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Abstract The computations of the geometries, electronic
structures, dipole moments and polarizabilities for indoline
and triphenylamine (TPA) based dye sensitizers, including
D102, D131, D149, D205, TPAR1, TPAR2, TPAR4, and
TPARS, were performed using density functional theory,
and the electronic absorption properties were investigated
via time-dependent density functional theory with polariz-
able continuum model for solvent effects. The population
analysis indicates that the donating electron capability of
TPA is better than that of indoline group. The reduction
driving forces for the oxidized D131 and TPAR1 are slightly
larger than that of other dyes because of their lower highest
occupied molecular orbital level. The absorption properties
and molecular orbital analysis suggest that the TPA and 4-
(2,2diphenylethenyl)phenyl substituent indoline groups are
effective chromophores in intramolecular charge transfer
(IMCT), and they play an important role in sensitization of
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dye-sensitized solar cells (DSCs). The better performance of
D205 in DSCs results from more IMCT excited states with
larger oscillator strength and higher light harvesting effi-
ciency. While for TPA dyes, the longer conjugate bridges
generate the larger oscillator strength and light harvesting
efficiency, and the TPARI and TPAR4 have larger free
energy change for electron injection and dye regeneration.

Keywords Absorption spectra - Density functional theory -
Dye sensitized solar cells - Electronic structure - Organic dye
sensitizer

Introduction

The dye-sensitized solar cells (DSC) have attracted much
attention because of easy fabrication, lower cost, and rela-
tively higher efficiency [1-5]. The main components of
DSC are dye sensitizers, anode, cathode, and electrolyte.
All of them can affect the performance of DSC. Especially,
the dye sensitizers, which take the function of light harvest-
ing and photo-excited electron injection in DSC, have a
significant influence on the photon-to-current conversion
efficiency (PCE) [6-11]. Up to now, the dye sensitizers,
which were designed, synthesized and characterized in order
to improve the PCE of DSC, can be classified into metal-
organic complexes and metal-free organic dyes [7—10]. In
metal-organic complexes, the noble metal ruthenium poly-
pyridyl complexes, including N3 dye cis-[Ru-(4,4'-COOH-
2,2'-bpy)>(NCS),] and “black dye” (tri(cyanato)-2,2",2"-ter-
pyridyl-4,4',4"-tricarboxylate)Ru(Il)), were proved to be the
best dye sensitizers with overall energy conversion efficien-
cy greater than 10 % under air mass (AM) 1.5 irradiation
[12—14]. On the other hand, metal-free organic dyes sensi-
tizers, such as cyanines [15—-17], hemicyanines [18, 19],
triphenylmethanes [8, 20, 21], perylenes [22—26], coumarins
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[27-29], porphyrins [30-35], squaraines [36—38], indoline
[39, 40], and azulene-based dyes [41] efc., were also devel-
oped due to their high molar absorption coefficient, relatively
simple synthetic procedure, various structures and lower cost.
Recently, the 12.3 % PCE has been achieved by cosensitiza-
tion of donor-7t-bridge-acceptor zinc porphyrin dye YD2-o-
C8 with another triphenylamine-based organic dye Y123 [42].
So the development of novel organic dye sensitizer is still a
promising method to improve the PCE of DSC.

Indoline dyes had been recognized as better dye sensitiz-
er since indoline sensitized DSCs were reported [43—46].
The PCE of 9.03 % was achieved by the optimized thick-
ness of indoline dye D149-sensitized DSC for ionic-liquid-
based electrolytes [47]. It was also found that indoline dyes
D102, D131, and D149 can be utilized to fabricate solid-
state DSCs [48, 49]. Using the stable organic radical 2,2,6,6-
Tetramethyl-1-piperidinyloxy as redox system, the DSC
based on D149 yielded PCE of 5.4 % [50]. Under AM1.5
irradiation, the 7.2 % PCE for DSC based on ionic liquids
and organic dye sensitizer D205 was reported [40], and
D205 gave higher PCE 9.52 % of organic DSCs using an
anti-aggregation reagent chenodeoxycholic acid [51]. Based
upon calculating the lowest unoccupied molecular orbital
(LUMO) of three indoline dyes (D131, D102, and D149)
and comparing the PCE of DSCs fabricated using those
dyes, it was found that the efficiencies of charge injection
was determined by the extent to which the LUMO of the dye
falls on its anchoring group acetic acid [52]. To understand
the structures and properties of dyes, as well as for the
sensitized mechanism of DSCs, the theoretical investiga-
tions of the light absorption and fluorescence properties of
indoline dyes D102, D131, and D149 were reported [53].

