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ABSTRACT: Controlling the sensitizer morphology on a
nanocrystalline TiO, surface is beneficial to facilitating electron
injection and suppressing charge recombination. Given that
the grafted alkyl chain on a 7-bridge thiophene segment for
preventing 7 aggregation can deteriorate its intrinsic photo-
stability, we incorporate a promising building block of 2,3-
diphenylquinoxaline as the additional acceptor to construct a
novel D—A—7n—A-featured dye 1Q,, which exhibits several
characteristics: (i) efficiently decreasing the molecular
HOMO-LUMO energy gap by extending its absorption
bands; (ii) showing a moderate electron-withdrawing capa-
bility for an ideal balance in both promising photocurrent and
photovoltage; (iii) endowing an ideal morphology control with strong capability of restraining the intermolecular aggregation and
facilitating the formation of a compact sensitizer layer via two twisted phenyl groups grafted onto the quinoxaline unit. The
coadsorbent-free dye-sensitized solar cell (DSSC) based on dye IQ, exhibits very promising conversion efficiency as high as 9.24
+ 0.05%, with a short-circuit current density (J,) of 17.55 mA cm™2 an open-circuit voltage (V) of 0.74 V, and a fill factor (FF)
of 0.71 under AM L.S illumination (100 mW cm™?). IQ,-based DSSC devices with an ionic liquid electrolyte can keep constant
performance during a 1000 h aging test under 1 sun at 60 °C. Because of spatial restriction, the two phenyl groups grafted onto
the additional electron-withdrawing quinoxaline are demonstrated as efficient building blocks, not only improving its
photostability and thermal stability but also allowing it to be a successful antiaggregation functional unit. As a consequence, the
incorporated 2,3-diphenylquinoxaline unit can realize a facile structural modification for constructing organic coadsorbent-free
D—A—rn—A-featured sensitizers, thus paving a way to replace the common, stability-deleterious grafted alkyl chain on the thienyl
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B INTRODUCTION

Dye-sensitized solar cells (DSSCs) are under intensive
interdisciplinary investigation in both academia and industry
worldwide because of the cost-effective and flexible solar energy
conversion.'™® As the key component of DSSCs, the pure
metal-free organic sensitizers with the common donor—z-
bridge—acceptor (D—7—A) configuration are strongly desirable
because of their several features, such as large absorption
coefficients, feasible molecular tailoring with optoelectronic
properties, cost-effective facile preparation processes, and no
concern on the limited ruthenium (Ru) resource.””'* However,
the power conversion efficiencies (17) of DSSCs are generally
lower than those based on Ru complexes. To date, there are
only a few pure metal-free organic sensitizers based on an
iodine electrolyte that are capable of achieving 9% in
photovoltatic efficiency.’>™"” Yet, the concern on the critical
device stability is still under great challenge. The major reason
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for the low performance of DSSCs based on metal-free
sensitizers is the relatively low open-circuit photovoltage (V,.),
possibly resulting from a shorter electron lifetime with respect
to Ru counterparts.'®>° Special attention is focused on the
energy losses, especially for dye regeneration,” ~>* a vital factor
to shrink V,_ values.”**®

Controlling the assembly morphology of sensitizers on the
nanocrystalline TiO, surface is expected to facilitate electron
injection and suppress charge recombination. Although some
aggregates would be useful to form a compact dye layer on the
TiO, surface and avoid the electrolyte-contacting injected
electrons, the electron injection efficiency is always influenced
by the quenching of excited states (such as intermolecular
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energy and/or electron transfer) because of the strong
intermolecular interaction within the compact dye layer.*™>
Thus, it is critical to keep a balance in the compact dye layer
with controlled intermolecular aggregation. Generally, there are
two strategies to solve the self-aggregation problem of metal-
free organic sensitizers. Co-adsorption with steric hindrance
species,”® such as deoxycholic acid derivatives (DCA and
CDCA), is usually applied to block dye aggregation whereas it
reduces the dye coverage ratio on TiO, surface and requires
critical optimization with adsorption conditions (for instances,
solvents, dyes and coadsorbent concentrations). For increasing
the self-antiaggregation tendency in D—7z—A sensitizers,
another efficient method is to specifically incorporate steric
hindered alkyl chains onto #-bridge,* ** donor’*™*" and
acceptor moieties.'® We have found that the introduction of a
long alkyl chain into the donor part has little effect on
preventing molecular aggregation because of the good
coplanarity of the 7 linker, suggesting that the most effective
way to prevent 7 aggregation is still the incorporation of long
alkyl groups into a r-bridge segment.>> However, the
incorporation of an alkyl chain on a thiophene bridge can
decrease its intrinsic photostability to some extent.'>**?’
Accordingly, to further boost the efficiency of DSSCs with
long-term stability, further insight into the # linker in D—z—A
organic sensitizers should be conducted, especially for finding
an alternative to the common incorporation of an alkyl chain
on the thiophene bridge.

