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Abstract The electronic structures of three D-A-7t-A indoline
dyes (WS-2, WS-6, and WS-11) used in dye-sensitized solar
cells (DSSCs) were studied by performing quantum chemistry
calculations. The coplanarity of the A-7-A segment and dis-
tinct noncoplanarity of the indoline donor part of each dye
were confirmed by checking the calculated geometric param-
eters. The relationships between molecular modifications and
the optical properties of the dyes were derived in terms of the
partial density of states, absorption spectrum, frontier molec-
ular orbital, and excited-state charge transfer. 3D real-space
analysis of the transition density (TD) and charge difference
density (CDD) was also performed to further investigate the
excited-state features of the molecular systems, as they pro-
vide visualized physical pictures of the charge separation and
transfer. It was found that modifying the alkyl chain of the
bridge unit near the acceptor unit is an efficient way to
decrease dye aggregation and improve DSSC efficiency.
Inserting a hexylthiophene group next to the donor unit leads
to a complicated molecular structure and a decrease in the
charge-transfer ability of the system, which has an unfavor-
able impact on DSSC performance.
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Introduction

The dye sensitizer plays a vital role in a dye-sensitized solar cell
(DSSC), as it is responsible for harvesting the light and
injecting electrons into the conduction band of the semiconduc-
tor surface [1-12]. The most promising photosensitizers are
ruthenium (Ru) complexes (such as N3, N719, and black dyes),
which show stable photoelectric conversion efficiencies of
about 11% [9, 13, 14]. And a DSSC based on a zinc (Zn)
porphyrin sensitizer is reported to have an efficiency of >12%
[15]. However, metal-free organic dye sensitizers have also
attracted interest due to their low cost, high molar extinction
coefficients, ready availability, environmentally friendly fea-
tures, and flexibility in terms of molecular design. One typical
family of pure organic sensitizers that contain electron-donating
and electron-accepting units that are linked by a 7t-conjugated
bridge is commonly known as the D-7t-A dyes [2, 16-21]. The
donor unit in such a dye is usually an electron-rich group that
injects electrons into the TiO, semiconductor surface after the
dye has been excited through the absorption of light. The
acceptor unit (anchoring group) is usually a strongly electron-
withdrawing group that accepts electrons from the donor part
and couples with the TiO, surface. The 7-bridge unit facilitates
electron transfer and broadens the absorption spectrum. By
modifying the structure of the 7t-conjugated bridge and varying
the substituents on the donor and acceptor units, it is possible to
adjust the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of the sensitizer
in order to enhance the electronic coupling between the dye
molecule and the TiO, surface [19, 21-24], thus improving the
power-to-current conversion efficiency of the DSSC.
However, the highest conversion efficiency that has been
attained by a metal-free D-7i-A organic-sensitizer-based DSSC
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is still below that afforded by ruthenium-complex-based ones.
To obtain a highly efficient DSSC based on a D-7-A organic
dye, one of the challenging problems that must be solved is that
the aggregation of dye on the surface of the TiO, film must be
suppressed, as significant surface aggregation leads to unfavor-
able back-transfer of electrons and decreases the open-circuit
voltage (V,), ultimately reducing the overall efficiency of the
DSSC [25, 26]. In order to resolve this problem, additives such
as deoxycholic acid (DCA), 4-tert-butylpyridine (TBP), and
chenodeoxycholic acid (CDCA) have been added to DSSC
devices [27-30]. However, while these additives do dissociate
the 7-stacked dye aggregates, they also reduce the amount of
organic dye that is loaded onto the TiO, surface [30].