Triphenylamine (TPA) dyes are also a promising sensitizer
family for DSCs [8, 20, 54-56]. The synthesis and photo-
physical/electrochemical properties of TPA-based dyes
TPARI1, TPAR2, TPAR4, and TPARS as well as their appli-
cations in DSCs were reported, and the DSCs based on
TPAR4 approached the 5.84 % PCE under AM1.5 irradiation
[20]. The anchoring group in indoline dyes (D102, D131,
D149, and D205) and TPA-based dyes (TPAR1, TPAR2,
TPAR4, and TPARS) are acetic acid (see Fig. 1). So, the
adsorption behavior of dyes at the semiconductor surface
should be similar. Moreover, most of these dyes contain
rhodanine-3-acetic acid as electron acceptor. But, what are
the differences in electronic structures of the dyes? What are
the effective chromophores in the sensitization of DSCs? How
does the different moiety modify the electronic structures and
absorption properties? What are the reasons that induce better
performance of D205 and TPAR4 in DSCs? To answer the
above questions, the geometries, elelctronic structures, dipole
moments, and polarizabilities, as well as absorption properties
of indoline dyes D102, D131, D149, D205 and TPA-based
dyes TPAR1, TPAR2, TPAR4, TPARS were calculated by
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using density functional theory (DFT) and time-dependent
DFT (TDDFT). Based upon the calculated results, we ana-
lyzed the differences in electronic structures, the effective
chromophores in the sensitization, and the role of different
moieties in modifying the electronic structures and absorption
properties. Also, we further investigated the reasons that in-
duce different performance of dyes in DSCs.

Computational methods

The computations of the geometries, electronic structures, as
well as polarizabilities for dye sensitizers were performed
using DFT with the Gaussian 09 package [57]. The density
functional was treated in terms of Becke’s three parameters
gradient-corrected exchange potential and the Lee-Yang-Parr
gradient-corrected correlation potential (B3LYP) [58—61], and
all calculations were performed without any symmetry con-
straints with the polarized split-valence 6-31G* basis sets.
The electronic absorption spectra require the calculation of
allowed excitations and oscillator strengths. The calculations
were carried out using TDDFT method in gas phase and
solvent. Usually, the electronic excitations of dye sensitizers
with good performance in DSC are charge transfer (CT)
processes. So, the different exchange-correlation functionals
(B3LYP, PBEO [62], and long-range-corrected hybrid func-
tional CAM-B3LYP [63]) and basis sets (6-31G*, 6-31G(d,
p), and 6-31+G(d,p)) were adopted for the calculations of
electronic absorption spectra in order to obtain the appropriate
description of CT excited states. The non-equilibrium version
of the polarizable continuum model (PCM) [64] was adopted
for considering the solvent effects.

Results and discussion
Geometrical structures

The optimized geometries of the dyes are shown in
Fig. 1, and the hydrogen atoms in dye molecules were
omitted for clarity. The geometrical parameters of indo-
line and TPA dyes are listed in Tables 1 and 2, respec-
tively. It is found that the geometric parameters of the
same group in different dyes are very similar because
the geometries are mainly determined by the localized
interaction of chemical bonds. For example, the N-C
bond length between indole and phenyl are about
0.141 nm in indoline dyes, and the corresponding N-C
bond lengths in TPA-based dyes are very similar (about
0.14 nm). Furthermore, substituting CH,=CH- groups
for hydrogen atoms in the TPA moieties, extending 7t
bridges in TPA dyes by using methane units, and intro-
ducing different acceptor groups into indoline dyes
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slightly affect the local geometrical parameters. It is
worthy to note that cyano acetic acid group (in D131)
and rhodanine ring (in other dyes) are coplanar with
benzene ring in indoline and TPA groups. This coplanar
geometric character extends conjugate length, enhances elec-
tron delocalization, and the coplanarity between donor group
and conjugate bridge is favorable for intramolecular charge
transfer (IMCT) [65-70]. However, the rhodanine rings are
not coplanar with acetic acid moieties. The breaking of copla-
narity between the rhodanine rings and anchoring group acetic
acid inhibits the recombination reactions at the interface of
dyes and TiO, surface [71].