Recently, D—A—7n—A-featured sensitizers in which an
additional electron-withdrawing unit is successfully incorpo-
rated into the x bridge for tailoring molecular structures,
optimizing energy levels, and improving the photostability to a
great extent have become attractive.***' Geng et al.
theoretically verify the DSSC performance sensitized by D—
A—n—A dyes with a more suitable structure compared to
D—7—A and D—7—A—A architectures.”> The broad spectral
response with high photocurrent is facilely achieved in
benzothiadiazole-based D—A—7z—A sensitizers, while their V.
value is always limited to 700 mV;*** in contrast, high V_ is
easy to realize in benzotriazole-based D—A—7—A sensitizers,
but their photocurrent becomes disappointed to some
extent.’>>" Tt would become desirable to possess both high
Ji of benzothiadiazole dyes and high V. of benzotriazole dyes
simultaneously. Given that the electron-withdrawing ability of
benzothiadiazole is somewhat too strong while that of
benzotriazole is a little weak, the moderate quinoxaline unit
might be an ideal electron-withdrawing unit for constructing
efficient D—A—7n—A-featured sensitizers,> > especially expect-
ing to realize a balance in both promising photocurrent and
photovoltage. With these in mind, we incorporate an electron-
withdrawing unit of 2,3-diphenylquinoxaline as the additional
acceptor to construct a novel D—A—n—A-featured dye IQ,
(Figure 1) for efficiently decreasing the molecular highest
occupied molecular orbital (HOMO)—lowest unoccupied
molecular orbital (LUMO) energy gap and tailoring their
absorption spectra. Moreover, two twisted phenyl groups
grafted onto the quinoxaline unit are demonstrated to endow a
strong capability of restraining intermolecular aggregation with
ideal morphology. That is, the incorporated additional acceptor
unit of 2,3-diphenylquinoxaline in a D—A—7n—A configuration
can realize a facile structural modification for achieving high
self-antiaggregation, instead of the traditionally grafting long
alkyl on the thiophene bridge. To further verify the
antiaggregation ability of the 2,3-diphenylquinoxaline unit, a
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Figure 1. (a) Chemical structures of sensitizers 1Q, and I1Qs. (b)
Optimized ground-state geometry of IQ, calculated at the hybrid
density functional theory (B3LYP) with a 6-31G* basis set as
implemented in the Gaussian 09 program.

reference dye IQq is also designed with a hexyl chain on the
thienyl unit. Impressively, using a liquid electrolyte, the
coadsorbent-free DSSC based on dye IQ, exhibits a very
promising conversion efficiency (77) of 9.24 + 0.05% with a
short-circuit current density (J,.) of 17.55 mA cm™, an open-
circuit voltage (V,.) of 0.74 V, and a fill factor (FF) of 0.71
under AM 1.5 illumination (100 mW cm™2), which is superior
to the performance of IQg (17 = 8.65 + 0.05%, J,. = 16.03 mA
em™, V,. = 0.75 V, and FF = 0.72) under the same conditions.
In contrast, coadsorption with 20 mM DCA in a dye bath of
IQ, decreases its photovoltaic performance by a decrease of the
photocurrent (J,. = 16.16 mA cm™2, V,. = 0.74 V, FF = 0.68,
and 7 = 818 + 0.05%). Moreover, the stability of the
quinoxaline sensitizers, which was not given much attention in
other similar researches.>>>*” is also carefully tested. In this
paper, IQ,-based DSSC devices with an ionic liquid electrolyte
are fabricated and show high efficiency (7.34%), keeping a
constant performance during a 1000 h aging test under 1 sun at
60 °C. Overall, the incorporation of additional 2,3-diphenylqui-
noxaline in a D—A—7—A configuration can not only allow it to
be a successful antiaggregation functional unit but also improve
its photostability and thermal stability. Because of steric
restriction, the two phenyl groups grafted onto the additional
electron-withdrawing quinoxaline are efficient building blocks
for achieving high V. by preventing aggregation and reducing
charge recombination, thus paving a way to replace the
common, stability-deleterious alkyl-substituted thienyl bridge to
develop high efficiency coadsorbent-free organic sensitizers.

B RESULTS AND DISCUSSION

Design and Synthesis. As shown in Figure 1, for the
design of sensitizers 1Q, and IQs, we employed the stror;%
electron-donating unit of indoline as the electron donor*®~
and frequently used cyanoacetic acid as the acceptor/anchor
and a thiophene moiety as the conjugated bridge. Additionally,
an electron-withdrawing quinoxaline unit was incorporated
between the donor and z-conjugation unit. Previously, we have
demonstrated that the additional acceptor unit in the 7 bridge
can effectively decrease the molecular HOMO—LUMO energy
gap, red-shift electronic absorption spectra, and facilitate
intramolecular electron migration from the donor to the
cyanoacetic acetic unit. Moreover, synthetic processes indicate
that the electron-deficient quinoxaline unit can distinctly
improve the photostability of indoline-based organic sensitizers.
As shown in Figure 2, the bare indoline is extremely
photosensitive and deteriorated in a short time. After
connected with the quinoxaline unit, the intermediate becomes
very stable. The increase in the photostability of indoline
derivatives can be attributed to the decreased molecular LUMO
energy level with a beneficial electron distribution between
electron-donating indoline and electron-withdrawing quinoxa-
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Figure 2. Quinoxaline unit increasing the photostability of indoline
derivatives.

line units (Figure 2). Such superiority in improving the
photostability of indoline-containing derivatives is beneficial to
not only the synthetic process but also the stability of DSSCs.
As is well-known, the intermolecular 7—7z stacking and
unfavorable aggregation, which may lead to a drastic decrease
in the photovoltaic performance, are ubiquitous in organic
sensitizers. To reduce the intermolecular 7—7 interaction, a
couple of phenyl groups were grafted on the quinoxaline unit
for restraining aggregation by their twisted spatial arrangement.
A reference dye IQs with a hexyl chain on the thienyl bridge
unit was also synthesized to systematically examine the
antiaggregation ability of the diphenylquinoxaline unit as well
as the photostability.