Other creative solutions to this problem are to incorporate
subordinate electron-withdrawing groups into the 7t-bridge unit
to act as an auxiliary acceptor, thus tailoring the molecular
configuration and optimizing orbital levels, or to introduce
alkyl chains that suppress dye aggregation. Naturally, the con-
cept of a specific donor-acceptor-7t bridge-acceptor (D-A-7t-A)
configuration has been proposed [31], emphasizing the
electron-withdrawing effect of an auxiliary acceptor but not a
simple extension of the 7t-bridge building block in a traditional
D-m-A dye. Recently, Zhu and coworkers synthesized a series
of novel D-A-7t-A metal-free sensitizers (WS-1 to WS-4) by
inserting a strongly electron-withdrawing unit, the benzothia-
diazole (BTD) group, into the conjugated bridge of a traditional
D-m-A dye molecule [32]. The combined BTD unit shows
several advantages, such as broadening the range of absorption
wavelengths in the ultraviolet—visible spectrum and increasing
photostability [32-35]. More recently, Wang and coworkers
designed and synthesized two D-A-7t-A organic dyes, WS-6
and WS-11, based on the WS-2 sensitizer, by introducing an
alkyl chain into the thiophene bridge and inserting a
hexylthiophene unit between the donor and BTD units [33].
They experimentally investigated and compared the
photophysical and electrochemical properties and the corre-
sponding photovoltaic device performances of the three sensi-
tizers (WS-2, WS-6, and WS-11). The influence of the incor-
porated alkyl chain and hexylthiophene on the conversion
efficiency of the sensitized solar cell was further demonstrated.

In the work described in the present paper, in order to
determine how the introduced alkyl chain and the additional
hexylthiophene substituent impact the optical characteristics of

the dyes and the performance of the solar cell device, the
ground-state geometries and the excited-state properties of three
D-A-1t-A sensitizers (WS-2, WS-6, and WS-11) were studied
by performing quantum chemistry calculations. We focused in
particular on the mechanism of the charge-transfer process,
since it is one of the most important steps in the photon-to-
electricity conversion process performed by a DSSC.

Methods

The structures of WS-2, WS-6, and WS-11 were constructed
manually according to [32, 33]. Ground-state geometries were
fully optimized using density functional theory (DFT) [36]
with the long-range-corrected CAM-B3LYP [37] and B3LYP
[38—40] hybrid functionals and the 6-311g basis set [41-46].
No imaginary frequencies were present in the frequency anal-
ysis of the optimized structures. The first hyperpolarizabilities
in a static field were calculated at the same levels of theory.
The finite field (FF) approach was employed, since it is
generally suitable for complex systems and computationally
inexpensive [47, 48]. The response of a molecule in a static
electronic field (F) can be expressed via [49-51]
1 1

E(F) :E()_/J,l-F,‘_EOZ,]‘F,‘Fj_—ﬁiij,‘Fij_ """ 5 (1)

where E | is the unperturbed energy of the molecules, F; is
the field at the origin, and p;, o, and 3,5 are the dipole
moment, polarizability, and the static first hyperpolarizability,
respectively. The components of 3 can be calculated using the
following equation:

1
Bi = B + EZ (ﬁijj + ﬁjij + ﬁjﬁ)' (2)

i#j

Here, i and j represent the x, y, and z components of 3,
respectively. The magnitude of the total static first
hyperpolarizability can be expressed as

fu=(E+8+8) " ()

According to Kleinman symmetry [52], the complete ex-
pression for the total static first hyperpolarizability is

/2.
ﬁmt = [(ﬁxxx + ﬁxyy + 6xzz>2 + (ﬁ}w + Byzz + 6}00:)2 + (ﬁzzz + ﬁzxx + ﬁzyy)z] " (4)

The vertical excitation energies for the ground-state equi-
librium geometries were determined using time-dependent
DFT (TDDFT) [53]. To better study the charge-transfer prop-
erties of the three dyes, the CAM-B3LYP functional was
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employed with the highly accurate basis set 6-311g(d,p) in
the excited-state calculations. To verify the theoretical results
using experimental data, all DFT/TDDFT calculations were
combined with the integral equation formalism version of the
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polarizable continuum model (IEF-PCM) [54-57], and dichlo-
romethane was the solution employed in calculations according
to the experimental setting [33]. The partial density of states
(PDOS) was visualized with GaussSum software [58]. The
transition density (TD) and charge difference density (CDD)
were obtained through visualized three-dimensional (3D) real-
space analysis [59—-61]. All calculations were performed within
the quantum-chemical software package Gaussian 09 [62].