Electronic structures

In indoline dyes, arylamine moieties act as electron donor,
and rhodanine-rings function as electron acceptor [48]. For
TPA dyes, the TPA moieties and the rhodanine acetic acids
take the role of the electron donor and the electron acceptor,
respectively [20]. The carboxylic acids are anchor group
that can attach to TiO, surface. The carbon-double-bond
chains are conjugate bridges. The natural bond orbital
(NBO) analysis was performed in order to analyze the
electron populations of the dyes. The calculated natural
charges that populated in the donor, conjugate bridge, and
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Table 1 Selected bond lengths (in nm), bond angles (in degree), and dihedral angles (in degree) of the dyes D102, D131, D149 and D205

D102 D131 D149 D205

12 0.152 34-36 0.149 1-2 0.152 2-1 0.153
1-10 0.145 1-34 0.137 1-10 0.146 1-10 0.145
5-12 0.136 34-35 0.143 5-20 0.136 5-12 0.136
12-13 0.144 1-2 0.144 20-21 0.144 12-13 0.144
20-25 0.141 9-14 0.141 28-33 0.141 20-25 0.141
30-31 0.147 19-20 0.147 38-39 0.147 30-31 0.147
31-32 0.136 20-21 0.136 39-40 0.136 31-32 0.136
2-1-10 115.1 36-34-1 117.0 2-1-10 110.6 2-1-10 116.1
5-12-13 132.3 34-1-2 132.7 5-20-21 132.2 5-12-13 132.2
20-25-26 121.0 9-14-16 120.5 28-33-34 121.0 20-25-26 121.1
30-31-32 130.5 19-20-21 130.6 38-39-40 130.6 30-31-32 130.9
7-10-1-2 99.5 2-1-34-36 179.9 7-10-1-2 82.5 7-10-1-2 99.4
5-12-13-14 179.7 34-1-24 179.3 5-20-21-22 177.7 5-12-13-14 179.5
18-20-25-27 51.4 7-9-14-16 51.5 26-28-33-35 51.0 18-20-25-27 51.5
30-31-32-33 173.5 19-20-21-22 173.3 38-39-40-41 173.6 30-31-32-3 173.7
811 0.165 811 0.138 811 0.137

the acceptor groups are listed in Table 3. The rhodanine-3-
acetic acid and cyano acrylic acid groups are strong elec-
tronic withdrawing group. For indoline dyes, the natural
charges of indoline groups are small, and the different
terminal groups that connected with rhodanine-3-acetic acid
slightly affect the charges of rhodanine-based acceptors. The
charges populated in D131 acceptor moiety are more than
that of other dyes. This indicates that cyano acrylic acid
group has higher electron-withdrawing capability than that
of rhodanine-3-acetic acid. However, for TPA-based dyes,
the charges of acceptors in different dyes are very similar,
and the charges of donors and conjugate bridges are more
flexible. The conjugate bridges donate about 0.10~0.15 e to

acceptor moieties. So, the conjugate bridges in the dyes
have a double role, one is the linker between donor and
acceptor, enhancing the electronic delocalization, and the
other is a part of electron donor. Furthermore, for the dyes
with rhodanine-based moieties, the natural charges of ac-
ceptor are very close (about —0.24 e). The difference be-
tween the dyes D102 and TPARI is the donor moieties. The
charges of donor part in D102 (indoline group, 0.12 e) is
slightly smaller than that in TPAR1 (TPA group, 0.14 e).
This suggests that the donating electron capability of TPA is
better than that of indoline.