Absorption Properties. The UV—visible absorption
spectra of IQ, and IQg in a dilute CH,CI, solution are
depicted in Figure 3a. Their absorption curves are almost

identical because of the similar chemical structure of the
conjugated backbone. Owing to the introduction of an
electron-withdrawing quinoxaline unit into a strong electron-
donating indoline unit, both dyes show a broad absorption
range covering a large proportion of the visible region, thus
ensuring fertile light harvesting. As a typical D—A—7—A
configuration, both dyes exhibit three absorption bands around
the 330, 425, and 530 nm regions (Figure 3a). The band
positions (4,,,,) and corresponding molar absorption coef-
ficients (¢) of the absorption peaks are listed in Table 1. A
distinct charge-transfer (CT) absorption band (band 1) is
observed at around 530 nm for both dyes. How the absorbed
photons populate in the absorption bands will be investigated
in the following discussion by employing theoretical calculation.

When carboxylic acid (—COOH)-based sensitizers are
anchored onto a nanocrystalline TiO, surface, deprotonation®!
of the —COOH group as well as intermolecular aggregation
severely affects the absorption behaviors. Generally, deproto-
nation and H-aggregation (a type of dye with an absorption
band that shifts to a longer wavelength of increasing sharpness
when it aggregates under the influence of a solvent or additive
or concentration as a result of supramolecular self-organization)
usually result in a blue shift in the CT band, while J-aggregation
(a one-dimensional array of molecules in which the transition
moments of individual monomers are aligned parallel to each
other but perpendicular to the line joining their centers) mainly
leads to a red shift. In addition, the thicknesses of the TiO,
films also influences the shapes of the absorption curves. As
shown in Figure 3b, upon adsorption on the relatively thin
TiO, films (4 pum), absorption bands can be distinguished for
both dyes, and their CT bands shift to short wavelength by
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Table 1. Photophysical and Electrochemical Data of IQ, and IQ;

dye Amax /DM /M em™ HOMO®/V
1Q, 529 27300 0.67
425 18900
334 38000
1Q; 531 27700 0.66
425 21200
325 35900

Ey_o7/V LUMO®/V Ey_ /v LUMO®'%/v
2.09 —142 1.95 -128
2.07 —147 1.93 -127

“Absorption peaks (4,,,,) and molar extinction coefficients (&) were measured in CH,CL,. YThe formal oxidation potentials (vs NHE) in CH,Cl,
were calibrated with ferrocene and taken as the HOMO. “Calculated from CV curves. “Estimated from the band gap derived from the wavelength at

10% maximum absorption intensity for the dye in CH,Cl,.

approximately 30 nm. On thicker films (8 ym), the absorption
thresholds of both two dyes become broader. Meanwhile, their
two distinguishable absorption bands develop as a single
absorption plateau (inset in Figure 3b). Moreover, although the
€ values of both dyes are almost the same in solution, the
absorbance of a IQ,-loaded TiO, film is always higher than that
of IQs, suggesting that the long alkyl chain on the z-thienyl
bridge in the system of IQg can result in the lower adsorption
amount in the unit volume of porous TiO,. In order to identify
the fact that CT bands blue-shift by 30 nm from a dye solution
to sensitized 4 um TiO, films, a set of deprotonation
experiments were conducted on both dyes in CH,Cl, solutions
by the addition of an excess amount of triethylamine (TEA). As
shown in Figure 3cd, the peak wavelength of the CT
absorption band induced by the effect of TEA is quite similar
to that of chemical adsorption onto 4 ym TiO, films. That is,
the blue shift in the CT absorption band during the adsorption
process should be predominated by the deprotonation effect of
the —COOH group rather than intermolecular aggregation.
Accordingly, the two phenyl groups on the quinoxaline unit
seem to account for the antiaggregation function in both dyes.
Actually, the optimized configuration of IQ, (Figure 1b)
indicates that the two phenyl groups are spatially twisted to a
large nonplanar degree to quinoxaline (36.4 and 41.0°), which
may effectively restrain intermolecular 7—7 stacking.®”

Energy Levels and Orbital Distributions. Energy levels
of sensitizers such as HOMO and LUMO are crucial to
electron injection and dye regeneration in DSSC operations.
Cyclic voltammetries (CVs) were employed on IQ, and IQy in
CH,Cl, to roughly estimate their energy levels (Figure 4a). The
HOMO and LUMO energies determined from the first
oxidation and reduction potentials are +0.67 and —1.42 V vs
NHE for dye IQ, and + 0.66 and —1.47 V for IQs (Table 1),
respectively. Dyes 1Q, and 1Qs show energy gaps (Eo_,“") of
2.09 and 2.07 eV, respectively, which are in good accordance
with the band gaps determined from the optical studies
(Eg—™"). The HOMO values are more positive than commonly
used I7/I;” redox couples (~0.4 V vs NHE), and LUMO
energy levels lie above the conduction band edge of TiO,
(~—0.5 V vs NHE), thus ensuring a sufficient driving force for
electron injection and dye regeneration.*®

Photoinduced electron transition in sensitizers is a key
process for photovoltaic conversion. Photons from different
wavelengths can excite ground-state electrons to different
excited states. Time-dependent density functional theory
(TDDFT) is used to analyze the excitation pathways and
understand the injection process under different portions of
sunlight irradiation. 5% Taking IQ, as an example, the
observed three bands in absorption spectra are caused by
several kinds of electron excitation (Table 2). The low-energy
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Figure 4. (a) CV curves of IQ, and IQ; in a CH,Cl, solution vs NHE.
(b) Schematic diagram of the energy band structure and major
electron-transfer processes in DSSCs based on 1Q,.

