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a b s t r a c t

Electron injection from a photoexcited chromophore into the surface of mesoscopic semiconductor TiO2

nanoparticles is one of the key electron transfer processes for DSSC. A reasonable and reliable TiO2

surface model (dropped down the anatase (101) and rutile (110) crystals a slab model) was designed,
which was employed to investigate the absorption behavior of the adsorbed dye molecules such as C101,
J13 and N749 under DFT method. According to the calculation results, the detailed orbital components
and absorption transition are obtained; furthermore, the ultrafast, excited-state electron injection and
emission electron injection can be discriminated. Generally, both the connecting surfaces of TiO2 and
degree of deprotonating dye molecules could influence absorption spectrum intensely. Our calculations
show that the more efficient DSSCs should have larger conjugation degree for ancillary ligands or the
whole system, which is beneficial to photon absorption from the visible to near-IR region.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Considering the environmental issue and renewable resources,
more and more attentions are paid to the solar energy utilizations.
Due to the unique advantages of the dye-sensitized solar cells
(DSSCs), such as low cost and highly efficient conversion of sunlight
into electricity [1e4], the attention to the DSSCs has risen to a well
altitude and relentless efforts are underway on its development. And
sensitizer molecules as seen as the core in DSSCs have been widely
investigated and improved. And, as compared to those metal-free
organic dyes [5e8] and non-ruthenium metal dyes [9e12], the
highest energy conversion efficiency (up to 14%) under standard
(Global Air Mass 1.5) illumination was only achieved by using Ru-
containing dyes, among which the successful examples should be
N3, N719, N749 (black dye) and their derivatives [13e17]. Up to now,
N3 and closely related analogues are still research hotspot and
improved deeply [18e20]. Our group has calculated and analyzed
several typical Ru-centered complexes, such as N749 [Ru (4, 40, 400-
tricarboxy-2, 20:60, 200-terpyridine) (NCS)3]4-, C101 [Ru (4, 40-bis(5-
n), zhanghx@mail.jlu.edu.cn

All rights reserved.
hexylthiophen-2-yl)-2, 20-bipyridine) (4, 40-carboxylicacid-40-2, 20-
bipyridine) (NCS)2] and J13 [Ru (N-(4-Butoxyphenyl)-N-2-pyridinyl-
2-pyridinamine) (4, 40-carboxylicacid-40-2, 20-bipyridine) (NCS)2],
respectively [21]. Generally, the ligands of sensitizers derived from
N3 can be divided into three classes, anchoring, ancillary and NCS
ligands, according to their function. The NCS ligands popularly afford
hole for regenerative dyes [22], while anchoring ligands such as
carboxylic groups are necessary to attach to the surface of TiO2 film
and facilitate the charge injection into the conduction band (CB) of
TiO2, so the 4,40-carboxylicacid-40-2,20-bipyridine (dcbpy) is widely
assembled for Ru dyes.

Titanium dioxide in nanocrystalline form is most thermody-
namically stable with the (101) face dominating more than 94% and
(110) face almost for the rest of the crystal surface. TiO2 absorbs in
the ultraviolet spectrum, but can be photosensitized by the
adsorption of chromophores that, when excited, inject electrons
into the TiO2 conduction band. The properties of TiO2 surfaces have
been the subject of a wide range of theoretical studies. So far,
numerous attempts have made to investigate those processes
including the interaction between dye molecules and TiO2 surface
and charge injection mechanism [23e39]. A time-dependent
density-functional theory (TD-DFT) study by De Angelis et al. [40]
suggested that the charge-transfer mechanism may change from
nonadiabatic to adiabatic as a result of proton transfer from the dye
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to the surface. But the intelligible data of photoelectric properties
are not obtained because the system is too complex and enormous.
There were still very few studies concerned with the adsorption of
larger carboxylic acid molecules to provide a better model of the
chromophoreesurface interaction, mainly due to the dual limits of
scale and accuracy for simulations. Therefore, one of the aims of
this paper is to model the adsorption of C101, J13 and N749 on TiO2
surface, respectively, and to study its effect on the electronic
structure of TiO2 efficaciously. Based on this reasonable model, we
could get the credible charge distribution and spectrum data, and
assign the absorption character and the possible way of electronic
injection, such as ultrafast and reduced-sensitizer injection [41].
Furthermore, the optimal model which can facilitate the efficiency
of DSSC can be figured out.
Fig. 1. Structures of dye molecules connected to
2. Computational details

In this work, dye molecules are dissymmetrical, so C1 symmetry
was adopted to settle the conformation of each one of C101, J13 and
N749 in ground state with different degree of deprotonation. They
were fully optimized using DFT with the B3LYP functional (Becke’s
three parameter functional and the Lee-Yang-Parr functional) [42].
On the basis of such calculations, spectroscopic absorption of dyes
with films was obtained by TDDFT [43] method. The polarizable
continuummodel (PCM) [44] was employed to simulate the solvent
effects of acetonitrile solvent molecules. In recent year, TDDFT
methods have been successfully used to calculate the
singletesinglet state and singletetriplet state [45] transitions in
many reports. Therefore, on the basis of optimized ground state
different surfaces of TiO2 film by TD-B3LYP.
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geometry at B3LYP level of theory, we employed the TD-B3LYP
method to calculate the absorptions. All UV/Vis spectra showed in
the current discussed system were reflected with Gaussian curves
of full-width at half-maximum (FWHM) of 1500 cm�1.

