemical properties.

Because there was no obvious variation in the electro-
chemical properties for the JH series of dyes, JH101 was
chosen to study the electronic distribution of the dyes. The
ground-state-optimized geometry of JH101 was obtained using
density functional theory (DFT) calculation at the B3LYP/6-
31G level. The results are shown in Table 2. The HOMO levels

Table 2. Optimized Structures and Electron Distribution in
the HOMO and LUMO Levels of JH101

Dye Optimized structure HOMO

JH101

of each of the dyes are distributed along the 7 system covering
the electron donor and part of the spacer. The LUMO levels of
the dyes are mainly concentrated at the isoquinolinium motif
and part of the spacer.

Photovoltaic Performance. The current density—voltage
properties of the DSSCs based on JH101-JH103 were
evaluated under standard AM 1.5G illumination. The J-V
curves and photovoltaic parameters are presented in Figure 4

16
14

—JH101
—JH102
—JH103

-
N
N

-
o
N

Jsc (MAcm2)

0.4 0.6

Voltage (V)

0.2 0.8

Figure 4. J=V curves of the device sensitized with JH101-JH103.
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and Table 3. The DSSCs sensitized with JH101 clearly exhibit
the highest photon-to-electron conversion efficiency (7) of

Table 3. Photovoltaic Performance® of DSSCs Based on the
JH Series of Dyes

dye" Jie (mA-cm™) Ve (mV) FF (%) 1 (%)
JH101 13.88 679 71.2 6.8
JH102 11.55 679 74.1 5.8
JH103 7.94 682 77.3 4.2

“Irradiation light: AM 1.5G simulated solar light at room temperature;
working area, 0.159 cm?, electrolyte, 0.6 M DMPIJ, 0.06 M Lil, 0.4 M
4-tert-butylpyridine, and 0.02 M I, in dry acetonitrile. The electrodes
were sensitized with JH101—-JH103 in 2 X 107* M solution in
CH,Cl,. The average error was less than 5%.

6.8%, with J,. of 13.88 mA-cm™2, V,_ of 679 mV, and a fill factor
(FF) of 74.9%. As the —CH,— units are increased for JH102
and JH103, J,. of the devices decreased sharply. One
explanation for this trend is a decrease in the ability to inject
an electron into TiO,, as described by Durrant et al.** When
the LUMO orbitals of the dyes are further away from the TiO,
surface, the injection could be slower. Although JH101-JH103
exhibit a similar thermodynamic driving force for charge
transfer, a nonconjugated alkyl spacer separates the electron
acceptor and carboxyl anchoring group. Increasing the number
of —CH,— units may increase the distance between the LUMO
orbital of the dye and the surface of TiO, and hinder electron
injection. We can conclude that a short distance between the
electron acceptor and TiO, surface is advantageous for
improvement of the photon-to-current conversion efficiency
for JH101—JH103. It is therefore perhaps encouraging to find
that dye JH103 with three —CH,— units can still achieve a
device efficiency of 4.2%.

The IPCE spectra of JH101-JH103 are displayed in Figure
5. IPCE(4) = LHE(A) §0in;'7c;31 where @, is the quantum yield

100

—=— JH101

80
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500 600
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Figure S. IPCE curves for DSSCs containing JH101—JH103.

of electron injection. Figure 5 shows that the IPCE response in
the visible region decreases with an increase of the —CH,—
units for JH101-JH103 sensitized devices, in agreement with
the trend for J,. for JH101—JH103 described above. The device
containing JH101 exhibited the best incident photon-to-
electron conversion ability with a maximum IPCE value of
85% at around 500 nm in comparison with 72% and 53% for
the JH102- and JH103-based devices, respectively.

To evaluate interfacial charge-transfer processes in the
DSSCs containing JH101-JH103, EIS was employed.” Figure
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Figure 6. Nyquist (a) and Bode (b) plots of DSSCs based on JH101-JH103.
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Figure 7. TA of dyes JH101-JH103 (a—c) under a 532 nm laser pulse. Kinetic absorption traces of both dyes were monitored under a 532 nm laser
pulse of a 10-um-thick TiO, film permeated with (d—f) inert electrolyte A and (g—i) electrolyte B.