The HOMO and LUMO energies, as well as the HOMO-
LUMO gaps (E,) of the dyes in gas phase and solvent are

Table 2 Selected bond lengths (in nm), bond angles (in degree), and dihedral angles (in degree) of the dyes TPAR1, TPAR2, TPAR4 and TPARS

TPAR1 TPAR2 TPAR4 TPARS
27-28 0.152 27-28 0.152 28-29 0.152 27-28 0.152
25-28 0.145 25-28 0.145 26-29 0.145 25-28 0.145
5-21 0.137 21-33 0.137 5-22 0.137 21-34 0.137
52 0.145 5-2 0.145 5-2 0.145 5-2 0.145
6-17 0.140 6-17 0.141 6-18 0.140 6-17 0.141
17-14 0.143 17-14 0.143 14-18 0.143 17-14 0.143
27-28-25 115.1 27-28-25 115.1 28-29-26 115.1 27-28-25 115.1
2-5-21 135.6 31-32-21 126.7 2-5-22 135.6 32-34-21 126.7
6-17-14 120.8 6-17-14 120.7 6-18-14 120.6 6-17-14 120.4
23-25-28-27 97.9 23-25-28-27 98.3 6-18-9 121.1 23-25-28-27 99.9
1-2-5-21 0.4 4-2-5-31 179.2 1-2-5-22 1.2 4-2-5-32 178.9
3-6-17-9 28.8 3-6-17-9 314 3-6-18-9 30.1 3-6-17-9 32.6
5-31-33-21 179.9 2-5-22-24 0.6 5-32-34-21 179.0
31-33-21-22 179.8 13-16 0.147 13-30 0.147
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Table 3 The calculated natural charges (e) of electron donor, conju-
gate bridge, and electron acceptor groups for the dyes

Dyes Donor Acceptor Conjugate bridge
D102 0.124 —0.241 0.117
D131 0.159 —0.340 0.181
D149 0.125 —0.244 0.119
D205 0.119 —0.232 0.113
TPARI 0.141 —0.238 0.097
TPAR2 0.089 —0.236 0.147
TPAR4 0.139 —0.236 0.097
TPARS 0.086 —0.233 0.147

shown in Fig. 2. For indoline dyes, the substitution of
rhodanine-3-acetic acid in D102 by cyano acrylic acid in
D131 decrease HOMO about 0.09 eV, increase LUMO about
0.15 eV, and thus broaden E, about 0.24 eV. However, the
substitution of terminal S atom in D102 by another rhodanine-
based moeties in D149 and D205 induce a slight up-shift for
HOMO and down-shift for LUMO energies. Especially, com-
pared with D149, the longer alkyl chain in D205 generates a
tiny upper-shift of HOMO (about 0.02 eV) and LUMO (about
0.06 eV) because of the donor character of alkyl chain. As to
TPA dyes, elongating conjugate bridges elevate HOMO about
0.13 eV, decline LUMO about 0.13 eV, and reduced E,.
Introducing -CH=CH, to TPA moieties generates a similar
effect for HOMO, LUMO, and E,. Also, the calculated E,
reproduced the relative positions of experimental E,, which
were obtained in terms of electrochemical data about redox
properties [20]. For instance, the calculated E, of TPARI
(2.98 eV) is about 0.07 eV larger than that of TPAR4
(2.91 eV). This agrees well with that of electrochemical ex-
perimental data 0.07 eV [20]. The HOMO level corresponds
to the oxidation potential of dye sensitizer [13], and the larger
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Fig. 2 The calculated frontier molecular orbitals energies and HOMO-
LUMO gap at the PBE0/6-31+G(d,p) level in solvent. The
corresponding data in parentheses were calculated at the B3LYP/6—
31G* in vacuum

oxidation potential increases the reduction driving force of
oxidized dye [72]. The reduction driving forces of the oxi-
dized D131 and TPAR1 dyes are slightly larger than that of
other dyes because of their lower HOMO level.

