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ABSTRACT: Indoline photosensitizers exhibit impressive short-
circuit photocurrent but generally low molar extinction
coefficient and rapid charge recombination, which limits their
application in thin-film dye-sensitizerd solar cells (DSCs). Here,
we incorporate a new dithieno[3,2-b:2",3"-d]pyrrole (DTP)
segment (i.e, dihexyloxy-triphenylamine (DHO-TPA) substi-
tuted DTP) as the conjugated z-linker to construct a series of
high molar absorption coefficient indoline dyes (XW69, XW70,
and XW71) for DSCs employing a cobalt(II/III) redox
electrolyte. Interestingly, this DTP linker is demonstrated as an
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efficient building block, not only slowing down the kinetics of charge recombination of titania electrons with tris(1,10-
phenanthroline)cobalt(III) ions but also making a great contribution to the light absorption properties in comparison with the
dihexylaniline substituted DTP. With respect to the dihexyloxy-triphenylamine dye (XW68), these new indoline dyes exhibit
stronger light-harvesting and thus better power conversion efficiency of DSCs made from thin titania films. Benefitting from the
bulky rigidity of the donor and 7-conjugation unit, the XW70 dye displays a promising conversion efficiency as high as 8.78%,
with a short-circuit current density (Jsc) of 13.3 mA cm ™, open-circuit voltage (Voc) of 943 mV, and fill factor (FF) of 0.70
under AM LS illumination (100 mW cm™2). Furthermore, the effect of light irradiation on these dyes adsorbed on
nanocrystalline TiO, films was investigated, proving the photostability of these indoline chromophores. Our work has valued the
feasibility of judicious design of indoline chromophores to obtain organic photosensitizers for high-efficiency iodine-free DSCs

made from thin titania films.
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Bl INTRODUCTION

Dye-sensitized solar cells (DSCs), as a new type of photovoltaic
technology, have been considered to be a credible alternative to
conventional inorganic silicon based solar cells because of their
ease of fabrication, high efficiency, and cost effectiveness.! To
achieve high solar power conversion efficiency, great research
efforts are focused on designing and synthesizing new
photosensitizers. The state-of-the-art DSC dyes are zinc
porphyrin complexes, which have been demonstrated to
convert solar light to electricity at a power efficiency of about
12%.> Meanwhile, metal-free organic dyes featuring intra-
molecular charge-transfer transitions have been attracting
surging attention, because of their robust availability, ease of
structural tuning, and generally high molar extinction
coefficients.> >

Indoline dye is one of the most powerful sensitizers, bearing
the signs of good photoresponse in the visible region and high
efficiency. Originally, Uchida and co-workers have reported a
series of indoline dyes containing rhodanine-3-acetic acid (e.g,,
D205 and D149) as the acceptor and anchoring unit, showing
high overall power conversion efficiencies (PCEs) of 8—
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9.5%.>*7*® Recently, Tian, Zhu, Wang, and co-workers
developed a series of D—A—n—A indoline dyes with high
power conversion efficiency as well as long-term stability.*® An
obvious advantage of the indoline dyes is their impressive
photocurrent due to the powerful electron-donating capability
of the indoline unit.”” However, photovoltage is the key
parameter hindering the further PCE improvement of indoline
dye-sensitized DSCs.>

If the photovoltage of indoline dyes can be further improved,
new breakthroughs would be expected for this type of dye. To
deal with this topic, the judicious design of indoline dyes for
iodine-free DSCs is one of the viable tactics. Co™™ polypyridyl
redox couples have recently been proven quite successful as an
alternative to the omnipresent triiodide/iodide redox shuttle in
DSCs.>*'™*' However, the significant control of charge
recombination in these devices is a big challenge.*” To the
best of our knowledge, most of the indoline dye-correlated
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Figure 1. Molecular structures of dyes.

Scheme 1. Schematic Diagram for the Synthesized Dyes
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works were carried out only in the iodine electrolyte system, in by indoline cells so far. We also scrutinize the effects of electron
which indoline dyes show generally low open-circuit voltage donor and linker structure in terms of hght harvesting, dynamic
43—48
(below 800 mV).? photoelectrochemical parameters, as well as their joint
Thereby, in this contribution, we extended our work by contribution to the photovoltaic performance.

employing two bulky dithieno[3,2-b:2',3’-d]pyrrole (DTP)
linkers, to construct three indoline dyes (XW69—XW?71, Figure B EXPERIMENTAL SECTION

1) featuring a higher absorption coefficient and a wider spectral Materials and Methods. The synthetic routes of XW68—XW71
response as compared to the reference dye, XW68 (Figure 1). are shown in Scheme 1. The starting materials of N',N'-bis(4-
The important finding to emerge from this study is that the (hexyloxy)phenyl)benzene-1,4-diamine 2 and boronic esters 6a, 6b,

and 6¢ were synthesized according to the reported literature.*® 3,3'-
Dibromo-2,2'-bithiophene, n-butyllithium, Pd(PPh,),, Pd,(dba),,
SnBu;Cl, +BuONa, BINAP, and cyanoacetic acid were purchased

teasibility of employing indoline organic dyes for high-efficiency
DSCs employing the cobalt electrolyte has been demonstrated.