Results and discussion

Two-dimensional sketches and the optimized geometries of
WS-2, WS-6, and WS-11 in dichloromethane solvent are

WS-2

Fig. 1 2D sketches of the three dyes WS-2, WS-6, and WS-11

depicted in Figs. 1 and 2, respectively. WS-2 is a typical D-
A-7t-A organic dye molecule containing an indoline derivative
(donor), a BTD group (auxiliary acceptor), a thiophene ring
(rt-bridge), and cyanoacrylic acid (acceptor). Notably, the
electron-deficient BTD unit functions as an electron-trapping
unit rather than merely an extension of the 7t-conjugated
bridge. The A--A system of the calculated geometry of
WS-2 is clearly coplanar, which may enhance intramolecular
electron transport to the acceptor and facilitate bathochromic
shifts of the absorption peaks in the ultraviolet—visible spec-
trum. Compared with WS-2, the WS-6 molecule has an extra
alkyl chain on the thiophene bridge, which efficaciously re-
strains dye—dye interactions relative to WS-2 [33]. Also, the
coplanarity along the A-7-A section of WS-6 ensures a wide
absorption response region and good electron-transfer ability,
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Fig. 2 Optimized structures of the three dyes WS-2, WS-6, and WS-11
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Table 1 Calculated structural parameters, including crucial bond lengths
(in A) and dihedral angles (in degrees) for the three dyes, as calculated
with the B3LYP and CAM-B3LYP functionals

CAM-B3LYP B3LYP
WS2  WS-6 WS-11 WS2 WS-6 WS-11
C3-C4 13994 1.3986 13999 14058 1.4055 14071
Cc4-C8 14100 1.4102 14086 14178 14177 14155
C8-C9 14856 1.4858 14854 14965 14972 14958
C8-Cl12 1.3909 1.3908 1.3945 13895 1.3895 13949
C17-C20 14720 1472 - 14666 14668 -
C17-C41 - - 14656 — - 1.4595
C20-C21 13698 13698 13717 13893 1.3896 1393
C23-C29 14532 14533 14529 14452 14454 14444
C31-C34 14200 1.4148 14156 14119 14075 1408
C34-C35 13591 1.3629 13622 13762 13801 13796
D(48,12) -390 400 388 404 —41.1 -394
D(18,172021) 1457 145.7 - 1511 1525 -
D(18,17,4142) — - 1347 - - 141.6
D(21,20,44,45) — - -160.1 — - ~1734
D(24.23,2930) —180.0 179.3 179.6 —178.7 —1789 —179.7

like WS-2. For WS-11, the additional hexylthiophene is
inserted between the indoline donor and BTD unit present in
the WS-6 molecule, which leads to a bent D-A-7t-A structure.
The relationships between these structural modifications and
the absorption, orbital energy level, and excited-state charge
transfer characteristics of these molecules will be further
discussed and clarified in subsequent paragraphs.

Table 1 gives the geometric parameters of the three dyes,
including crucial bond lengths and dihedral angles, as calcu-
lated using the CAM-B3LYP and B3LYP functionals with the
6-311g basis set. The listed bond lengths of the three dyes
calculated using the two functionals are similar. The two
functionals also give similar results for the dihedral angles
between the BTD and thiophene units of the three dyes: the
dihedral angle D(24,23,29,30) is —180.0° for WS-2, 179.3°
for WS-6, and 179.6° for WS-11 with CAM-B3LYP, and
—178.7°, —178.9°, and —179.7° (respectively) with B3LYP,
all of which indicate that the A-7-A segment is coplanar.
However, the functionals yield significantly different results
for the dihedral angle between the indoline donor and BTD
units of WS-2 and WS-6 and for the dihedral angle between
the hexylthiophene and BTD units of WS-11. The dihedral