Dipole moments and polarizabilities

Once dye molecule adsorbs on the surface of TiO,, it indu-
ces a dipole field, which can shift the conduction band of
TiO,, and thereby affect open-circuit voltage (V,.) [73].
Also, it has been reported that hemicyanine dye sensitizer,
which has a prominent nonlinear optical property, usually
possesses good photoelectric conversion efficiency [74].
Our previous theoretical studies of several organic dye sen-
sitizers indicated that the dyes with larger isotropic polariz-
ability « usually correspond to a larger extent of electron
delocalization and insufficient charge separation in excited
CT states [68]. The dipole moments and polarizabilities of
the indoline and TPA dyes were calculated in order to
understand the effects of performance in DSC. The follow-
ing formula was adopted to calculate the dipole moment g,

= (1R 2 (1)

where p,, p,, p- are vector components of dipole moment.
The definitions of the isotropic polarizability o were pre-
sented by Christiansen et al. [75],

1
0!=§(llxx+aw+azz), (2)

where oy, oy, @, are tensor components of polarizability.
The results are listed in Table 4. The substitution of indoline
dyes significantly affect dipole moments due to the substi-
tution change the positive and negative charge-center dis-
tance, and also affect the charge-center positions. For TPA-
based dyes, the longer conjugate bridges also extend the
positive and negative charge-center distance, and thus gen-
erate a larger dipole moment. Furthermore, we can find a
general tendency that the larger dye molecules usually pos-
sess larger polarizabilities. This results from the observation

Table 4 The dipole moment and polarizabilities of the dyes

Dyes Dipole moment(a.u.) Polarizabilities(a.u.)
D102 3.60 589
D131 2.91 482
D149 2.67 722
D205 3.82 794
TPARI 3.44 406
TPAR2 3.70 488
TPAR4 3.37 450
TPARS5 3.65 533

@ Springer



1558

J Mol Model (2013) 19:1553-1563

Table 5 The electronic absorption A, of the dyes

Dyes Theoretical A,y (nm) EXp. Amax (nm)
Gas phase Solvent
B3LYP/6-31G B3LYP/6-31G PBE0/6-31G(d, PBE0/6-31+G(d, CAM-B3LYP/6-31+G(d,
(d) (d) p) p) p)
D102 474 528 501 503 425 494 [40] 491 [48]
D131 423 480 459 466 401 425 [48]
D149 505 571 536 535 444 526 [40] 526 [48]
D205 501 552 526 527 442 532 [40]
TPAR1 471 520 498 498 434 458 [20]
TPAR2 512 570 543 546 466 476 [20]
TPAR4 487 538 513 512 438 461 [20]
TPAR5 528 586 556 559 469 474 [20]

that the larger dye molecules with conjugate groups
enhance electron delocalization, which is favorable for
electron transfer from the donor to acceptor in the dye
molecules.

Absorption properties

The electronic absorption A, values of experimental and
different theoretical methods are listed in Table 5. It can
be found that, the PBEO results of indoline dyes agree well
with the experiment, but for TPA dyes, the CAM-B3LYP/6—
31+G(d,p) results agree well with that of the experimental
data, especially for the dyes with longer conjugate bridges.
So the PBEO and CAM-B3LYP results are adopted for
analyzing the spectral features of indoline and TPA dyes,
respectively.

To obtain the microscopic information about the electronic
transitions, we check the corresponding MO properties. The
absorption in visible and near-UV region is the most important
region for photo-to-current conversion, so only the singlet—
singlet transitions of the absorption bands with the wavelength
longer than 300 nm and the oscillator strength larger than 0.1
are listed in Tables 6 and 7. The isodensity plots of the frontier
MOs that relate to the absorption in visible and near-UV
region are presented in Fig. 3. The HOMOs of these dyes
are quite delocalized from the donor and conjugate bridge
parts, whereas the LUMOs of the dyes are mainly located on
the acceptor and conjugate bridge groups. The maximum
absorptions in UV/vis spectra approximately arise from
HOMO—LUMO single configuration 7t—7t* transitions.
Furthermore, the main overlap between HOMO and LUMO
of'the dyes suggest the maximum absorptions have some local