In conjunction with a tris(1,10-phenanthroline)cobalt(I1/1II) from Energy Chemical (China). 4-tert-Butylpyridine (TBP) and 0.1 M
redox couple, XW70 exhibits a PCE of 8.76% with an lithium bis-(trifluoromethanesulfonyl)imide (LiTFSI) were purchased
impressive photovoltage of 943 mV, the highest value obtained from Aldrich. N,N-Dimethylformamide was dried over and distilled
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from CaH, under an atmosphere of nitrogen. Phosphorus oxychloride
was freshly distilled before use. Dichloromethane (DCM) was distilled
from calcium hydride under a nitrogen atmosphere. All other solvents
and chemicals used in this work were analytical grade and used
without further purification.

"H NMR and "*C NMR spectra were recorded on a Bruker AM-300
or AM-400 spectrometer. The reported chemical shifts were against
TMS. High-resolution mass spectra were obtained with a Micromass
GCT-TOF mass spectrometer. The melting point was taken on a RY-1
thermometer, and temperatures were uncorrected.

Optical and Electrochemical Measurements. The absorption
spectra of dyes and sensitized films were measured by a SHIMADZU
UV-2600 spectrophotometer. Fluorescence measurements were
carried out with a HITACHI F-4500 fluorescence spectrophotometer.

Cyclic voltammetry (CV) measurements for sensitized films were
performed on a Zennium electrochemical workstation (ZAHNER,
Germany), with sensitized electrodes as the working electrode, Pt
wires as the counter electrode, and a Ag/AgCl electrode as the
reference electrode at a scan rate of 50 mV s™". Tetrabutylammonium
perchlorate (TBAP, 0.1 M) and MeCN were used as supporting
electrolyte and solvent, respectively. The results were calibrated using
ferrocene as standard.

In this work, IMVS/EIS measurements were performed at
completed dye-sensitized cells. Cell IMVS/EIS was measured in a
two-electrode system with the cathode as a working electrode and the
TiO,-photoanode as the counter/reference electrodes. Charge
densities at open circuit and intensity modulated photovoltage
spectroscopy (IMVS) were performed on a Zennium electrochemical
workstation (ZAHNER, Germany), which includes a green light-
emitting diode (LED, 532 nm) and the corresponding control system.
The intensity-modulated spectra were measured at room temperature
with light intensity ranging from S to 75 W m~2, in modulation
frequency ranging from 0.1 Hz to 10 kHz, and with a modulation
amplitude less than 5% of the light intensity. Electrochemical
impedance spectroscopy (EIS) in the frequency range of 100 mHz
to 100 kHz was performed with a Zennium electrochemical
workstation (ZAHNER, Germany) in the dark with the alternate
current amplitude set at 10 mV. Forward biases of 850 mV were
applied to the dye-sensitized TiO, electrode during the measurement.

Theoretical Calculation Methods. The ground-state geometries
were optimized in gas phase employing the hybrid B3LYP function9
and a 6-31+G basis set. Vertical excitation energies were calculated by
time-dependent density functional theory (TD-DFT) at the B3LYP/6-
31+G level of theory. All the calculations were carried out with
Gaussian 09 program packages.*’ Note that the effect of the solvent
(dichloromethane) on the absorption spectra has not been simulated.
Optimized 3D structures were generated with the ChemBio3D ultra
11.0 program.

Fabrication and Characterization of DSCs. A 3.0 um thick,
single-layer titania film screen-printed on the FTO (Nippon Sheet
Glass, Solar, 4 mm thick) conducting glass was used as the negative
electrode. The TiO, electrode was stained by immersing it into a 0.3
mM dye solution in a mixture of dichloromethane (DCM)/EtOH (v/
v, 1:4) and kept at room temperature for 36 h. The recipe of a Co-
phen electrolyte: 0.25 M tris(1,10-phenanthroline)cobalt(IT) di[bis-
(trifluoromethanesulfonyl)imide], 0.05 M tris(1,10-phenanthroline)-
cobalt(IIT) tris[bis(trifltuoromethanesulfonyl)imide], 0.5 M TBP, and
0.1 M LIiTFSI in MeCN. For comparison, an iodine electrolyte
consisting of 0.25 M 1,2-dimethyl-3-n-propylimidazolium iodide
(DMPImI), 0.1 M LiTFESI, 0.05 M I, and 0.5 M TBP in acetonitrile
was formulated. Details on cell fabrication can be found in our
previous publications.*®

The photocurrent—voltage (J—V) characteristics of the solar cells
were carried out using a Keithley 2400 digital source meter controlled
by a computer and a standard AM 1.5 solar simulator, Oriel 91160-
1000 (300W) SOLAR SIMULATOR 2 X 2 BEAM. The light intensity
was calibrated by an Oriel reference solar cell. A metal mask with an
aperture area of 0.2 cm” was covered on a testing cell during all
measurements. The action spectra of monochromatic incident photon-
to-current conversion efficiency (IPCE) for the solar cells were
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performed by using a commercial setup (QTest Station 2000 IPCE
Measurement System, CROWNTECH, USA).