6a shows the Nyquist plots; the high-frequency region (10°—
10° Hz) represents the series resistance (R;), corresponding to
the diameter value of the first semicircle; the larger semicircle in
the mid-frequency region (10*—10° Hz) reflects the recombi-
nation resistance (R,,) at the TiO,/dye/electrolyte interface. R,
values of 29.4, 30.5, and 38.1 Q-cm™? were obtained for the
JH101—JH103-based devices, respectively. Charge recombina-
tion at the TiO, surface can occur between the injected
electrons with the oxidized dye molecules (dye*) and with
oxidized species in the electrolyte. When the number of
—CH,— units is increased, the positions of the dye* are away
from the surface of TiO,, which could hinder recombination.
We can conclude that increasing the number of —CH,— groups
is beneficial to restricting electron recombination, resulting in a
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larger recombination resistance; the smaller semicircle in the
low-frequency (10°-10* Hz) region indicates the electron-
transfer resistance at the counter electrode/electrolyte (R.)
surface. The JH101—JH103-based devices contained a similar
platinum counter electrode and electrolyte, and the low-
frequency data gave similar R, values. The electron lifetimes
(z) in the TiO, film could be extracted from the angular
frequency (@,;,) at the mid-frequency peaks of the Bode plots
according to the formula 7 = 1/ 0 Figure 6b shows that 7
decreased in the order of JH103 > JH102 > JH101, with 7 =
12, 14, and 17 ms for the devices containing JH101-JH103,
respectively. It can be noted that there is no obvious change in
V. for the JH101-JH103-based devices. One reason for this
phenomenon could be that the injected electrons in TiO, are
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collected effectively, implying slow recombination for each of
the devices. The electron diffusion length (L,) is a useful tool to
reflect the electron collection efficiency (7.), which can be
described as L, = L(R./R,)"/?, where R, represents the electron-
transport resistance in the TiO, film and L is the thickness of
the TiO, film (12 nm).**** L, values of 26.5, 24.2, and 22.5 nm
can be obtained for the JH101-JH103-based devices,
respectively, which are longer than the thickness of the TiO,
film, implying that electron collection is efficient in all three.

The recombination and regeneration dynamics of dye" were
measured by TA spectroscopy, and the detailed spectra are
displayed in Figure 7. All TiO, films used for these experiments
were treated with a 0.04 M TiCl, solution. The TiO, film was
immersed in a dye bath with saturated CDCA for 12 h. Two
electrolytes were used in these experiments: inert electrolyte A,
0.06 M LiClIO, in a CH;CN solution; active electrolyte B, 0.6
M DMPI, 0.06 M Lil, and 0.04 M I, in a CH;CN solution.

The TA spectra of JH101—JH103 adsorbed on a 2-ym-thick
TiO, film and immersed in inert electrolyte A, recorded at 500
ns, are displayed in Figure 6a—c. At this time, a good signal-to-
noise ratio was obtained. No bleach band was observed for the
dyes at this time. The bleach was observed at 200 ns; however,
at this time, the signal-to-noise ratio was weak. The absorption
band from 600 to 780 nm mainly represents the absorption of
dye®. The best kinetic traces for decay of this signal were
obtained at 764 nm and allowed us to investigate the
recombination and regeneration dynamics for JH101-JH103.

The recombination dynamics illustrated in Figure 7d—f. The
absorption decay was fitted to an exponential function AA «
exp[—(t/7)*], where a is the stretching parameter (a = 1
corresponds to a monoexponential decay) and 7 is the
lifetime.>' 7 values of 0.367, 0.544, and 1.16 ms can be
obtained for JH101—JH103, respectively, indicating that the
recombination of the injected electrons with dye* was
suppressed when the number of —CH,— units was increased.
We explain this trend according to nonadiabatic charge-transfer
dynamics. The kinetics of recombination between the injected
electrons and dye" are dependent on the spatial distance
between the TiO, conduction band and the oxidized dye, which
we assume to be similar in distribution to the HOMO level of
neutral dye molecules.**™® We substituted inert electrolyte A
for electrolyte B to evaluate the regeneration dynamics of dye".
The same fitting method as that above was undertaken. As
shown in Figure 7g—i, JH103 exhibits a faster regeneration rate
of 6.36 us compared to the other two dyes, implying that the
regeneration reaction for JH103 is more efficient than those of
JH101 and JH102, respectively. This trend can be explained by
the electrochemical properties of the JH series of dyes. As
shown in Table 1, JH101 exhibits a larger driving force of
reduction compared to those of JH101 and JH102,
respectively,

H CONCLUSION

In summary, a series of isoquinolinjum organic dyes with
different —CH,— units were synthesized and applied in DSSCs.
The results indicate that the number of —CH,— units of
JH101-JH103 have a small effect on the physical and
electrochemical properties. However, when the dyes are applied
in DSSCs, J,. and the maximum IPCE of the devices
incorporating JH101-JH103 decreased sharply with an
increase in the number of —CH,— units. We conclude that
the increased distance between the electron acceptor and TiO,
does not facilitate electron injection for this series of organic
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dyes. Furthermore, it is interesting to find that an increase in
the number of —CH,— units can suppress the charge
recombination between injected electrons with oxidized
species, as evidenced by the EIS experiments. This work
systematically investigated the influence of the number of
—CH,— units on the physical and electrochemical properties
and photovoltaic performance of DSSCs, which will pave the
way for further improvements to the D—z—A organic dyes in
the future.
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