Table 6 The calculated excita-

tion energies (¢V), wavelength Dyes Excited states Assignment (only the configurations E(eV/mm) f It
(nm), electronic transition con- composition larger than 10 % were listed)
figurations, oscillator strengths
(f) and the short circuit photo- D102 1 H—L 97 %) 503/2.46 1.3366 55
current density J,(mA.cm ?) for 3 H-1-L (91 %) 387/3.20  0.3469
the singlet—singlet transitions 4 HoL+1(90 %) 3661339 03695
of the absorption band in visible )
and ultraviolet region for the D131 1 H—L (97 %) 466/2.66 1.0905 9.0
indoline dyes in THF (PBE0/6— 2 H-1-L (55 %); Ho>L+1(41 %) 363/3.42 0.4639
31+G(d,p)) 3 H—oL+1(55 %); H-1>L (43 %) 349/3.56 0.2125
D149 1 H—L (95 %) 535/2.32 1.3749 11.08
2 H-1-L (89 %) 41712.97 0.3651
4 H—-L+1(86 %) 392/3.16 0.4402
5 H-25L (74 %); H>L+2(19 %) 369/3.36 0.1737
6 H—L+2(72 %); H-2—L (16 %) 351/3.53 0.2066
D205 1 H—L (96 %) 527/2.35 1.4946 18.99
2 H-1-L (93 %) 412/3.01 0.3293
“The references of experimental 4 H—L+1(86 %) 385/3.22 0.4710
Jc are the same as those in the 6 H—L+2(56 %); H-2—L (32 %) 348/3.57 0.2141

text

@ Springer



J Mol Model (2013) 19:1553-1563

1559

Table 7 The calculated excitation energies (eV), wavelength (nm),
electronic transition configurations, oscillator strengths (f) and the
short circuit photocurrent density JS(,(mA.cmfz) for the singlet—

singlet transitions of the absorption band in visible and ultraviolet
region for the TPA dyes in THF (CAM-B3LYP/6-31+G(d,p))

Dyes Excited states Assignment (only the configurations composition larger than 10 % were listed) E(eVmm) f Jot
TPAR1 1 H—L (88 %) 434/2.86 1.3631 13.0
TPAR2 1 H—L (86 %) 466/2.66 1.7406 2.2
3 H-1-L (75 %); H—>L+1(10 %) 329/3.77 0.1175
TPAR4 1 H—L (85 %) 438/2.83 1.3911 18.2
3 H-1-L (54 %); H>L+1(24 %) 316/3.93 0.2511
4 H—-L+2(44 %); H->L+1(18 %) 305/4.07 0.2112
H-1-L (12 %)
TPARS 1 H—L (83 %) 469/2.64 1.7490 4.5
3 H-1—-L (68 %); H>L+1(13 %) 335/3.70 0.2501
H—L+2(58 %); H>L+1(13 %) 312/3.98 0.3062

# The references of experimental J,. are the same as those in the text

excited transitions in the conjugate bridge. However, the
relocations from the HOMOs to LUMOs indicate that the
transitions at maximum absorptions have IMCT character.
So the transitions near A, are not pure CT excitations, which
can form complete charge separated states. The further MO

analysis indicates that the TPA and 4-(2,2 diphenylethenyl)-
phenyl substituent indoline groups are effective chromophores
in IMCT. So, these groups play important roles in the sensi-
tization of DSC. The MOs of D205 suggest that the octyl
chain has no contributions to the MOs related to IMCT, and

Fig. 3 Isodensity plots
(isodensity contour = 0.02 a.u.)

Dyes HOMO-1

HOMO LUMO+1

of the frontier orbitals of the

indoline and TPA-based dyes D102
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thus it does not contribute to enhancing the light harvesting.
However, it affects electronic structure, including HOMO and
LUMO, and then affects the kinetics of electron injection and
dye regeneration. The short-circuit photocurrent density (J,.)
of D205 is larger than that of other indoline dyes. This results
from the D205 has more IMCT excited states with larger
oscillator strength. The larger oscillator strength generates
shorter lifetime of excited CT states, and thus a fast CT
process, then larger J..