In the calculations, quasi-relativistic pseudopotential of the Ru
and Ti atoms proposed by Hay and Wadt [46] with respective 16
and 4 valence electrons was employed, and the LanL2DZ basis sets
associated with the pseudopotential were adopted and a split
valence basis set (6-31G*) was used to describe other atoms. Here,
the basis sets were taken as Ru (8s7p6d/6s5p3d), Ti (8s7p6d1f/
6s5p3d1f), S (16s10p1d/4s3p1d), O (10s5p/3s2p), and H (4s/2s).
Thus, 1190-1188 basis functions and 622 electrons for C101 (1H-0H)
with TiO2 (101) film, 1186-1184 basis functions and 622 electrons
for C101 (1H-0H) with TiO2 (110) film, and 1138 basis functions and
586 electrons for J13 (2H) with TiO2 film etc., were included in the
calculations. All calculations were accomplished by using the
Gaussian09 (Revision A.02) program package [47].

3. Results and discussion

3.1. The structures for our nanoparticle models

3.1.1. An adopted models for TiO2 film
As the semiconductor charge-transfer material, the choice of

TiO2 model is vital important for the DSSC efficiency. The TiO2 slabs
were generated from the optimized bulk geometry exposing the
most thermodynamically stable surface: (110) in the case of rutile
and (101) in the case of anatase.

And there are various connection types between dye molecules
and TiO2 film [48,49]. In fact, the connection types could be
controlled by pH of the device systems, the surface of nanocrystal-
line, dyemolecules and so on. Generally, themonodentate ester-type
is the most basic connection model. In N3 system, monodentate
ester-type can form two steady single-bond connections with TiO2
film [50]. But in C101 system, the remarked degree of deprotonation
Fig. 2. Computational simulated absorption spectra of I system (right) and measured in exp
are about dye molecule with TiO2 film.
is 1H, moreover, the saturation strategy is adopted in N749 system,
so the number of carboxylic group side for connection is only one
[51,52]. There are not reasonable about two steady single-bond
connections in our systems, In addition, the characteristic of one
monodentate ester-type is whirling, and the steady configuration is
not exclusive. Furthermore, if it is appropriate, the other contiguous
O atom may connect to TiO2 with covalence bonded or weak inter-
action. In other words, the monodentate ester-type is a transition
state; the absorptions for this type are weak and capricious. The
bindentate chelating type is not steady inpure (101 or 110) surface as
the strong tension. In fact this kind of type is dominant and
descripted in TiO2 cluster models [53]. There are steady bindentate
chelating types at the edge of our adopted TiO2 surface (at four-
coordinated Ti atom), but in strictly speaking, this connective
surface situation is between 101 and 110. So we deem that this type
is not typical enough and not adopted in thiswork. At last bindentate
bridging type is appropriate in this work. The bindentate bridging
type is firm, which is the most important connection type in our
systems for the strength and absorption efficiency. In this contri-
bution, we only chose bindentate bridging type within the consid-
eration for connection mode and suitable distance for binding.

Essentially, we have attempted many modes in various scales
(from Ti5 to Ti20), and find out that the contributions of these scales
to absorption were, in fact, not equivalent. In view of the effect of
orbital coupling, those Ti atoms connected directly with dcbpy
should make the most tremendous contribution to charge-transfer
process, which afford primary transition-orbitals in absorption
(vide infra). Identically, for the other Ti atoms, if they can afford
conjugated orbits with connecting Ti, the certain degree of contri-
butionwill appear. And it could be concluded that the distance from
Ti atom to the anchoring ligand dcbpy becomes the key factor. In
other words, small scale models are reasonable in simulated calcu-
lation, which was also applied in other publication [54].

Finally, Ti5O20H22 (101) and Ti5O20H20 (110) models from crystal
structures is adopted as surface of TiO2 film in current work. As the
eriment (left) from references [50]. (A) and (C) are about C101 alone, while (B) and (D)



Fig. 3. Plot of the frontier molecular orbitals relevant to the absorptions for I-VI six
systems in acetonitrile solution, calculated by the TDDFT method. (Especially, a: type
means d orbital of Ti atoms; b: orbital mixed with Ti and anchoring ligands; c: orbital
of ancillary ligands; d: type means orbital of anchoring ligands entirely.)