Table 2. Calculated TDDFT Excitation Energies (E, eV and
nm), Oscillator Strengths (f), and Composition in Terms of
Molecular Orbital Contributions of 1Q,

dye state composition® E (eV, nm) f
1Q, st 85% H — L 2.44 (507.2) 09815
S2 50% H_, - L 3.15 (393.3) 0.5636
39% H - L.,
S3 62% H_, - L 3.60 (344.4) 0.1343
73% H — L, 3.87 (320.7) 02212

“H = HOMO, L = LUMO, H_, = HOMO_,, H_, = HOMO_,, L,, =
LUMO,,, L,, = LUMO,,.

band located at 529 nm (band I) is ascribed to HOMO —
LUMO transition, the middle band at 425 nm (band II) is
composed of HOMO — LUMO,, and HOMO_, - LUMO,
and the UV band (band III) around 330 nm is due to some
high-energy transitions, such as HOMO_, — LUMO and
HOMO — LUMO,,. Obviously, most transitions move excited
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electrons to LUMO and LUMO,, orbitals; hence, checking the
electron distribution of these two orbitals is pivotal for
evaluating electron injection in view of orbital overlapping
between sensitizer and TiO,. Density functional theory (DFT)
calculation on I1Q, indicates that the electrons of both LUMO
and LUMO,, are delocalized over the A—7—A moiety with a
large composition on the anchoring group, where the electron
is close to the TiO, surface and can be smoothly injected into
the conduction band of the TiO, semiconductor (Figure 4b).
Therefore, photons from each of the three absorption bands are
useful for electron injection and photovoltaic conversion.
However, because the LUMO,, orbital is mainly located on the
quinoxaline unit [Figure S1, Supporting Information (SI)], it is
far from the anchoring group, thus contributing little to the
electron injection with the transition from HOMO to
LUMO,,. Moreover, the distributions of most ground and
excited frontier orbitals (such as HOMO_,, HOMO_,,
HOMO, LUMO, and LUMO,, in Figure 4b) of IQ, are well
overlapped with the quinoxaline unit, indicating that the
photoexcited electrons could be successively transferred from
the donor to the quinoxaline unit, then transferred to the
cyanoacetic acid subunit, and finally to TiO,. It is consistent
with our expected cascaded electron-trap role of the
incorporated quinoxaline unit.**

Solar Cell Performances. Figure 5 shows the current—
voltage (J—V) characteristics and incident photon-to-current
conversion efficiency (IPCE) action spectra of liquid electro-
Iyte-based DSSCs obtained with IQ, and IQs. The effect of
additives in electrolyte (4-tert-butylpyridine, TBP) and
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Figure 5. Photovoltaic performance of DSSCs sensitized with IQ, and
IQs: (a) IPCE action spectra; (b) photocurrent density vs voltage (J—
V) curves with TBP (0.5 and 1.0 M) in electrolytes.
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coadsorbent (DCA) on the photovoltaic performances is
systematically studied. The IPCE spectra (Figure Sa) illustrate
that the visible light can be converted to photocurrent
efficiently in the range of 300—800 nm, which is in good
accordance with the absorption spectra of sensitizers on the
TiO, film. Especially, the DSSC based on IQ, displayed IPCE
higher than 80% in the plateau region of 380—610 nm with a
maximum nearly reaching about 90%, whereas reference dye
IQ; showed a little narrower response. Such broader spectral
responses of 1Q, and IQg provide good light-harvesting ability
for long-wavelength visible light, which would be attributed to
the concerted contribution from both the electron-withdrawing
properties of the quinoxaline unit and the strong electron-
donating abilities of the indoline group. Figure 5b shows the
current—voltage (J—V) curves of IQ, and IQ, and detailed
parameters such as ], V., FF, and #, under different
conditions, are listed in Table 3. Both dyes show considerably
high power conversion efficiency (>8%) without any further
optimization. Especially, I1Q,-based DSSCs without DCA
coadsorption resulted in a very promising efficiency as high
as 9.24% under standard measurement.

As is well-known, TBP is a commonly used species in
electrolytes for the sake of improving V.. and 5 because
coordination between electronegative pyridine and TiO, could
shift the TiO, conduction band edge toward higher energy
level. Additionally, TBP can cover the defect of the dye
monolayer to block the dark current and increase the electron
lifetime.®*~® 1Q,-based DSSCs gave V. of 0.74 V when the
TBP concentration was 0.5 M. Increasing the TBP concen-
tration to 1.0 M led to a gain of 30 mV in V. but a loss of 0.8
mA cm™? in J,.. This means that the LUMO orbital of IQ, is
sufficiently higher than the conduction band of TiO,; electron
injection becomes a little difficult when increasing the TBP
content. Overall, the loss in J_ is larger than the increase in V,
by increasing the TBP concentration, resulting in lower # of
8.85 + 0.05% than the initial 9.24 + 0.05% (Figure Sb). A very
similar phenomenon has been observed in IQs-based DSSCs
(Table 3).