angle D(18,17,20,21) between the indoline donor and BTD
units is 145.7° for WS-2 and 145.7° for WS-6 with CAM-
B3LYP, while these angles are notably larger with B3LYP:
151.1° and 152.5°, respectively. The dihedral angles D (18,17,
41,42) and D(21,20,44,45) for WS-11 are 134.7° and —160.1°
with CAM-B3LYP but 141.6° and —173.4° with B3LYP,
respectively. The significant differences in the results obtained
using the two functionals for the above dihedral angles prob-
ably arise due to the presence of strong steric hindrance effects
in these systems [63, 64]. There are strongly repulsive inter-
actions between the indoline donor unit and the BTD unit in
WS-2 and WS-6, and between the hexylthiophene unit and the
BTD unit in WS-11. Another possible reason may be the high
proportion of Hartree—Fock (HF) exchange for the long-range
part of CAM-B3LYP, since this plays a crucial role in ground-
state geometry optimization, so accounting for this leads to
more accurate ground-state structures [37, 65, 66].

We also checked the static first hyperpolarizability of each D-
A-m-A dye, due to its influence on the nonlinear optical (NLO)
properties of the 7t-conjugated organic molecules. All of the
calculations of the first hyperpolarizability components were
carried out using the long-range-corrected functional CAM-
B3LYP and the 6-311g(d,p) basis set, which has been demon-
strated to greatly reduce overestimation of the polarization char-
acteristics of 7-conjugated materials [66, 67]. The calculated
first hyperpolarizability components are listed in Table 2, and
these were used to ascertain the effect of structural modification
on the polarization of each molecular system and to better
understand the ground-state structures. The calculated results
show the following trend in total static first hyperpolarizability
for the three dyes: WS-6<WS-2<WS-11. From Table 2, the
dominant component (along the x-axis) of the static first
hyperpolarizability is consistent with the direction of charge
transfer along the donor-7t bridge-accepter molecular skeleton.
The total static first hyperpolarizabilities of WS-2 and WS-6 are
quite similar to each other, indicating that the addition of the
alkyl chain in WS-6 has a relatively minor impact on its NLO
properties. The total static first hyperpolarizability of WS-11 is
much larger than those of the other two. There are two possible
reasons for this: one is the longer conjugated length of the whole
molecular skeleton, and the other is the increased complexity of
the structure of WS-11 after inserting hexylthiophene between
the indoline donor and BTD units. NLO activity is generally a
reflection of the degree of the delocalization of 7t electrons from
donor to acceptor, but WS-11, which has the largest
hyperpolarizability of the three dyes, results in the least efficient

Table 2 Static first

hypelpolanzabllmes Of WS—Z, WS— ﬂxrx ﬁ xxy [)) xyy ﬂ wy ﬂxxz /3_vyz ﬂxzz ﬁ yzz ﬁzzz ﬁ total

6, and WS-11 (in a.u.), as calculated

at the CAM-B3LYP/6-311g(d.p) WS-2 87943  —7937 2142 -614 -2666 52 -403 20 59 90123

level of theory WS-6 86498  —12574 2734 1128 2474 333 =304 5 =31 90019
WS-11 92095  —18185 3483  —466 -70 280 -226 11 -56 97157
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Fig. 4 Calculated absorption spectra of the three dyes (WS-2, WS-6, and
WS-11) in dichloromethane

DSSC. This may be due to the noncoplanarity of the 7t-
conjugated moieties along the A-7t-A section of the molecule.
Therefore, the complicated noncoplanarity of the 7-conjugated
bridge may have an unfavorable effect on electron transfer and
injection, so this structural motif should be avoided when de-
signing the sensitizers used in DSSC devices.