J. Chen et al. / Dyes and Pigments 94 (2012) 459e468462
model is small enough that the large basis set (6-31G*) can be adopt
in calculation. In this model, H atoms are for saturating the covalent
bond of O atoms, and this method not only maintains bond-
orientation in crystal, but also avoids the chaos of charge and
multiplicity in thewhole system. According to the scale of ourmodel
we selected the anatase (101) and rutile (110) surface, a single
carboxyl-titanium dioxide connection (Fig. 1) was adopted to
simulate the DSSC microcosmic surface charge-transfer transition.

3.1.2. The structures of the whole system
The full DFToptimizations on the dye complexes indicate that all

of the complexes have an A symmetry ground state. And they show
a pseudo-octahedral coordination for the Ru6N core, because the
Ru (II) atoms adopt the low-spin 4d65 s0 electronic configuration.
Anchoring ligand and one NCS ligand are nearly coplanar, so
anchoring ligand-Ru-N6C1S1 moiety lies on the xy plane and the
other NCS ligand is slightly tilted with respect to the z axis.

In a simple Dewar, Chatt, and Duncanson model [55], the bond
interaction can be described as a donation from a smolecular orbital
of the ligand (i.e., CN� or NCS�) toward an empty d orbital of metal
and a concurrent back-donation from a filled (or partially filled)
d orbital to a p* antibonding orbital of the ligand. The two processes
can promote and strengthen each other. Because of the polypyridine
ligands have s-donating orbitals localized on N atom, and p-
donating or p*-accepting orbitals delocalized on aromatic rings,
back-donation between Ru and the p* orbitals is significant [56].

Then, we linked one pyridine to TiO2 mode and optimized the
structure but with the TiO2 moiety being set to frozen in Gaussian.
According to the calculation about (101) surface, the bond length of
O and Ti atoms between dye and film is about 2.17 Å, which is
longer than that in crystal structure (1.93 or 1.97 Å). And the
distance of carboxyl and pyridine is slight longer when dcbpy
connected to film surface. Compared with (101) surface, there are
not distinct differences about connective structure of (110) surface.

After that, the joint geometric parameters of pyridine and TiO2
film are kept, and pyridine was replaced by the whole dye molecule
(C101, J13 and N749). Here, we considered that TiO2 film have little
influence to the most structure of dye molecules, if the distance is
large enough. As so far as now, we can not get complete optimized-
configuration, because of the limitations of calculation capacity.
Even so, it is considered that this method is reasonable, because the
joint section is not strong enough to change the configuration of
dye, which is almost maintained by conjugation between Ru and
ligands. And the calculated absorption curve of C101 and C101with
TiO2 (101) surface in the calculation and experiment is shown in
Fig. 2, which could be seen as the feasibility of our research. For
C101 monomer, the differences between experiment and simula-
tion are not obvious. Concretely, the excited states of 1H situation of
C101 arise the absorptions principally are referred to LUMO and
LUMOþ1 at 410 and 510 nm, with oscillator strength 0.1287 and
0.2426 in acetonitrile. Comparedwith the strong absorptions at 420
and 540 nm in experiment in DMF [51], the 10e30 nm blue-shifts
should be considered as the solvent effect. In adsorbing system,
there is nearly 40 nm deviation around the 500 nm in calculated
absorption. In fact, there are three reasons that decided the devi-
ation. First, in different experiments, besides the solvent environ-
ment is not same [51,57,58], the transition energies based on the
real device condition are only provided in DSSC. In this work, the
acetonitrile solvent is adopted, as the polarity of which is moderate
and compromise. And the acetonitrile is also the real DSSC condi-
tion, while DMF is used in C101 experiment. Second, there is the
limitation of the TiO2model selection. Generally, as the larger mode
is chosen, the more unoccupied MOs from TiO2 mode could be
obtained. And this kind of absorption (most of them are long-wave
absorption) would be strengthened in some sort. Moreover, the
oscillator strength about this kind of absorption is faintish rifely,
the influence is not significant. Third, the connective models are
dominant and exclusive in experiment, and the bindentate type is
considered as the primary model in these systems [49e51].

We have attempted to employ some kinds of functionals with
different emphasis such as PBE, B3LYP and M06-2X to expect best
results. Finally, the B3LYP is adopted in this work. First, compared
with experimental data and calculated data, the B3LYP functional
has provided the more proximate result than others; second, B3LYP
is broadly used in all of the similar works. Furthermore, the
reasonable result had been obtained in our previous work for
similar (Ru) systems. So we deem that the current data is assuring,
and for simple and clear, the data from other functions are not
provided in this paper.