General Procedure for the Synthesis of Dyes XW68—XW?71.
To a stirred solution of compound 7a—7c or 10 (0.2 mmol) and
cyanoacetic acid (0.3 mmol) in acetonitrile (8 mL) was added
chloroform (4 mL) and piperidine (0.6 mmol). The reaction mixture
was refluxed for 8 h. Additional cyanoacetic acid (0.2 mmol) and
piperidine (0.4 mmol) were added. The mixture was refluxed, which
continued for 8 h, and then acidified with 1 M hydrochloric acid
aqueous solution (30 mL). The crude product was extracted into
CH,Cl,, washed with water, and dried over anhydrous MgSO,. After
removing solvent under reduced pressure, the residue was purified by
column chromatography (DCM:CH;OH = 10:1-3:1) to give the
target dyes.

XW68. Red powder (93% yield). mp: 96—98 °C. IR (KBr): 3447,
2926, 1684, 1560, 1505, 1399, 1240, 827 cm™'. '"H NMR (400 MHz,
CDCly): 6 8.27 (s, 1H), 7.75 (s, 1H), 7.41 (d, ] = 8.0 Hz, 2H), 7.32 (d,
] = 8.6 Hz, 2H), 7.16—7.14 (m, SH), 7.07—7.05 (m, 6H), 6.91—6.88
(m, 6H), 6.85 (d, J = 8.6 Hz, 4H), 3.99—3.94 (m, 8H), 1.83—1.77 (m,
8H), 1.51-1.48 (m, 8H), 1.39—1.35 (m, 16H), 0.96—0.92 (m, 12H).
BC NMR (100 MHz, CDCL,): § 156.0, 155.9, 150.8, 150.4, 149.3,
148.3, 144.4, 140.1, 139.9, 132.6, 130.9, 130.2, 128.8, 127.8, 127.1,
127.0, 126.5, 125.9, 124.1, 120.3, 119.6, 115.5, 1154, 114.4, 105.8,
68.3,31.6, 29.3, 25.8, 22.6, 14.0. HRMS (ESI) calcd for C,,Hg;N,OS,
(M + H"): 1161.5598, found: 1161.5623.

XW69. Red podwer (95% yield). mp: 104—106 °C. IR (KBr): 3445,
2927, 1673, 1603, 1568, 1504, 1398, 1241, 1157, 827 cm™. '"H NMR
(400 MHz, DMSO-dy): & 8.47 (s, 1H), 8.09 (s, 1H), 7.75 (d, ] = 8.4
Hz, 1H), 7.70 (d, ] = 7.6 Hz, 1H), 7.59 (s, 1H), 7.50—7.4S (m, 4H),
7.41-7.39 (m, 1H), 7.34 (s, 1H), 7.31-7.23 (m, 3H), 7.10 (d, ] = 8.0
Hz, 4H), 6.95—6.93 (m, SH), 6.89 (d, ] = 8.0 Hz, 2H), 5.02—4.98 (m,
1H), 3.93 (t, ] = 6.2 Hz, 4H), 3.87—3.83 (m, 1H), 2.08—2.04 (m, 1H),
1.97—1.93 (m, 4H), 1.88—1.81 (m, 2H), 1.79—1.75 (m, 1H), 1.73—
1.63 (m, 6H), 1.43—1.38 (m, 4H), 1.33—1.27 (m, 8H), 0.87 (t, ] = 6.0
Hz, 6H), 0.65—0.55 (m, 10H). *C NMR (100 MHz, CDCl,): 6 156.0,
152.0, 150.8, 150.4, 148.1, 141.0, 140.2, 136.1, 135.5, 130.3, 127.1,
126.8, 126.2, 125.5, 124.1, 122.8, 120.4, 119.1, 119.0, 118.7, 117.2,
115.5, 114.4, 113.8, 107.7, 105.0, 68.3, 55.2, 42.9, 42.8, 31.6, 29.3, 25.8,
254, 22.6, 174, 17.3, 14.6, 14.5, 140. HRMS (ESI) calcd for
C,,H,N,0,S, (M + H*): 1123.5230, found: 1123.5282.