The partial density of states (PDOS) in Fig. 3 can help us to
further understand the ground-state geometries of the sensi-
tizers by indicating the percentage contribution of each atomic
species to each molecular orbital. Generally, except for the
alkyl chains, all of the species contribute to the total density of
states for the HOMOs and LUMOs. Across the whole energy
range, the density of states from the alkyl chains (cyan line) in
WS-6 and WS-11 can hardly be seen, indicating that the alkyl
chains are not involved in the intramolecular charge-transfer
process and exclusively suppress dye aggregation. The alkyl
chain is not an active unit of the molecule during excitation by
light. In addition, the HOMOs are found to locate broadly
across the whole molecular skeleton, albeit mainly on the
indoline donor group. Delocalization of the HOMOs pro-
motes intermolecular hole-hopping and carrier mobility, en-
suring good photochemical activity of the dyes. The electronic
density of the LUMOs for the three dyes is essentially spread
across the thiophene bridge and cyanoacrylic acid unit, en-
hancing electron-cloud overlap between the anchoring group
(acceptor unit) and the semiconductor film surface, and pro-
moting barrierless electron transfer from the LUMO of the
sensitizer to the TiO, conduction band. According to Fig. 3,
the HOMO levels of the dyes are very similar, whereas the
LUMO level of WS-11 (=2.52 eV) is more negative than the
LUMO levels of the other two dyes (—2.39 eV for both WS-2
and WS-6), which is indicative of a stronger thermodynamic
driving force for electron injection into the TiO, surface [68,
69]. Accordingly, the HOMO-LUMO energy gap of WS-11 is
the smallest among the three dyes, leading to the strongest and
broadest absorption, as also noted experimentally [33]. In
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Table 3 The calculated vertical

excitation energy E (in eV and CAM-B3LYP B3LYP Expt. [33]
nm), oscillator strength £, main ]
configuration interaction (CI) ex- Excited state £ (eV,nm)  CI S E(eV,nm) f E (eV, nm)
pansion coefficient, and the corre-
sponding percentage contribution WS-2 S 229 (541) H-L 1.0292  1.53(810)  0.8808  2.27 (546)
(more than 30%) to each excited 0.62021 (77%)
state for each of WS-2, WS-6, and S, 3.16 (392) H-1 -»L 0.4228
:)}\IIS-LI in tdchhtlioromethaile, Orflly 0.51672 (53%)
© CHATACETIIS PAITCES 9 S; 425(292) H-L+2 0.3738
strong excited states (those with .
oscillator strengths of >0.3) are 0.37895 (29%)
listed WS-6 S 2.28(545) H-—L 1.0517  1.53(809)  0.8990  2.27 (547)
0.62081 (77%)
S, 3.10(400) H-1->L 0.3767
0.52497(55%)
S; 423(293) H-—>L+2 0.3759
0.35243 (25%)
WS-11 S, 225(551) H-L 1.2427  1.32(940)  0.8568  2.23(557)
0.51920 (54%)
H-1 -L
0.44099 (39%)
S3 328(378) H-1 ->L+1 0.3331
0.50049 (50%)
S; 397(313) H-L+2 0.7401
0.50789 (52%)