3.2. Absorption spectra

3.2.1. Electronic structures
Since the frontier molecular orbitals play a relevant role in elec-

tronic transition process, it is necessary to examine the nature of the
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frontier molecular orbitals for these Ru (II) complexes under the
framework for the excited-state TDDFT. The frontier molecular
orbitals are plotted according to their energies and composition in
Fig. 3 and detailed data are collected in Table 1 for system from I toVI
(others shown in Table S3-6 in Supporting Information), where I is
C101 (1H) with TiO2 (101); II is C101 (0H) with TiO2 (101); III is C101
(1H) with TiO2 (110); IV is C101 (0H) with TiO2 (110); V is J13 (1H)
with TiO2 (101) and VI is N749 (0H) with TiO2 (101) film. We seek to
understand the effect of deprotonation and connection fashion on
absorption behavior of examined dyes, and their respective advan-
tages and disadvantages are also shown in this paper.

The frontier molecular orbitals, which are responsible for
absorption wavelength (l) greater than 400 nm, are plotted
according to their energies. Take I system as an example, the
number of related unoccupied molecular orbitals (MOs) is more
than that of occupied MOs. Specifically, there are twenty one
unoccupied orbitals involved in the absorption process, as indicated
in Table 1. Theoretical calculated some important orbitals are given
in Fig. 4, most of which are contributed by d orbitals of Ti atoms.
Due to the similar properties of occupied MOs for the different dye
molecules [21,22] (for which the HOMO orbitals primarily lies on
the anchoring ligand), we only need to pay attention to the unoc-
cupied MOs. Concretely, electron cloud localized on the two con-
nected Ti atoms from LUMOþ0 to LUMOþ4, and the followed
higher energy unoccupied MOs contain the composition of other Ti
atoms. In the term of distance factor, there are a few Ti atoms that
are not included in this mode, but these atoms are coplanar with
the connected Ti atoms, so the contribution would be negligible.

Until LUMOþ6, the dominating orbital contribution from dye
molecule is observed. Overall, there are only 5 of 21 orbitals that are
not completely constituted by Ti atoms. Thus, when absorption
Table 1
Partial molecular orbital Compositions (%) of I system in Acetonitrile. subscript [2] means
orbital).

I Energy (eV) Composition (%)

MO TiO2 COO anch

LUMOþ20 �1.6509 8.3 0.8 5.6
LUMOþ19 �1.7799 72.6 3.4 13.3
LUMOþ18 �1.8449 7.5 0.2 1.0
LUMOþ17 �1.9350 97.6 0.5 1.4
LUMOþ16 �2.0262 17.7 1.0 76.9
LUMOþ15 �2.3065 99.4 0.5 0.1
LUMOþ14 �2.3467 98.7 1.2 0.1
LUMOþ13 �2.4597 97.6 0.5 1.8
LUMOþ12 �2.4861 1.3 0.1 1.3
LUMOþ11 �2.5241 63.7 5.3 29.6
LUMOþ10 �2.5361 65.4 4.8 28.3
LUMOþ9 �2.5584 98.3 0.6 1.1
LUMOþ8 �2.6882 91.2 0.6 7.6
LUMOþ7 �2.7682 99.3 0.5 0.1
LUMOþ6 �3.0706 20.5 16.5 54.4
LUMOþ5 �3.1489 97.8 1.6 0.6
LUMOþ4 �3.2896 96.0 2.5 1.4
LUMOþ3 �3.3174 98.7 0.9 0.4
LUMOþ2 �3.3541 96.2 1.6 1.9
LUMOþ1 �3.5215 94.3 3.0 2.2
LUMOþ0 �3.7043 98.4 1.5 0.2

HOMOeLUMO Energy Gap
HOMOe0 �5.3631 0.1 0.6 3.8
HOMOe1 �5.6230 0.0 0.0 3.6
HOMOe2 �5.6538 0.1 0.1 5.3
HOMOe3 �6.0959 0.0 0.0 0.3
HOMOe4 �6.2426 0.0 0.0 0.7
HOMOe5 �6.3174 0.0 0.0 0.6
HOMOe6 �6.7104 0.0 0.0 7.9
HOMOe7 �6.8105 0.0 0.1 3.2
HOMOe8 �6.9455 0.6 0.4 5.0
happens, we deem that electrons was stimulated and entered into
film directly, in other words, ultrafast, excited-state electron
injection is the primary way of charge transfer that can be condu-
cive to obtain the efficient DSSCs in practical application. Oppo-
sitely, if electrons injection does not occur at excited-state but
when emission or sensitizer-reduction happens, it would result in
long-time scale and low-utilization of solar [41].

When the degree of deprotonation increases about (101) surface
system, the energies of anchoring and ancillary ligands rise slightly,
leading to more components of unoccupied MOs from Ti atoms. In
addition, the deprotonation system involves the orbital number is
different from the aforementioned system, that the number of
unoccupied MOs anticipating contribution reduce, while that of
occupied MOs increase. But we could not get sufficient information
about effect of deprotonation to absorption so far.