XW?70. Red powder (93% yield). mp: 204—206 °C. IR (KBr): 3446,
2926, 1601, 1505, 1399, 1242, 1157, 828, 749 cm™'. '"H NMR (400
MHz, DMSO-d): § 8.51 (s, 1H), 8.31—8.28 (m, 3H), 8.13 (s, 1H),
7.66 (s, 1H), 7.60—7.52 (m, 6H), 7.47—7.38 (m, 6H), 7.14—7.12 (m,
SH), 6.95 (d, J = 8.4 Hz, 4H), 6.90 (d, ] = 8.4 Hz, 2H), 5.08 (t, ] = 6.4
Hz, 1H), 3.96—3.93 (m, 5H), 2.89—2.87 (m, 6H), 2.21-2.11 (m, 6H),
1.97—1.87 (m, 3H), 1.74—1.62 (m, SH), 1.43—1.26 (m, 14H), 0.87 (t,
J = 6.9 Hz, 6H), 0.56—0.45 (m, 30H). *C NMR (100 MHz, pyridine-
dg): 6 157.7, 157.1, 155.5, 155.4, 151.7, 150.6, 146.3, 145.8, 145.7,
145.0, 143.2, 142.1, 142.0, 141.9, 140.2, 140.1, 138.2, 137.2, 136.2,
135.7, 128.9, 128.6, 1282, 127.2, 126.4, 125.6, 1252, 124.2, 124.1,
122.3,119.2, 117.4, 115.8, 114.4, 70.7, 69.8, 69.1, 57.6, 57.4, 57.3, 46.9,
41.0, 40.9, 36.5, 35.2, 33.0, 30.9, 27.3, 27.1, 26.0, 24.1, 19.3, 19.2, 16.1,
16.0, 15.9, 15.8, 15.4. HRMS (ESI) calcd for CogH;¢;N,0,S, (M +
H"): 1467.7734, found: 1467.7759.

XW?71. Red powder (90% yield). mp: 118—120 °C. IR (KBr): 3446,
3145, 2926, 1717, 1569, 1506, 1399, 1252, 1155, 741, 669 cm™". 'H
NMR (400 MHz, DMSO-d,): 6 8.41 (s, 1H), 7.98 (s, 1H), 7.75 (d, ] =
8.0 Hz, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.59 (s, 1H), 7.46—7.39 (m,
SH), 7.34 (s, 1H), 7.31-7.23 (m, 3H), 6.95 (s, ] = 8.0 Hz, 1H), 6.78
(d, J = 8.0 Hz, 2H), 5.0 (t, ] = 6.8 Hz, 1H), 3.86 (t, ] = 6.8 Hz, 1H),
2.09—2.04 (m, 1H), 1.97-1.93 (m, 4H), 1.87—1.82 (m, 2H), 1.79—
1.73 (m, 1H), 1.67—1.52 (m, SH), 1.43—1.26 (m, 15H), 0.88 (t, ] =
6.4 Hz, 6H), 0.65—0.54 (m, 12H). *C NMR (100 MHz, pyridine-ds):
5 1524, 150.6, 150.2, 149.1, 148.0, 147.7, 144.2, 142.0, 141.3, 136.5,
135.7, 134.7, 133.5, 127.2, 126.9, 126.6, 125.9, 125.7, 125.1, 1237,
122.7, 122.5, 120.8, 119.3, 119.0, 114.5, 113.7, 112.6, 108.2, 106.1,
69.4, 55.4, 51.1, 45.3, 42.7, 42.6, 35.1, 33.5, 31.7, 27.4, 26.8, 24.4, 22.7,
17.6, 17.5, 14.5, 14.4, 14.0. HRMS (ESI) calcd for C,HyN,O,S, (M
+ H*): 939.4705, found: 939.4760.
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B RESULTS AND DISCUSSION

Photophysical Properties. The UV—vis absorption
spectra of the dyes in dichloromethane are depicted in Figure
2. The optical and electrochemical data of the dyes are

¢/10 *M'em’”

500 600
wavelength / nm

400

Figure 2. Absorption spectra of the dyes in dichloromethane.

Table 1. Electrochemical and Photophysical Properties of
Dyes

dyes Ama/nm (€/10° M™' cm™!)# ED_O/Vb Epp./V© ED*/D,,/Vd
XW68 533 (53.7) 2.15 092 -123
XW69 378 (38.9), 544 (69.8) 2.06 0.89 -1.17
XW70 383 (43.6), 553 (73.5) 2.04 0.88 —-1.16
XW71 378 (31.7), 536 (61.3) 2.09 0.84 ~125

“The absorption spectra in DCM. “E,_, values were estimated from
the intersections of normalized absorption and emission spectra (4,
Eo_o = 1240/Ay,). “Ep,p, was recorded by cyclic voltammograms of
the dye-loaded TiO, film. 9Ep /p+ Was calculated from Ep/p, — Ey_q.

summarized in Table 1. The absorption bands at 300—400 nm
can be ascribed to the z—7z* transitions of the conjugated
system, whereas the bands in the range of 450—650 nm mainly
stem from the intramolecular charge-transfer transition (ICT)
from the electron donor to the cyanoacetic acid acceptor. In
contrast with the small difference in the maximum absorption
wavelength (A,,, 533—553 nm), the molar extinction
coeflicients for XW68, XW69, XW70, and XW71 change to
some different extent, located at 53 700, 69 800, 73 500, and 61
300 M™! cm™, respectively.