Fig. 3¢, the PDOS from the additional hexylthiophene group
of WS-11 presents an extensive distribution of occupied mo-
lecular orbitals across the full energy range, and a comparable
contribution to HOMO-2 to that of the indoline donor group.
We can assume that the additional hexylthiophene unit exerts
some influence on the charge separation and transport in the
sensitizer. Comparing the PDOSs of WS-2 and WS-6 to that
of WS-11 in Fig. 3, it is clear that incorporating the
hexylthiophene unit between the indoline donor and the
BTD unit reduces the contributions of the bridge to the HO-
MO and HOMO-1. Hence, aside from attracting the electron
from the donor part, the additional hexylthiophene unit may
simultaneously block or delay charge transport to the BDT
and thiophene units. Later, this preliminary study and explo-
ration of the effect of structural modification on the optical
properties of the dyes using the PDOS method will be vali-
dated and complemented by the results of visualized frontier
molecular orbital and excited-state charge-transfer analysis.
Figure 4 shows the absorption spectra of the three D-A-7t-
A dyes, which were simulated by Lorentzian functions with a
full width at half-maximum (FWHM) of 20 nm. The corre-
sponding transition features for relatively strong ( />0.3)
excited states are listed in Table 3, including the vertical
excitation energy £ (in nm and eV), the oscillator strength £,
and the main configuration interaction (CI) coefficient along
with the percentage contribution (more than 30%) to each
excited state. The frontier molecular orbitals involved in the
transitions are given in Fig. 5. From Table 3, the TD-B3LYP-
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calculated absorption features for the three dyes are strongly
redshifted compared with the experimental results and the TD-
CAM-B3LYP-calculated results. The same trend has also
been observed in many studies of the optical properties of
sensitizers in DSSCs, especially large conjugated organic dyes
with strong charge-transfer characteristics [70]. This devia-
tion, which is caused by the underestimation of the transition
energy when applying traditional hybrid B3LYP, can be ame-
liorated by using the range-separated hybrid functional CAM-
B3LYP, which increases the fraction of exact Hartree—Fock
exchange as the interelectronic distance increases [70]. Ac-
cording to Fig. 4, there are two strong absorption peaks in the
UV-visible spectrum, and these are in good agreement with
the experimentally observed peak positions and relative inten-
sities. The center wavelengths of the absorption peaks for the
three dyes are 541 nm for WS-2, 545 nm for WS-6, and
551 nm for WS-11, respectively, suggesting that they have
nearly the same absorption response regions. The calculated
results agree quite well with the experimental data (546 nm for
WS-2, 547 nm for WS-6, and 557 nm for WS-11) [33] and
previous theoretical reports [71-73]. In particular, the oscilla-
tor strength of WS-11 ( f=1.2427) is significantly larger than
those of WS-2 ( /=1.0292) and WS-6 ( f=1.0517), which
implies that it has the strongest absorption intensity. However,
the photoelectric conversion efficiency for the WS-11-based
DSSC is also much lower than those for WS-2 and WS-6 [33].
From Table 3, for all three dyes, the strongest absorption band
comes from the first excited state (S;), corresponding to the



J Mol Model (2013) 19:5317-5325

5323

HOMO-LUMO transition. Looking at the frontier molecular
orbitals in Fig. 5, the HOMO is mainly located on the indoline
donor part, while the LUMO is mainly localized on the
thiophene bridge and the cyanoacrylic acid acceptor. Hence,
S; is an intramolecular charge-transfer excited state (ICT)
where electron transfer occurs from the indoline donor to the
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Fig. 5a—c The frontier molecular orbitals and the orbital energy levels for
a WS-2, b WS-6, and ¢ WS-11

cyanoacrylic acid acceptor. The incorporation of the alkyl
chain into the thiophene group takes up a great deal of space
and increases the noncoplanar character of the whole compli-
cated molecular system, which may reduce the aggregation of
dye on the semiconductor surface. It is known that an organic
sensitizer with lots of delocalized electrons on its conjugated
bridges (e.g., the thiophene unit) will readily participate in
intermolecular 7t stacking interactions with an adjacent
molecule [74, 75]. Figure 5 also shows that no frontier molec-
ular orbital is localized on the alkyl chain, which indicates that it
functions as a spacer that shifts the LUMO orbital (which is
occupied when the dye is in the excited state) away spatially
and thus decreases dye—dye interactions [76]. This may also
account for the high efficiency of WS-6, and it is consistent
with the previous PDOS analysis and experimental results.
Another relatively strong excited state, S, ( f=0.4228), for
WS-2 represents the 7——7t* transition from HOMO-1 to LUMO,
and is the secondary absorption band in the absorption spec-
trum. For WS-6, another two strong excited states, S, and S,
are seen aside from S;; these involve higher-level molecular
orbitals. The main transitions associated with S, and S- are the
HOMO-1 — LUMO and HOMO — LUMO+2 transitions,
respectively. These are 7—7t* transitions (see Fig. 5b). In sum-
mary, compared with WS-2, WS-6 possesses a similar first
static hyperpolarizability and similar distributions of active
molecular orbitals on the main body of the molecule, except
for the alkyl side chain, indicating that they have comparable
photochemical activities. The high efficiency of the WS-6-
based solar cell is derived from the spatial inhibition of dye
aggregation caused by the insertion of the alkyl chain.