Light harvesting efficiencies, the driving force of electron
injection and dye regeneration

The light harvesting efficiencies (LHE) of the dye should be
as high as possible to increase the photocurrent if the excited
processes have CT character. LHE can be calculated as [55]:

; (3)
where A is absorption coefficient and fis oscillator strength of
the dye associated to the A{!) . Though TDDFT is less efficient

max*
for the evaluation of transition probabilities than for transition
energies [55], the relative strength for different absorption

bands of the dyes were qualitatively reproduced. For instance,

LHE=1-10"=1-10"F

the experimental molar absorption coefficients for D149 at
(lgx and /”t<2) are about 68,000 and 32,000 M 'cm ™! [45]

max

respectively. The calculated oscillator strength at () and 2(2)
are 1.3749 and 0.4402 (PBEO), respectively. Taking into ac-
count UV—Vis width at half-height to simulate the spectra, the
agreement with experiment of relative strength will be better.
Furthermore, it had been reported that the dependence of
the experimental extinction coefficient with respect to auxo-
chromic effects was qualitatively reproduced for the TPA
derivatives [76]. So, the TDDFT results for dyes in this work
are reliable for describing relative LHE. For indoline dyes,
both the PBEO and CAM-B3LYP results in Table 8 suggest
that D205 has the largest LHE. Whereas for TPA dyes, the
longer conjugate bridges of TPAR2 and TPARS enhance the
overlap of ground states (mainly contributed by HOMO) and
the first excited states (mainly contributed by LUMO), and
then generate the larger oscillator strength and LHE.
Comparing the LHE of D102 and TPARI indicates that the
LHE of indoline-based dye is higher than that of the
corresponding TPA-based dye. This means that the indoline
dye has more efficient light harvesting capability than TPA-
based dye.

The electron injection from the excited dyes to the semi-
conductor conduction band and the dye regeneration pro-
cesses can be described as CT reaction. In terms of Marcus
theory for electron transfer [77], the CT rate constants can
be affected by the free energy change related to the reaction.
The free energy change for electron injection (AG”/*)
affects the electron injection rate and therefore the J. in
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Table 8 The calculated light harvesting efficiencies (LHE), the free
energy change for the electron 1n]ect10n (AG™* in eV), the oxidation
potential of the dye in exc1ted state (1) Oy '+, in eV), the oxidation potential
of the dye in ground state (E ov > in eV), and the free energy change for
the dye regeneration (AG™*®", in eV)

Dye LHE AGMEAGTE EgY EGY
PBEO

D102 09539 —0.84 0.77 562 3.16
D131 09188 —0.95 0.86 571 3.05
D149 09578  —0.73 0.74 559 327
D205 0.9680  —0.78 0.72 557 322
TPARl 09288  —0.75 0.89 574 325
TPAR2 09620  —0.67 0.75 560 333
TPAR4 09249  —0.63 0.84 560 327
TPARS 09564  —0.66 0.71 556 334
CAM-B3LYP

D102 0.9839  —0.34 1.73 658  3.66
D131 0.9658  —0.41 1.83 6.68 359
D149 0.9884  —0.24 171 6.56 376
D205 0.9896  —0.27 1.68 653 373
TPARI 09567  —0.15 1.86 671 3.85
TPAR2 09818  —0.11 170 6.55  3.89
TPAR4 09594  —0.18 1.79 6.64  3.82
TPARS 09822  —0.14 1.65 6.50  3.86

DSCs. AG™*“’ can be viewed as the electron injection
driving force [78]. According to Preat’s method [55], as-
suming the electron injection occurs from the unrelaxed
excited state of the dye, the AG”/°” can be calculated by
the following equations,

injec dyex
AG™* = Egy" — EPS, (4)

where Ej dy o

is the oxidation potential of the dye in the
excited state and E%S is the reduction potential of the
conduction band of the semiconductor. The reported

ESC =4.0 eV for TiO, [79] was adopted in this work. The

EZ can be calculated as follows [80]:

Ed lyex

dye
ox — E

x — Amax (5)
where Egy; is the redox potential of the ground state and A ,.«
is the absorption maximum with IMCT character. Whereas the
free energy change of dye regeneration ( AG,%™) can affect
the rate constant of redox process between the oxidized dyes
and electrolyte. The AG, %" can be calculated as:

regen __ pelectrolyte dye
AGdye - Eredox EOX’ (6)
where Eféea,tf;o}“m is the redox potential of electrolyte. The

Eelectralyte

vedox ~ 0f commonly used redox couple iodide/triiodide is
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about —4.85 eV (0.35 V vs. NHE) [81]. The calculated E&y,
Egy;*, AG™e | and AG:;ZE" for all the dyes with PBEO and
CAM-B3LYP functionals are listed in Table 8.