The bathochromic shift by 11 or 20 nm was observed when
replacing the dihexyloxy substituted triphenylamine (DHO-
TPA, XW68) unit with dipropylfluorene- or hexapropyltruxene
substituted indoline (DPF-ID (XW69) or HPT-ID (XW70))
unit in the donor moiety, indicative of the more powerful
electron-donating capability of the substituted indoline units
than that of DHO-TPA. Note that there are hardly any electron
donors that show stronger electron-donating ability than DHO-
TPA. On the other hand, along with the distinct increase in
molar extinction coefficient, the absorption peak of XW69
exhibits a 8 nm red-shift in absorption peak compared to that of
XW71, indicating that the electron density of DHO-TPA
substituted DTP is higher than that of dihexylaniline
substituted DTP.

To gain insight into this conjugated linker correlated electron
absorption spectra, we further performed quantum chemistry
calculation with DET and TDDFT methods (see Table 2). The
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Table 2. Calculated Details of Electronic Transitions with
the Relative Oscillator Strength Larger Than 0.5 of the Dyes

calculated
excited energy oscillator transition

dyes state (eV, nm) strength (f) assignment

XW68 2 2,08, 604 0.89 H > L (23.3%)
H-1 - L (62.3%)

XW69 2 2.12, 583 117 H — L (26.9%)
H-1 - L (55.5%)

XW70 2 2,05, 604 1.06 H - L (65.6%)
H-1 — L (20.2%)

XW71 1 2.14, 579 123 H - L (81.9%)

H-2 — L (3.3%)
“H means HOMO, and L means LUMO.

results have shown that the observed ICT absorption band for
XW71 stems mainly from the charge-transfer transition from
HOMO (highest occupied molecular orbital) to LUMO
(lowest occupied molecular orbital) (81.9%, f = 1.23), while a
HOMO-to-LUMO transition combined with the transition
from HOMO-1 to LUMO are observed for XW68—XW70. A
phenomenon can be ascribed to the intrinsically photophysical
feature of the DHO-TPA substituted DTP linker.

Further insights into the electron distribution of the
transition-involved frontier molecular orbitals are depicted in
Figure 3. The observed LUMO for the XW68, XW69, XW70,
and XW71 are similar, as expected. That is, the electron
distribution of LUMO is delocalized through the DTP frame
and cyanoacetic acid fragments with sizable contribution from
the latter. However, the electron distribution of HOMO/
HOMO-1 in XW68—XW70 is different from that of XW71. For
example, the HOMO in XW69 is more delocalized than those
in XW71. An apparent electron distribution on the DTP
substituent (DHO-TPA unit) on HOMO/HOMO-1 orbitals
can also be observed for XW68 and XW70. It is also worthy of
noting that the exceptional electron-donor ability of a
substituent on the DTP segment has hardly been reported.
Recent studies on DTP moieties have suggested that most
substituents on the DTP segment could be considered as an
insulating spacer to reduce the intermolecular exciton
annihilation in the assembly of dye molecules grafted on the
surface of titania. There is no electron distribution on the DTP
substituent®*> or DTP substituent-correlated transition
probability is very low (<4%).** It seems that the lowest-
energy absorption band of DTP dyes could not be tuned by
molecular engineering of a DTP substituent. Nevertheless, this
work has demonstrated that the DTP linker is more than just
being an insulating spacer to reduce the intermolecular exciton
annihilation in the assembly of dye molecules grafted on the
surface of titania. Actually, the DHO-TPA based DTP linker
could also make a great contribution to the light absorption
properties as well as the electrochemical properties (see the
next section) of dyes.

We further carried out cyclic voltammograms to determine
the accurate Epp, values of these dye-sensitized films (Table
1), by averaging the anodic and cathodic peak potentials
(Figure 4). The oxidation potentials (Ep,p,, taken as the
HOMO levels of the dyes) of XW68, XW69, XW70, and XW71
were measured to be 0.92, 0.89, 0.88, and 0.84 V versus a
normal hydrogen electrode (NHE), respectively. Interestingly,
the incorporation of a DHO-TPA based DTP linker is found to
shift the Ep,p, of dyes (XW68—XW70) to a more positive

dx.doi.org/10.1021/am500575s | ACS Appl. Mater. Interfaces 2014, 6, 5768—5778
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Figure 3. Frontier molecular orbitals of the dyes. The isodensity surface value was fixed at 0.2.
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Figure 4. Cyclic voltammograms of the dye-loaded TiO, films.