Sterically hindered DCA is often used as the coadsorbent in a
dye bath for suppressing dye aggregation.*® As discussed above,
for IQ, and IQj, the incorporated 2,3-diphenylquinoxaline unit
is expected to restrain intermolecular 7—7 stacking when dyes
are tightly assembled on the TiO, surface. The discussion on
the absorption properties of IQ,- and IQjs-sensitized TiO, films
has partly disclosed the antiaggregation function of both dyes.
Here, the coadsorption strategy with DCA is further applied to
examine the contribution of the 2,3-diphenylquinoxaline unit.
As shown in Table 3, coadsorption with 20 mM DCA in a bath
of IQ, does not affect the V. performance (keep 0.74 V) but
severely decreases the ] value (from 17.55 to 16.16 mA).
Apparently, DCA is unnecessary for IQ,-based DSSCs. It is not
difficult to understand that IQs-based DSSCs do not need
coadsorbent as well because of the presence of an additional
alkyl chain. Moreover, with respect to IQs, the higher
performance of DCA-free DSSCs based on IQ, suggests that
the alkyl chain in IQ is also needless. Presumably, the presence
of an alkyl chain on the 7-thienyl bridge increases the molecular
bulk of IQs, thus decreasing the adsorption amount of the
sensitizers in porous TiO, films. Obviously, the incorporated
2,3-diphenylquinoxaline unit is a successful alternative to
traditional alkyl chains grafted onto the thiophene bridge.
Moreover, the 2,3-diphenyl groups grafted onto the quinoxaline
unit (dye IQy, 77 = 9.24 + 0.05%) are prior to the long alkyloxy
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Table 3. Photovoltaic Performances for IQ, and IQs-Based DSSCs

dye TBP/M DCA/mM Voc/V Jsc/mA cm™ FE/% /%
1Q, 0.5 0 0.74 £ 0.0S 17.55 + 0.4 711 9.24 + 0.0
0.5 20 0.74 + 0.05 16.16 + 0.5 68 + 1 8.18 + 0.0S
1.0 0 0.77 + 0.07 16.72 + 0.5 69 +1 8.85 + 0.05
1Qs 0.5 0 0.75 + 0.08 16.03 + 0.3 72+1 8.65 + 0.05
1.0 0 0.77 + 0.08 1533 £ 0.3 711 8.33 + 0.0S
group couterpart (dye IQ, n = 850 =+ 0.05%).52 As a 25
consequence, IQ, obtains an excellent performance without a) QI
coadsorbent; that is, the incorporated sterically hindered 2,3- 20 1Q5
diphenylquinoxaline unit can keep a morphology balance
between antiaggregation and the compact sensitizer layer on 151
the TiO, surface, realizing a beneficial electron injection with c
low charge recombination.?%° iy 101
Interestingly, the 2,3-diphenylquinoxaline-based D—A—7—A
sensitizer IQ, exhibits both high J,. (>17 mA cm™) and 5.
promising V. (>700 mV). Among D—A—7—A configuration
sensitizers, the merits of a reported additional acceptor of 0-
benzsc(;tsl}iadie.lzole“s’49 (broad spectr.al respogse) and benzotria- 10 20 30 40 50 60 70 80
zole™”" (high photovoltage) units are simultaneously em- Z'(Q)
bodied in the specific quinoxaline structure. The preferable
teatures for such high performance of IQ, are attributed to its 25
broad photoresponse and beneficial adsorption morphology on b) —
P P p rphology |Q4|
the TiO, surface. Overall, the mild electron-withdrawing and 20+ ——1Q5
nonplanar character of 2,3-diphenylquinoxaline makes it a
perfect building block for constructing high-efficiency D— > 154
A—rn—A-featured organic sensitizers. c
Electrochemical Impedance Spectroscopy (EIS). The § 10+
high photocurrent of 1Q,-based DSSCs is not difficult to &
understand from its broad and high IPCE response. In contrast, 54
the insight into its high V,. (about 100 mV higher than the
reported benzothiadiazole analogues*®*’) is very worthy of 0
investigation. Generally, for well-operational DSSCs, the V. 100m 1 10 100 1k 10k 100k
performance is closely sensitive to the CT processes at the Frequency (Hz)
TiO,/dye/electrolyte interface,"~”* which can be elucidated by c) R Rer Rt
EIS.*7> Figure 6 compares EIS plots for 1Q,- and IQs- —\/\/\ \/\/\ \/\/\
sensitized cells measured in the dark at a forward bias of —0.75 CPE: CPEs
V. Furthermore, the equivalent circuit presented in Figure 6¢ L > L