The calculated results indicate that the AG™¢ of the dyes
are negative, which means that the dye excited state with
IMCT character lies above the TiO, conduction band edge.
For indoline dyes, the AG™*" of D131 is larger than that of
other dyes, and the AG" 0of D102, D205, D149 increases in
the order. This suggests that introducing a strong electron
withdrawing moiety in the acceptor increase the AG™ec!
and then decrease the driving force of electron injection. For
TPA dyes, elongating bridge and introducing —CH, in the
donor increase the AG”/““’, and then reduce the driving force
of electron injection. The AG,™ of D131 is larger than that

of other indoline dyes, and the AG;;ie" of D102, D149, and

D205 are quite similar. The smallest AG,¥" of D205 is
confirmed by the measurement of electron lifetimes, which
showed that the indoline dye sensitizer D205 was highly
effective in suppressing electron recombination [40]. This
suggests that the D131 has the largest rate constant for regen-
eration. For TPA dyes, the larger AG,Y" of TPARI and

TPAR4 indicate elongating bridge and introducing —CH, in
the donor decreases the AG;%"". The smaller AG} %™ is not

favorable for the regeneration of the excited dyes. Also, com-
paring the AG™*" and AG%" of D103 and TPAR1 suggests
that the electron injection rate of indoline dye might be faster
than that of the corresponding TPA-based dye, while the dye
regeneration rate of indoline dye might be slower than that of
TPA-based dye.

Conclusions

The computations of the geometries, electronic structures,
dipole moments and polarizabilities for TPA-based dyes and
indoline dye sensitizers, including TPAR1, D102, D131,
D149, D205, TPAR2, TPAR4, and TPARS, were performed
using DFT, and the electronic absorption properties were in-
vestigated via TD-DFT with PCM for solvent effects. Based
upon the theoretical calculations and the reported experimental
results of dye sensitizers and DSC, we find the following:

(1) The population analysis suggests that the charges of
similar acceptors in different dyes are very similar, but
the charges of donors and conjugate bridges are more
flexible. The populations also indicate that the donating
electron capability of TPA is better than that of indoline.

(2) Introducing another rhodanine-based moiety to indoline
dyes with rhodanine-3-acetic acid induces a slight up-
shift for HOMO and down-shift for LUMO energies.
Introducing -CH=CH, to TPA moieties and conjugate

bridges elevate HOMO, decline LUMO, and reduced E,.
The reduction driving force for the oxidized D131 and
TPAR1 may be slightly larger than that of other dyes
because of their lower HOMO level.

(3) The absorption properties and MO analysis indicate
that the TPA and 4-(2,2 diphenylethenyl)phenyl sub-
stituent indoline groups are effective chromophores in
IMCT, and they play an important role in sensitization
of DSCs.

(4) The better performance of indoline and TPA dyes in
DSCs are ascribed to different reasons. The larger
short-circuit photocurrent density (Jy.) of D205 results
from more IMCT excited states with larger oscillator
strength, the higher LHE of D205 is also helpful for
improving the performance in DSCs. While for TPA
dyes, the longer conjugate bridges of TPAR2 and
TPARS enhance the overlap of ground states and the
first excited states, and then generate the larger oscil-
lator strength and LHE.

(5) For indoline dyes, D131 has the largest AG"*“ and

AGZ?;", which are favorable for fast CT, while for

TPA dyes, elongating conjugate bridge reduces the
AG™" and AG%". The data of LHE, AG™* and
AG¥" suggest that the indoline dye has more effi-

cient light harvesting capability, faster electron injec-
tion rate, and slower dye regeneration rate than TPA-
based dyes.
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