potential, affording an increased Gibbs free energy for dye
regeneration. In the present dyes (XW68—XW?70), according to
the frontier molecular isodensity plots Figure 3, the electron
density is much more localized on the electron-rich DHO-TPA
based DTP linker than on the terminal arylamine. Additionally,
the HOMO/HOMO-1 is more delocalized in XW68—XW70
than the HOMO/HOMO-2 in XW?71, which does not bear the
same electron-rich substituent. Thus, the higher oxidation
potential of XW68—XW70 compared to XW71 may come from
this increased electronic delocalization on the linker sub-
stituent, resulting in a more difficult removal of the electron.
On the other hand, we could compute the Ep+/p, values of
XW68—XW?71 versus NHE via the equation Ep+/p, = Epp, —
Ey_o. According to the Franck—Condon principle, the zero—
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zero transition energies (E,_,) were derived from the
intersections of normalized absorption and emission spectra
(Figure SI in the Supporting Information). The principle states
that, during an electronic transition, a change from one
vibrational energy level to another will be more likely to happen
if the two vibrational wave functions overlap more significantly.
The LUMO of the XW68, XW69, XW70, and XW71 are
calculated to be —-1.23, —1.17, —1.16, and —1.25 V,
respectively, indicative of thermodynamic feasibility for electron
injection to conduction band (Ecg) of TiO, (—0.5 V versus
NHE).

Photovoltaic Performance. The solar-to-electricity con-
version efficiencies of DSCs made with XW68, XW69, XW70,
and XW71 as the photosensitizers were examined by recording
the photocurrent density—voltage (J—V) characteristics at the
100 mW cm™?, simulated AM 1.5 conditions, and the detailed
photovoltaic parameters are compiled in Table 3. As Figure 5
presents, the short-circuit photocurrent density (Jsc), open-
circuit photovoltage (Vc), and fill factor (FF) of the XW68
cell are 9.5 mA cm ™2, 900 mV, and 0.70, respectively, affording
a power conversion efficiency (PCE) of 5.99%. Despite a
slightly decreased Vo of 861 mV, XW69 generates a
remarkably improved Jsc of 12.2 mA cm ™%, contributing to a
significantly enhanced PCE of 7.25%. This result confirms the
promising potential of indoline dyes to achieve high perform-
ance for the thin film cobalt cells. Note that the DPF-ID/HPT-
ID substituent has a profound influence on the photovoltaic
behaviors of DSCs. For instance, the XW70 cell exhibits a
notably improved V¢ of 943 mV concomitant with a slightly
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Table 3. Photovoltaic Parameters for DSCs Employing the
Cobalt or Iodine Electrolyte”

dye/electrolyte Joc/mA cm™? Voc/mV FF PCE/%
XW68/cobalt 9.5 900 0.70 5.99
XW68/iodine 11.1 751 0.69 $.75
XW69/cobalt 12.2 861 0.69 7.25
XW69/iodine 13.1 732 0.70 6.71
XW?70/cobalt 133 943 0.70 8.78
XW70/iodine 14.0 745 0.69 7.19
XW71/cobalt 12.7 845 0.69 7.40
XW71/iodine 13.8 720 0.68 6.76

“Irradiating light: AM 1.5G (100 mW cm™2). The photovoltaic
parameters are averaged values obtained from analysis of the J—V
curves of three identical working electrodes for each device fabricated
and characterized under the same experimental conditions.
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Figure 5. J—V curves of the DSC devices studied employing the cobalt
electrolyte under AM 1.5G simulated solar light (100 mW cm™).

increased Jsc of 13.3 mA cm™2 in comparison with the XW69
counterpart, resulting in a PCE improvement from 7.25% to
8.78%.

To verify the peculiar merit of the DPF-ID/HPT-ID organic
dyes for DSCs made with thin TiO, films, we also performed
J—V characteristics of iodine cells based on the four dyes
(photovoltaic data can be found in Table 3). An iodine control
electrolyte consisting of 0.25 M 1,2-dimethyl-3-n-propylimida-
zolium iodide (DMPImI), 0.05 M iodine, 0.5 M TBP, and 0.1
M LiTFSI in acetonitrile was formulated to fabricate the iodine
control cells. As Figure 6 presents, the XW69, XW70, and
XW71 dyes display a better cell efficiency than XW68 (PCE =
5.75%). Upon employing the iodine electrolyte, the XW70 cell
produced a Jgc of 14.0 mA cm ™2, V¢ of 745 mV, and FF of
0.69, corresponding to a PCE of 7.19%.

The incident photon-to-current conversion efficiency (IPCE)
spectra for the cells were first examined in conjunction with a
Co-phen electrolyte. As shown in Figure 7a, the XW70 dye
exhibits a higher IPCE summit of 85% when compared to that
of 79% for XW69, leading to a distinct increase in the Jsc value
and thus the overall conversion efficiency. As we have known,
IPCE is expressed by the product of light-harvesting efficiency
(LHE) and absorbed photon-to-current conversion efficiency
(APCE)*?