was used to analyze the reaction resistance of the DSSCs, and
corresponding parameters are listed in Table 4. In Nyquist
plots, the small and large semicircles located in the high- and
middle-frequency regions are assigned to CT at platinum/
electrolyte and TiO,/dye/electrolyte interface, respec-
tively.” " Another small semicircle at the low-frequency
region is overlapped with the middle-frequency large semicircle.
Generally, the incorporation of long alkyl chains into organic
push—pull sensitizers is regarded as an efficient approach to
improving the dye layer morphology on TiO, and restraining
charge recombination, thus remarkably increasing the radius of
the midsemicircle (in Nyquist plots) and moving the phase
angle peak (in Bode plots) to low frequency.*>>' Apparently,
from Figure 6, the introduction of a hexyl chain on the
thiophene 7 linker in IQg exhibits very similar EIS behavior
with respect to that of IQ, because the radius of the middle
semicircle in Nyquist plots and the peak frequency in Bode
plots for both dyes are almost comparable. As is known, the
electron lifetime’s reciprocal is associated with the charge
recombination rate, which is related to the characteristic
frequency of the lower frequency peak in the Bode plot. Thus,
the electron lifetime (7,) can be estimated from 7, = 1/(2f,),
where f, is the peak frequency in the lower frequency region.
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Figure 6. EIS Nyquist (a) and Bode (b) plots and equivalent circuit
(c) for DSSCs based on IQ, and IQg measured in the dark at a
forward bias of —0.75 V. The lines of parts a and b show theoretical fits
using the equivalent circuits (c).

IQ, and IQg shows similar 7, values, 4.74 and 6.14 ms. The
high photovoltaic performance of IQ, and its almost same
response with IQg in EIS measurement indicate that 2,3-
diphenylquinoxaline is a successful building block in organic
sensitizers for preferably controlling the adsorption morphol-
ogy of sensitizers onto TiO,. That is, EIS results provide
evidence that, due to spatial restriction, the two phenyl groups
grafted onto the additional electron-withdrawing quinoxaline
can endow strong self-antiaggregation, competent in retarding
unfavorable charge recombination.

Long-Term Stability of Dyes and Devices. Stability is a
key factor for evaluating the practical application of DSSCs.
Each component as well as sealing technique of cell devices can
impact its stability to different extents during long-term
application under severe environments. As the core of
DSSCs, the sensitized dye should be stable enough under
light irradiation as a precondition for a long-term stable device.
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Table 4. Parameters Obtained by Fitting the Impedance
Spectra of DSSCs Based on 1Q, and IQ; via the Equivalent
Circuit?

cell 1Q, 1Qs
R,/Q cm™ 19.53 20.42
Rep/Q cm™ 38.66 42.54
n 0.8414 0.9028
CPE1/Sn cm™ 4.821 x 107 3.768 x 107*
Rp/Q cm™ 8.976 9.817
ny 0.8652 0.8566
CPE2/Sn cm™ 2.521 x 1073 2.655 X 1073
7,/ms 4.74 6.14

“Equivalent circuit of the DSSC consisting of TiO,/dye/electrolyte
and platinum/electrolyte interface (Figure 6¢); Ry, Rer, and Ry, are the
series resistance of platinum and FTO glass and the CT resistance at
platinum/electrolyte and at TiO,/dye/electrolyte interface, respec-
tively; CPE1 and CPE2 are the constant-phase elements for the TiO,/
dye/electrolyte and platinum/electrolyte interface, respectively. n
presents the degree of surface inhomogeneity; 7, is calculated from
the relationship 7, = 1/ (Zﬂfp).

Katoh and co-workers have developed a simple and efficient
method to evaluate the photostability of dyes in a short period
of time.*" Because the most unstable state of sensitizers is in the
regeneration process, the corresponding dyes must remain
stable in the cation state for at least 10 s to be capable of
realizing a 10-year operation cycle.*' To shorten the experiment
period, we can accelerate the dye aging process by light

irradiation on a dye-loaded TiO, electrode. Without an
electrolyte, dye regeneration could occur only by the receipt
of injected electrons in TiO,, which takes 10*—10° times longer
than that in complete solar cell device in time scale. Figure 7a
illustrates the experimental method and dye regeneration
mechanism. After 45 min of light irradiation on corresponding
dye-sensitized TiO, electrodes, the absorbance of 1Q,
maintained almost unchanged while that of IQs decreased to
some extent (Figure 7c,d). Meanwhile, the color of the 1Q,-
loaded TiO, film could remain purple throughout the whole
experiment while the IQs-based film faded from purple to light
red. Such a difference in responses to light irradiation between
IQ, and IQg reveals that the photostability of the former is
significantly prior to the latter, indicating the detrimental effect
of an alkyl chain on the thienyl bridge in 1Qs.”” For further
evaluation of the practical stability of IQ,-based DSSC during
the long term, a less volatile ionic liquid electrolyte (containing
0.6 M 1-propyl-3-methylimidazolium iodide, 0.15 M iodine, 0.1
M guanidiniumthiocyanate, and 0.5 M NMBI in 3-methox-
ypropionitrile) was employed. Hence, the photovoltaic
performance of devices in this experiment was a little lower
than the above-mentioned volatile electrolyte device. The
resulting DSSCs based on IQ, with an ionic liquid electrolyte
offered J, = 140 mA, V,. = 735 mV, and FF = 071,
corresponding to # of 7.34%. Figure 7b shows variations of the
photovoltaic parameters during a long-term accelerated aging
on IQy-based solar cells, keeping a constant performance
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Figure 7. (a) Dye photostability measurement on the TiO, film and schematic diagram of the aging process upon light irradiation on a dye-loaded
TiO, film. (b) Evolution of the photovoltaic parameters for 1Q,-based DSSC under 1 sun soaking at 60 °C over a period of 1000 h. Absorption
spectra of (c) IQ, and (d) IQ adsorbed on nanocrystalline TiO, films before (black line) and after light irradiation for 20 min (red line) and 45 min