If dye molecules connect to TiO2 film in (110) surface, energy
levels would change notably. The related number of MOs decreases
obviously, and the gap between HOMO and LUMO become
tremendous. Furthermore, LUMO and LUMOþ1 are contributed
from the anchoring and ancillary ligand, respectively. Compared to
(101) surface, the bond connected to dye owns more coordination
ingredient, length of which is a little longer than that in crystal.
Moreover, conjugated plane disappears in this situation. When the
degree of deprotonation increased, the gap became larger. We
tentatively come to conclude that (110) surface absorption would
result in the increase in the whole energy of TiO2 film, which affect
against excited-state electron injection from dye molecules, which
should be interpreted as the result of the electron injection of dye
molecules into the CB of the TiO2 film.

We simulated that different dye molecules absorbed to TiO2
(101) surface, such as C101, J13 and N749. Among them, both C101
the diploid d orbitals. (anch: anchoring ligands, anci: ancillary ligand, *: antibonding

Assignment of orbital

Ru anci NCS

1.5 83.2 0.5 p*(anci)
0.8 9.7 0.3 dx2�y2(Ti)[2]
1.0 90.2 0.1 p*(anci)
0.0 0.5 0.0 dyz(Ti)[3]
0.9 3.3 0.2 p*(anch)/dz2(Ti)[2]
0.0 0.0 0.0 dyz(Ti)[3]
0.0 0.0 0.0 dyz(Ti)[2]/dyz(Ti)[3]
0.1 0.1 0.0 dxy(Ti)[3]
5.9 90.4 1.0 p*(anci)
1.0 0.4 0.1 p*(anch)/dxz(Ti)[3]
1.1 0.3 0.1 p*(anch)/dxz(Ti)[3]
0.0 0.0 0.0 dyz(Ti)[3]
0.5 0.1 0.1 dyz(Ti)[2]/dxy(Ti)[3]
0.0 0.0 0.0 dxz(Ti)[2]/dxy(Ti)[3]
6.3 1.2 1.2 p*(anch)/dxy(Ti)[2]
0.0 0.0 0.0 dyz(Ti)[2]/dxz(Ti)[3]
0.0 0.0 0.0 dx2�y2(Ti)[2]
0.0 0.0 0.0 dz2(Ti)[2]
0.2 0.0 0.0 dxy(Ti)[2]
0.3 0.0 0.0 dxz(Ti)[2]
0.0 0.0 0.0 dyz(Ti)[2]

47.3 6.3 41.8 dxz(Ru)-P*(NCS)
44.8 10.5 41.0 dyz(Ru)-p*(NCS)
41.5 3.4 49.6 dxy(Ru)-p*(NCS)
0.5 2.7 96.5 P*(NCS)
2.1 71.8 25.5 p(anci) p*(NCS)
1.2 78.6 19.5 p(anci) p*(NCS)

42.9 4.0 45.1 dxy(Ru)-p*(NCS)
41.2 20.7 34.8 dyz(Ru)-p*(NCS)/p(anci)
37.7 17.7 38.6 dxz(Ru)-P*(NCS)/p(anci)



Fig. 4. Electron density diagrams of the frontier molecular orbitals relevant to the absorptions of I in acetonitrile media by TD-B3LYP. (isodensity surface is 0.02).
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and J13 belong to type of Ru (anchoring ligand) (ancillary ligand)
(NCS)2, so that the energy of occupied and unoccupied MOs are
very similar. However, the arrangement of unoccupied MOs has
some differences. Because of the non-conjugated property for the
ligand of J13, its energy gap is relative higher than that of C101.
Specifically, the lowest orbitals contributed by ancillary ligand are
LUMOþ19 for J13 and LUMOþ12 for C101 system, respectively. For
N749 system with further degree of deprotonation, higher energy
of occupied MOs is obtained. Meanwhile, the unoccupied MOs do
not change distinctly, so the gap between HOMO and LUMO for
highest degree of deprotonation is minimum, as indicated by our
simulation. These properties could be favor of abundant absorption
in long-wavelength region.

3.2.2. Absorption spectra of I, II, III and IV in acetonitrile
The absorption spectra of four systems in the acetonitrile solu-

tion are obtained by TD-B3LYP with PCM calculations. The calcu-
lated absorptions associatedwith their oscillator strengths (> 0.02),
main configurations (CI > 0.2) and the character assignments for I
system are summarized in Table 2. The fitted Gaussian-type
absorption curves which are based on the calculated absorption
data are shown in Fig. 5.
According to classification of different degree of deprotonation
and connecting surface, it could be concluded that C101 as an
excellent dye molecule can bring about abundant absorptionwhen l
> 400 nm, even in III and IV systems with enormous gap between
HOMO and LUMO. Moreover, there is a distinct absorption peak near
400 nm in each system, and the characteristics of absorption are
nearly all the same. Generally, the absorption spectra at this range
could be assigned as the electron transfer from the contribution of
d orbitals of Ru and p* orbitals of NCS ligands to d orbitals of Ti and
p* orbitals of anchoring or ancillary ligands of dye molecule itself.
Specifically, it is hard to discriminate the primary and secondary
contribution for affording unoccupied MOs in each system, so the
electron-transfer occurs not only from dye molecules to TiO2 film,
but also interior of dye molecules itself. In other words, this kind of
charge-transfer would lead to both ultrafast, excited-state electron
injection and emission electron injection.