IPCE(4) = LHE X APCE = LHE X 1, X 11,

where APCE can be divided into two terms: the overall charge
collective efficiency (7.;) and the overall electron injection
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Figure 6. J—V curves of the DSC devices studied employing the iodine
electrolyte under AM 1.5G simulated solar light (100 mW cm™2).

efficiency (1,,;). By looking at the electronic absorption spectra
(Figure 7b) of 3 um thick, dye-coated films, we can conclude
that the light-harvesting efficiency is not the controlling factor
for the IPCE difference of XW69 vs XW70. Note that XW68—
XW71 sensitized films depict a fairly broad absorption plateau
from 300 to 550 nm instead of distinguishable typical
absorption bands in solution. On the other hand, the
LUMOs of XW69 and XW70 are calculated to be —1.17 and
—1.16 V, respectively, indicating that driving forces for electron
injection are very similar for the two dyes. Thus, any difference
in the photocurrent among DSCs based on XW69/XW70
could be attributed to the 7, difference. This deduction is in
accordance with the electron lifetime characteristics of DSCs, as
shown in the following discussion.

With respect to XW69/XW70, the XW68 sensitized cobalt
cell shows lower photon-to-current conversion efficiencies over
the 400—700 nm wavelength range, yielding a decreased
integrated current density (9.5 mA cm™2, Table 3). The IPCE
attenuation of XW68 is primarily attributed to its narrower
electronic absorption spectra (Figure 7b). Obviously, the
alternation of electron donor from DHO-TPA to DPF-ID/
HPT-ID strongly affects the short-circuit photocurrent density.
This observation could be rationalized in terms of an evidently
electron-richer character of the indoline groups than the DHO-
TPA counterpart.

We further performed transient photovoltage decay measure-
ments to dissect the origins of the aforementioned fluctuation
of Vi for the cobalt cells. The electron lifetime (z) at open
circuit, measured by controlled intensity modulated photo-
voltage spectroscopy (IMVS), can be obtained by fitting either

the real or the imaginary part of the IMVS response (eqs 1 and
2) 5455

X
fe(AVoc) = 71&2
1 + (wr,, €))
X,or™
im(AV,) = —————
1 + (o1, )

where im(AVyc) is the imaginary modulation of the photo-
potential (AVyc); re(AVgc) is the real modulation of the
photopotential (AVoc); X, X5, 7o, and 7 are the fit
parameters; and @ is the circular frequency of the light

modulation.

dx.doi.org/10.1021/am500575s | ACS Appl. Mater. Interfaces 2014, 6, 5768—5778



ACS Applied Materials & Interfaces

Research Article

100
80
60

40

IPCE / %

—— XW68/cobalt electrolyte

204 XWB69/cobalt electrolyte
—O— XWT70/cobalt electrolyte
—— XW71/cobalt electrolyte
O T T T
400 500 600 700

Wavelength / nm

1.2
(b)
1.04
N\

0.8
0.6 !
041 N

—— XW68/cobalt electrolyte \

—— XWe9/cobalt electrolyte R\
0.2 —©—XW70/cobalt electrolyte X

—— XW?71/cobalt electrolyte N\

D

0.0 . . , ~

400 500 600 700

Wavelength / nm

Figure 7. (a) IPCE action spectra of the studied DSCs employing cobalt electrolyte. (b) Absorption spectra of 3 ym thick, dye-coated titania films in

contact with a Co-phen electrolyte for cell fabrication.

Figure 8 shows the electron lifetime as a function of extracted
charge density (Q) at open circuit for the cobalt cells. The
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3.0-fold

1.97-fold

XWB68/cobalt electrolyte
XW69/cobalt electrolyte
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Figure 8. Electron lifetime as a function of electron density for the
cobalt cells studied.

conjugated linker alteration from dihexylaniline substituted
DTP (XW71) to DHO-TPA substituted DTP (XW69) has
caused a 1.97-fold increased electron lifetime. This can be
ascribed to the bulkier character of DHO-TPA substituted
DTP, which, as pictorially illustrated in the upper panel of
Figure 93, keeps the cobalt(III) ions away from titania, slowing
the interfacial charge recombination.

Furthermore, the dye alteration from XW69 to XW68 has
caused a 2.0-fold increased electron lifetime. It is obvious that
replacing the DPF-ID unit with DHO-TPA brings forth an
evident deceleration of charge recombination. This can be
ascribed to the bulkier three-dimensional character of the
DHO-TPA electron donor in XW68. Interestingly, as depicted
in Figure 8, it is easy to perceive that the XW70 cell presents a
longer electron lifetime with respect to that of XW68. Note that
the HPT-ID and DHO-TPA units have a similar profile of
structure bulkiness (Figure 9b). The main difference between
HPT-ID and DHO-TPA lies in the truxene unit, which makes
the XW70 more rigid than XW69. The different character of
the rigid truxene unit in XW70 in comparison with that of long
alkyl chains in the DHO-TPA unit in XW68 can be well-
understood by looking at the measured dye load amount: 2.42
X 107 mol cm™ for XW68 and 1.26 X 107® mol cm™ for
XW?70. The amount was obtained by comparing the absorbance
change of a dye solution before and after dye uptaking with a
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Figure 9. (a) Pictorial representation of the XW69 and XW71 on the
titania surface. (b) The side view of the XW68 and XW70 derived
from density functional theory (DFT) calculations (B3LYP).