(blue line).
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during a 1000 h aging test under 1 sun at 60 °C. These results
enable the high possibility of practical application of 1Q,.**

B CONCLUSIONS

To date, only a few pure metal-free organic sensitizers based on
an iodine electrolyte are capable of achieving 9% in
photovoltatic efficiency. For overcoming the photovoltaic
bottleneck, we have successfully incorporated an electron-
withdrawing unit of 2,3-diphenylquinoxaline as the additional
acceptor to construct a novel D—A—7z—A-featured dye IQ,.
Investigated theoretically by DFT and TDDFT, the incorpo-
rated auxiliary quinoxaline unit with low band gap can
efficiently optimize the energy levels and broaden the
absorption band. Notably, 1Q,-sensitized DSSCs successfully
achieve promising power conversion efficiency up to 9.24 +
0.05%, making an ideal balance in both the preferable
photocurrent and photovoltage. Because of steric restriction
of two phenyl groups, 2,3-diphenylquinoxaline is demonstrated
as an eflicient building block for achieving high V, , endowing a
strong capability of restraining intermolecular aggregation with
ideal morphology for reducing charge recombination. We
expect that the promising unit of 2,3-diphenylquinoxaline will
motivate the development of high-efficiency coadsorbent-free
organic sensitizers, instead of the common, stability-deleterious
alkyl chain substituted on the thienyl 7 bridge.

B EXPERIMENTAL SECTION

Characterization. 'H and *C NMR spectra were recorded on a
Bruker AVANCE I11-400 MHz (100 MHz for '*C NMR) instrument
with tetramethylsilane as the internal standard. High-resolution mass
spectrometry (HRMS) was performed using a Waters LCT Premier
XE spectrometer. The absorption spectra of sensitizer dyes in solution
and adsorbed on TiO, films were measured with a Varian Cary 500
spectrophotometer. CV was determined with a Versastat II electro-
chemical workstation (Princeton Applied Research) using a three-
electrode cell with a platinum working electrode, a platinum wire
auxiliary electrode, and a saturated calomel reference electrode in a
saturated KCI solution, and 0.1 M tetrabutylammonium hexafluor-
ophosphate was used as the supporting electrolyte in CH,CI,.
Ferrocene was added to each sample solution at the end of the
experiments, and the ferrocenium/ferrocene (Fc/Fc*) redox couple
was used as an internal potential reference.

Synthesis. The synthetic routes to the two sensitizers are depicted
in Scheme S1 in the SI. Both IQ, and IQg were synthesized from the
starting material of S,8-dibromo-2,3-diphenylquinoxaline. Via common
Suzuki coupling and Vilsmeier—Haack and Knoevenagel condensation
reactions, the targeted sensitizers were obtained in moderate yield.
The sensitizers and important intermediates were well-characterized
by 'H and "*C NMR and HRMS.

Synthesis of 1Q,. A mixture of aldehyde 1b (250 mg, 0.39 mmol)
and cyanoacetic acid (85 mg, 1.00 mmol) in acetonitrile (20 mL) was
refluxed in the presence of piperidine (1 mL) for 7 h under argon.
After cooling, the mixture was diluted with CH,Cl,, washed with water
and brine, dried over Na,SO,, and evaporated under reduced pressure.
The crude product was purified by column chromatography with 1%
AcOH in CH,Cl, on silica gel to yield the product as a purple powder
(160 mg, 0.23 mmol, yield 58%). 'H NMR (400 MHz, DMSO-dj, 6):
12.12—-13.81 (b, 1H, —COOH), 8.31—8.58 (m, 2H, Ph—H and =
CH-), 8.07 (s, 1H, thienyl-H), 7.98 (s, 1H, thienyl-H), 7.74—7.88
(m, 3H, Ph—H), 7.70 (s, IH, Ph—H), 7.56 (d, J = 6.4 Hz, 2H, Ph—H),
7.27—7.51 (m, 7H, Ph—H), 7.09—7.26 (m, 4H, Ph—H), 6.93 (d, ] =
7.2 Hz, 1H, Ph—H), 4.77—4.96 (m, 1H, NCHCH-), 3.73—3.99 (m,
1H, NCHCH-), 2.29 (s, 3H, Ph—CH,), 2.01-2.18 (m, 1H, indoline—
H), 1.70—1.88 (m, 3H, indoline—H), 1.58—1.70 (m, 1H, indoline—H),
1.36—1.51 (m, 1H, indoline—H). '*C NMR (100 MHz, DMSO-d,, 5):
163.44, 151.67, 151.36, 148.32, 146.25, 139.26, 138.60, 138.44, 138.27,
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137.22, 137.04, 132.09, 130.64, 130.08, 129.94, 129.50, 128.67, 128.59,
12840, 127.83, 12622, 119.89, 116.10, 98.20, 69.00, 53.96, 48.95,
45.46, 19.94. HRMS (ESI, m/z, [M + H]*). Calcd for C,sH3N,O,S:
707.2481. Found: 707.2480.