Table 4 The transition density (TD) and charge difference density
(CDD) for the first excited state of WS-2, WS-6, and WS-11. Green
and red colors represent hole and electron densities, respectively
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Unlike in WS-2 and WS-6, two main transitions are asso-
ciated with the S; excited state of WS-11. One corresponds to
the HOMO —LUMO ICT process, with a percentage contri-
bution of only 54%, which is much smaller than those seen for
WS-2 and WS-6 (both are 77%). The other is the m—7*
transition from HOMO-1 to the LUMO localized on the bridge
and acceptor, which makes a considerable percentage contri-
bution (39%) to the S, excited state, and may be unfavorable to
electron transfer from the donor part to the acceptor and then to
the conduction band on the TiO, electrode surface. This may
be an important reason for the low efficiency of the WS-11-
based DSSC. In addition, the PDOS spectrum of WS-11 in
Fig. 3¢ shows that the HOMO electronic density is low on the
thiophene bridge and cyanoacrylic acid acceptor and even on
the BTD unit, which may lead to a decrease in the electron
delocalization and stability of this molecular system. Besides,
inserting the hexylthiophene group results in a longer distance
over which electrons must be transported, which could result in
a decrease in the number of validly injected electrons.

To further investigate the microscopic charge-transfer pro-
cesses of the three dyes, 3D real-space analysis of the TD
(transition density) and CDD (charge difference density) was
performed. This technique has been widely applied to organic
molecular systems [59-61, 77, 78]. The TD and CDD indicate
the region where charge separation occurs and the charge redis-
tribution changes after excitation. More details can be found in
[79-81]. A comparison of the TD and CDD populations of WS-
2, WS-6, and WS-11 is provided in Table 4, where only the first
excited states with the strongest intensities are included. Accord-
ing to the CDDs, the hole density and electron density for the S;
excited state of each dye are concentrated mainly on the donor
unit and the acceptor unit, respectively. The charge-transfer
distance for WS-11 is clearly longer than those for the other
two. No great differences in the TDs of WS-2 and WS-6 were
observed. They were all generally spread across the whole
molecular system, indicating that these two dyes have compara-
bly strong charge-transfer abilities. Besides, the electronic den-
sity on the alkyl chain of WS-6 is low, indicating that this chain
barely affects electron injection into the TiO, surface. However,
the TD coverage for WS-11 is much smaller than those for WS-2
and WS-6, implying a weaker intramolecular transition dipole
moment. This is unfavorable for distant intramolecular electron
transfer across the molecular skeleton, and could be another
reason for the low efficiency of the DSSC based on WS-11.

Conclusions

We have presented a comparative study of the ground-state and
excited-state properties of three D-A-m-A dyes (WS-2, WS-6,
and WS-11), which were calculated using DFT/TDDFT
methods. The coplanarity of the A-mt-A segment and
noncoplanarity of the indoline donor part of the molecule were
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confirmed by checking the calculated geometric parameters
(bond lengths and dihedral angles). Theoretical analysis of the
PDOS, total static first hyperpolarizability, frontier molecular
orbitals, and excited-state charge transfer indicates that inserting
an alkyl chain near the acceptor unit without damaging the
coplanarity of the A-7t-A segment of the sensitizer (as done in
WS-6) is a feasible method of improving DSSC efficiency. The
calculated absorption spectra agreed well with the correspond-
ing experimental results. When attempting to reduce dye aggre-
gation and improve the efficiency of the DSSC, inserting an
additional electron-withdrawing substituent group that is modi-
fied by a long alkyl chain near the donor unit does not appear to
be a wise choice, as it decreases the coplanarity of the bridge unit
and leads to less electron delocalization and an unfavorable
charge-transfer process, although the resulting molecule does
show broad and intense spectral responses sometimes. We hope
that our results may prove useful to synthetic chemists who are
trying to find improved sensitizer molecules that could be used
in highly efficient DSSCs.
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