titania film. The higher dye load amount of XW68 indicates
that, under strong dye—dye intermolecular interaction between
organic dyes owing to a large dipole moment, long alkyl chains
could not keep their original spatial structure, as shown in
Figure 9b. In contrast, this is not a problem in the case of
XWT70 containing the rigid truxene unit. This observation gives
a distinct clue on the aforementioned electron lifetime
dissimilarity. Furthermore, the superior ability of XW70 to
control the interfacial charge recombination can be rationalized
by measuring the electrochemical impedance spectroscopy
(EIS) of devices. As shown in Figure 10, a major semicircle for
each cobalt cell was observed in the Nyquist plot, which reflects
the resistance of electron transport at the TiO,/dye/electrolyte
interface, i.e., the recombination kinetics between conduction-
band electrons in TiO, and Co(III) ions from the electrolyte.
The resistance values (Rcy) correspond to the diameters of the
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Figure 10. Nyquist plots of the cobalt cells studied.

semicircles; the larger the Rcr, the slower the recombination
kinetics. Apparently, XW70 presents the largest Rcr, whereas
XW71 generates the smallest one. This trend is in accordance
with the electron lifetime characteristics of DSCs stated above.

Furthermore, the absorption spectra of the four dye-
sensitized TiO, films before and after light irradiation were
examined and are compared in Figure 11. A simple and eflicient
method was employed by Katoh,*® Zhu,® and co-workers to
evaluate the photostability of dyes in a short period of time.
After 30 min of light irradiation on corresponding dye-
sensitized TiO, electrodes, the absorbance of XW68, XW69,
XW?70, and XW71 maintained almost unchanged, indicating
that no photochemical reaction occurred. This result has
suggested that these D—z—A dyes featuring a DHO-TPA
substituted DTP linker as well as the DPF-ID/HPT-ID
moieties are stable enough under light irradiation as the
precondition for a long-term stable device.

For further evaluating the practical stability of XW69 and
XW70 based DSCs during a long term, a less volatile ionic
liquid electrolyte consisting of 0.1 M Lil, 0.4 M I,, and 04 M
TBP in 1-methyl-3-n-propylimidazolium iodide (MPImI) was
employed. Figure 12 shows the variations of photovoltaic
parameters (Jsc, Voo, FF, and PCE) with aging time for the
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Figure 12. Variations of photovoltaic parameters (Jsc, Vo, FF, and
PCE) with aging time for the DSCs based on XW68, XW69, and
XW?70 under visible-light soaking.

DSCs based on XW68, XW69, and XW70 under visible-light
soaking. The Jc values obtained were 14.04, 15.84, and 16.47
mA cm 2 for XW68, XW69, and XW70, respectively, which are
in the same order as those using liquid electrolyte. As expected,
the Jc values in the ionic liquid electrolyte cells are higher than
those in the previously mentioned liquid electrolyte devices,
owing to the increased film thickness (10 gm). Note that, for
the dyes XW68, XW69, and XW70, small decreases in PCEs
after 250 h of visible-light soaking were observed, indicating
that the photostability of the indoline dyes is comparable to
that of the DHO-TPA dyes. The resulting DSCs based on
XW70 with ionic liquid electrolyte offered Jsc = 16.2 mA cm™2,
Voc = 667 mV, and FF = 0.64, corresponding to a PCE of
6.91%.
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Figure 11. Absorption spectra of XW68 (a), XW69 (b), XW70 (c), and XW71 (d) sensitized TiO, films before and after light irradiation.
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B CONCLUSIONS

In summary, we have synthesized three new indoline dyes
characteristic of a DHO-TPA substituted DTP linker, and the
XW70 photosensitizer exhibits a good power conversion
efficiency of 8.78% measured under the 100 mW cm?
simulated AM 1.5 sunlight, in combination with a noncorrosive
Co-phen redox electrolyte. Theoretical calculations revealed
that the DHO-TPA substituted DTP linker is more than just
being an insulating spacer. This new linker displays quite a
different electron distribution of transition-involved frontier
molecular orbitals in comparison with other DTP linkers
reported, making a great contribution to their light absorption
properties. Furthermore, IMVS measurements have disclosed
the critical influence of the indoline substituent upon the
electron lifetime of cobalt cells, apart from the DTP linker,
resulting in a considerably high V¢ of 943 mV in XW70 based
DSCs. We further examined the effect of light irradiation on
these dye-sensitized TiO, films, proving the photostability of
these indoline chromophores. When applied in ionic liquid
electrolyte DSCs, the indoline dyes, XW69 and XW70, also
exhibit good photostability after 250 h of visible-light soaking.
Our work should shed light on the future design of more
powerful indoline photosensitizers for iodine-free dye-sensi-
tized solar cells made from thin films.
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