For I system alone, there is an intense absorption peak concen-
trating on about 500 nm, and every important charge transition of
which almost involves the LUMOþ6 etc. in which all of them are
consisted of both p* orbitals of anchoring ligand and d orbitals of Ti
atoms. In this range, the contribution of long-wavelength absorption
has more relationship to the d orbitals of Ti atoms. And it would



Table 2
Calculated absorptions (l > 400 nm) of I, III, V and VI systems in acetonitrile media by TD-B3LYP method. (anch: anchoring ligands; anci: ancillary ligandbonding orbital,
*: anti bonding orbital).

Peak Enm (eV) Oscillator strength Config (CI coeff) Assignment

I
C101 (1H) with TiO2 (101) surface 1 818.0(1.52) 0.0311 H-0/Lþ1(0.65) dxz(Ru)-P*(NCS)/dxz(Ti)[2]

H-0/Lþ6(0.21) dxz(Ru)-P*(NCS)/p*(anch)/dxy(Ti)[2]
679.6(1.82) 0.0265 H-2/Lþ1(0.65) dxy(Ru)-p*(NCS)/dxz(Ti)[2]

H-0/Lþ6(0.21) dxz(Ru)-P*(NCS)/p*(anch)/dxy(Ti)[2]
625.7(1.98) 0.0256 H-2/Lþ2(0.63) dxy(Ru)-p*(NCS)/dxy(Ti)[2]

H-2/Lþ6(0.23) dxy(Ru)-p*(NCS)/p*(anch)/dxy(Ti)[2]
592.9(2.09) 0.0473 H-2/Lþ2(0.27) dxy(Ru)-p*(NCS)/dxy(Ti)[2]

H-2/Lþ6(0.58) dxy(Ru)-p*(NCS)/p*(anch)/dxy(Ti)[2]
560.6(2.21) 0.0347 H-0/Lþ12(0.63) dxz(Ru)-P*(NCS)/p*(anci)
546.4(2.27) 0.0835 H-0/Lþ8(0.37) dxz(Ru)-P*(NCS)/dyz(Ti)[2]/dxy(Ti)[3]

H-0/Lþ10(0.33) dxz(Ru)-P*(NCS)/p*(anch)/dxz(Ti)[3]
H-0/Lþ11(0.33) dxz(Ru)-P*(NCS)/p*(anch)/dxz(Ti)[3]

489.4(2.53) 0.1515 H-2/Lþ8(0.20) dxy(Ru)-p*(NCS)/dyz(Ti)[2]/dxy(Ti)[3]
H-2/Lþ10(0.21) dxy(Ru)-p*(NCS)/p*(anch)/dxz(Ti)[3]
H-2/Lþ11(0.21) dxy(Ru)-p*(NCS)/p*(anch)/dxz(Ti)[3]
H-2/Lþ12(0.21) dxy(Ru)-p*(NCS)/p*(anci)
H-1/Lþ12(0.53) dyz(Ru)-p*(NCS)/p*(anci)

473.4(2.62) 0.0203 H-3/Lþ6(0.61) P*(NCS)/p*(anch)/dxy(Ti)[2]
2 414.1(2.99) 0.0476 H-7/Lþ1(0.46) dyz(Ru)-p*(NCS) p(anci)/dxz(Ti)[2]

H-0/Lþ18(0.45) dxz(Ru)-P*(NCS)/p*(anci)
413.0(3.00) 0.0323 H-7/Lþ1(0.45) dyz(Ru)-p*(NCS)/p(anci)/dxz(Ti)[2]

H-0/Lþ18(0.37) dxz(Ru)-P*(NCS)/p*(anci)
398.4(3.11) 0.0327 H-3/Lþ12(0.64) P*(NCS)/ p*(anci)
397.8(3.12) 0.0256 H-8/Lþ1(0.32) dxz(Ru)-P*(NCS) p(anci)/dxz(Ti)[2]

H-6/Lþ2(0.25) dxy(Ru)-p*(NCS)/dxy(Ti)[2]
H-6/Lþ4(0.21) dxy(Ru)-p*(NCS)/dx2�y2(Ti)[2]
H-6/Lþ6(0.31) dxy(Ru)-p*(NCS)/p*(anch)/dxy(Ti)[2]
H-0/Lþ20(0.35) dxz(Ru)-P*(NCS)/p*(anci)