Synthesis of 1Qs. A mixture of aldehyde 2c (280 mg, 0.39 mmol)
and cyanoacetic acid (85 mg, 1 mmol) in acetonitrile (20 mL) was
refluxed in the presence of piperidine (1 mL) for 7 h under argon.
After cooling, the mixture was diluted with CH,Cl,, washed with water
and brine, dried over Na,SO,, and evaporated under reduced pressure.
The crude product was purified by column chromatography with 1%
AcOH in CH,Cl, on silica gel to yield the product as a purple powder
(200 mg, 0.25 mmol, yield 64%). "H NMR (400 MHz, DMSO-d,, 5):
13.0—14.6 (b, 1H, —COOH), 8.37 (d, ] = 8.0 Hz, 1H, alkene—H),
8.31 (s, 1H, Ph—H), 7.94 (s, 1H, Ph—H), 7.75—7.88 (m, 3H, thienyl—
H and Ph—H), 7.67 (s, 1H, Ph—H), 7.57 (d, J = 6.8 Hz, 2H, Ph—H),
7.28—7.50 (m, 7H), 7.23 (d, ] = 8.4 Hz, 2H, Ph—H), 7.19 (d, ] = 8.8
Hz, 2H, Ph—H), 6.94 (d, ] = 6.8 Hz, 1H, Ph—H), 4.82—4.94 (m, 1H,
NCHCH-), 3.80—3.91 (m, 1H, NCHCH-), 2.71-2.81 (t, ] = 7.6 Hz,
2H, hexyl-CH,C(Hy,), 2.29 (s, 3H, Ph—CHj,), 2.03-2.15 (m, 1H,
indoline—H), 1.86—1.96 (m, 1H, indoline—H), 1.71-1.86 (m, 2H,
indoline—H), 1.55—1.71 (m, 3H, indoline—H and hexyl—
CH,CH,C;H,CH;), 1.39—-1.50 (m, 1H, indoline—H), 1.22—1.37
(m, 6H, hexyl—C,H,C,H,CHj;), 0.86 (t, ] = 7.2 Hz, 3H, hexyl-CH,).
BBC NMR (100 MHz, DMSO-d,, 8): 164.17, 151.03, 151.00, 147.21,
140.08, 139.58, 138.61, 137.69, 137.34, 136.36, 134.19, 132.38, 130.64,
130.29, 129.89, 129.73, 128.96, 128.76, 128.53, 128.41, 128.02, 127.82,
127.52, 12697, 119.47, 117.24, 106.44, 6824, 44.63, 34.74, 33.16,
30.93, 30.54, 28.42, 28.13, 24.03, 22.02, 20.37, 13.90. HRMS (ESI, m/
z, [M + H]*). Calcd for Cg,H,;N,0,S: 791.3420. Found: 791.3414.

DSSC Fabrication and Photovoltaic Performance Measure-
ments. A double-layer TiO, photoelectrode of 17 um thickness,
composed of a 12-ym-thick nanoporous layer and a S-mm-thick
scattering layer (area: 0.25 cm?”), was prepared by screen printing on a
conducting glass substrate. A dye solution of IQ, and IQg with a 3 X
10~* M concentration in 3:7 (v/v) CHCI,;/EtOH was used to uptake
the dye onto the TiO, film. Deoxycholic acid (DCA, 20 mM) was
added into the IQ, solution as a coadsorbent to investigate the
aggregation effect. The TiO, films were immersed in the dye solution
and then kept at 25 °C for 40 h. Photovoltaic measurements were
performed in a sandwich-type solar cell in conjunction with an
electrolyte consisting of a solution of 0.6 M dimethylpropylimidazo-
lium iodide, 0.05 M I,, 0.1 M Lil, and 0.5—1.0 M TBP in acetonitrile.
The dye-deposited TiO, film and a platinum-coated conducting glass
were separated by a Surlyn spacer (40 ym thick) and sealed by heating
the polymer frame. The photocurrent density—voltage (I—V) of sealed
solar cells was measured with a black metal mask of 025 cm?
illuminating the cell through the conducting glass from the anode side
with a solar simulator (WXS-155S-10) at AM 1.5 illumination (light
intensities: 100 mW cm™2). Monochromatic IPCE was measured with
monochromatic incident light of 1 X 10" photons cm™ under 100
mW cm™? in director current mode measurements, which were made
on a CEP-2000 system (Bunkoh-Keiki Co. Ltd.).

EIS Measurements. The EIS spectra were measured with an
impedance analyzer (Solartron Analytical, 1255B) connected with a
potentiostat (Solartron Analytical, 1287) in the dark using a solar
simulator (WXS-1555-10: Wacom Denso Co. Japan). EIS spectra were
recorded over a frequency range of 107>—10° Hz at 25 °C. The applied
bias voltage was set at a V,_ of the DSSCs and a potential perturbation
of 10 mV was applied to the testing cell, with a frequency range of 100
mHz to 100 kHz. The EIS spectra were characterized using Z-View
software (Solartron Analytical).

B ASSOCIATED CONTENT

© Supporting Information

Experimental section, frontier molecular orbitals of IQ,
calculated at the B3LYP/6-31G level of theory, and 'H and
13C NMR and HRMS of IQ, and IQ;. This material is available
free of charge via the Internet at http://pubs.acs.org.
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