III
C101 (1H) with TiO2 (110) surface 1 579.6(2.14) 0.0409 H-1/Lþ0(0.23) dyz(Ru)-p*(NCS)/p*(anch)

H-0/Lþ1(0.64) dxz(Ru)-P*(NCS)/p*(anci)
536.7(2.31) 0.1384 H-2/Lþ0(0.64) dxy(Ru)-p*(NCS)/p*(anch)

H-1/Lþ1(0.20) dyz(Ru)-p*(NCS)/p*(anci)
495.3(2.50) 0.1061 H-2/Lþ1(0.24) dxy(Ru)-p*(NCS)/p*(anci)

H-1/Lþ1(0.58) dyz(Ru)-p*(NCS)/p*(anci)
462.1(2.68) 0.0784 H-0/Lþ4(0.51) dxz(Ru)-P*(NCS)/p*(anch)/dxz(Ti)[5]

H-0/Lþ6(0.34) dxz(Ru)-P*(NCS)/p*(anch)/dxz(Ti)[3]
2 429.8(2.88) 0.0386 H-3/Lþ0(0.27) P*(NCS)/p*(anch)

H-0/Lþ9(0.21) dxz(Ru)-P*(NCS)/dxz(Ti)[2]
H-0/Lþ12(0.44) dxz(Ru)-P*(NCS)/p*(anch)/p*(anci)/dxz(Ti)[2]
H-0/Lþ15(0.25) dxz(Ru)-P*(NCS)/p*(anci)/p*(anch)/dxz(Ti)[2]

429.2(2.89) 0.0350 H-3/Lþ0(0.60) P*(NCS)/p*(anch)
H-0/Lþ12(0.22) dxz(Ru)-P*(NCS)/p*(anch)/p*(anci)/dxz(Ti)[2]

422.0(2.94) 0.0721 H-2/Lþ4(0.37) dxy(Ru)-p*(NCS)/p*(anch)/dxz(Ti)[5]
H-2/Lþ6(0.25) dxy(Ru)-p*(NCS)/p*(anch)/dxz(Ti)[3]
H-0/Lþ13(0.40) dxz(Ru)-P*(NCS)/p*(anci)/dxz(Ti)[2]
H-0/Lþ15(0.22) dxz(Ru)-P*(NCS)/p*(anci)/p*(anch)/dxz(Ti)[2]

420.1(2.95) 0.0377 H-2/Lþ4(0.38) dxy(Ru)-p*(NCS)/p*(anch)/dxz(Ti)[5]
H-2/Lþ6(0.26) dxy(Ru)-p*(NCS)/p*(anch)/dxz(Ti)[3]
H-0/Lþ13(0.41) dxz(Ru)-P*(NCS)/p*(anci)/dxz(Ti)[2]

403.5(3.07) 0.0313 H-0/Lþ13(0.21) dxz(Ru)-P*(NCS)/p*(anci)/dxz(Ti)[2]
H-0/Lþ15(0.44) dxz(Ru)-P*(NCS)/p*(anci)/p*(anch)/dxz(Ti)[2]
H-0/Lþ16(0.40) dxz(Ru)-P*(NCS)/p*(anch)/p*(anci)/dxy(Ti)[5]

395.6(3.13) 0.0454 H-3/Lþ1(0.67) dyz(Ru)-p*(NCS) p(anci)/ p*(anci)

V
J13 (1H) with TiO2 (101) surface 1 819.4(1.51) 0.0272 H-0/Lþ1(0.60) dxz(Ru)-P*(NCS)/dxz(Ti)[2]

H-0/Lþ6(0.30) dxz(Ru)-P*(NCS)/p*(anch)/dxy(Ti)[2]
546.5(2.27) 0.0908 H-0/Lþ8(0.36) dxy(Ru)-p*(NCS)/dyz(Ti)[2]/dxy(Ti)[3]

H-0/Lþ10(0.46) dxz(Ru)-P*(NCS)/p*(anch)/dxz(Ti)[3]
2 403.1(3.08) 0.0251 H-8/Lþ1(0.41) dxz(Ru)-P*(NCS)/dxz(Ti)[2]

H-2/Lþ15(0.20) dxy(Ru)-P*(NCS)/p*(anch)/dyz(Ti)[2]
H-0/Lþ19(0.35) dxz(Ru)-P*(NCS)/p*(anci)

Peak Enm (eV) Oscillator strength Config (CI coeff) Assignment Exp (nm)

VI
N749 (0H) with TiO2 (101) surface 1 627.9(1.97) 0.1557 H-1/Lþ6(0.68) dxz(Ru)-P*(NCS)/p*(anch)/dxy(Ti)[2] 630

2 502.7(2.47) 0.0209 H-1/Lþ14(0.69) dxz(Ru)-P*(NCS)/p*(anch) 520
493.4(2.51) 0.0360 H-1/Lþ11(0.22) dxz(Ru)-P*(NCS)/dxy(Ti)[2]

H-0/Lþ14(0.63) dxy(Ru)-P*(NCS)/p*(anch)
465.9(2.66) 0.0463 H-5/Lþ6(0.69) P*(NCS)/p*(anch)/dxy(Ti)[2]



Fig. 5. Simulated absorption spectra of I, II, III and IV in acetonitrile media.
Fig. 6. Simulated absorption spectra of I, V and VI in acetonitrile media.
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reduce as the wavelength shortened, thus, long-wavelength absorp-
tion benefits for ultrafast, excited-state electron injection in I system.

II system owns higher degree of deprotonation than I, and there
are two particular absorption peaks: one is concentrated on about
600 nm, the other lies in the range of about 500 nm. The former has
some relation to d orbitals of Ti in the film. The latter, however, only
concern intermolecular charge transfer. Obviously, the absorption
properties of II system are not as well as I system in DSSCs and the
possible reason can be attributed to that the deprotonation could
enhance the energy of orbital, which involves in anchoring ligand.
Unfortunately, since energy matching to absorbing transition,
several orbitals involving anchoring ligand are very important to
long-wavelength absorption, such as LUMOþ6, LUMOþ11 and
LUMOþ12 in I system. But for II system, we only find LUMOþ6 with
higher energy. Finally, it could be seen that some small modulation
such as degree of deprotonation would influence the integral effi-
ciency of DSSCs enormously.

Essentially, longer-wavelength absorptions in both III and IV
system lead to charge-transfer internally. Because there are not
sufficient orbital-coupling, the absorption spectrum is similar to
the dye molecule alone, which we have calculated in detail before.
In fact, if dye molecules absorbed to the TiO2 (110) surface, the
orbital energy of TiO2 is higher than dye molecule. Overall, this is
the reasonwhy the 110 surface of TiO2 film is not chosen in practice.

3.2.3. Absorption spectra of IV and VI in acetonitrile
We selected three typical kinds of dye molecules connecting to

the TiO2 (101) surface and the integrated Gaussian-type absorption
curves are shown in Fig. 6. Being dye molecules, J13 and N749 do
not bring out abundant absorption as well as C101, when absorp-
tion l > 400 nm. Specifically, the transition of absorption about J13
with TiO2 film is similar with C101, but oscillator strengths. In fact,
the design purpose of J13 is not achieved [57], and enhancing
energy of ancillary ligands does not help to orbital-coupling.

VI system with relation to N749 does not own complex
absorption in visible region, but the oscillator strengths are
distinguished. As the thorough saturated tactic is adopted in
experiment, the connecting mode of bindentate type should be
pure in N749 system. Besides, the calculated absorptions are very
close to the experimental values. There is only one notable peak
near 630 nm in the same solvent environment (acetonitrile) [58],
and the deviation is not exceeding 10 nm between experiment and
calculation. This system is the only one that the absorption wave-
length is red-shift obviously. Because of this, the utilization of red
light is the highest in all six systems. The oscillator strengths of
absorption near 630 nm are as well as that in I system near 500 nm,
while the other absorption near 460 nm is weaker. So we deem that
the total IPCE (incident photon to current conversion efficiency) of I
system is higher than VI system. With higher symmetry, the
conjugation of N749 is strong. As a result the energy of N749 is low,
and the orbital-coupling is satisfactory, for which there are more
mixed types of orbital than other systems. However, the disad-
vantage lies on the small contribution from d orbitals of Ti atoms,
which is adverse effect on ultrafast, excited-state electron injection.
The DSSCs that could utilize sunlight fully is the focus of research,
so people pay much attention to N749 as efficient dye molecule all
the time. If the improvement is appropriate, the better DSSCs could
be prepared.

4. Conclusions

Electronic structures and spectroscopic properties of several
typical dye molecules which are absorbed to different TiO2 film are
investigated theoretically. Taking into account the deprotonation
effect, the following conclusions can be drawn.

For different TiO2 surface, as the ingredient of connecting bond
of Ti atoms is not the same, there are great differences about
absorption and energy levels, when the orbital-coupling happens.
Generally, (110) surface is not good for charge injection. Moreover,
the degree of deprotonation could influence the absorption in
visible region extremely, because all of the active orbitals are
affected during this process.

As the improvement of ancillary ligands, the thiophene group
can enrich the absorption greatly. Though it is against ultrafast,
excited-state electron injection, that the ancillary ligands partici-
pate in absorbing transition directly, the utilization of solar energy
would still increase. In addition, the conjugation for the whole
system can enhance the efficiency of DSSCs, such as N749.

For all of the six systems in this experiment, the LUMOþ6 etc.
that are delocalized on both TiO2 film and anchoring ligands make
a great contribution to absorption in the visible range. We suppose
that the more efficient DSSC would be obtained, if the energy of
these orbitals could be reduced, availably.
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