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The ground- and excited-state structures of [Ru(Htcterpy)-
(NCS)3]3– (1H) (tcterpy = 4,4�,4��-tricarboxy-2,2�:6�,2��-terpyr-
idine) are optimized by the DFT and CIS methods, respec-
tively. Absorption and emission spectra in the gas phase and
in solution (ethanol and water) are predicted at the TD-DFT/
B3LYP level. Experimental spectra are roughly reproduced
by our calculated results. In ethanol solution, the HOMOs
of the absorption spectra are dominated by d orbitals of the
ruthenium atom and thiocyanate ligands, and the LUMOs
possess π*(tcterpy) character with considerable carboxyl con-
tribution. In the theoretically simulated absorption spectra,
the first four bands are attributed to Ru/NCS�π*(tcterpy)
charge-transfer (MLCT/LLCT) transitions, whereas the fifth

1. Introduction

In recent years, dye-sensitized solar cells (DSSCs) have
attracted considerable interest for the conversion of sunlight
into electricity because of their low cost and high effi-
ciency.[1–4] The DSSCs comprise four major parts: a nano-
crystalline metal oxide semiconductor film, a dye sensitizer,
a redox electrolyte, and a counter electrode. Undoubtedly,
one of the key components of these cells is the dye sensi-
tizer, which is used to sensitize the semiconductor electrode.
An efficient solar cell sensitizer should fulfill several
requirements: (1) it must be strongly adsorbed onto the
semiconductor surface to ensure device stability and good
electronic coupling for charge injection; (2) it should exhibit
intense absorption in the visible part of the spectrum and
form long-lived excited states with energies matching those
of the conduction band of the semiconductor substrate;[3]

(3) its redox potential should be sufficiently high, so that it
can be regenerated rapidly by electron donation from the
electrolyte or a hole conductor.
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one with the strongest intensity arises from intraligand
tcterpy π�π* charge transfer (ILCT) mixed with some
O(pz)�terpy charge transfer (LLCT). Our calculations reveal
that the MLCT/LLCT absorption bands in water are blue-
shifted with respect to those in ethanol, agreeing with experi-
mental observations. This can be rationalized by a decreased
dipole moment in the excited state. The phosphorescent
emissions are calculated to occur at 724, 711, and 691 nm in
the gas phase, in ethanol, and in water, respectively, all with
the same 3LMCT/3LLCT character.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

In the search for a promising sensitizer, a considerable
number of complexes have been synthesized and ana-
lyzed.[4–10] Among these dyes, cis-dithiocyanatobis(2,2�-bi-
pyridyl-4,4�-dicarboxylate)ruthenium(II) (hereafter referred
to as N3 or red dye)[5] and trithiocyanato(4,4�,4��-tricarb-
oxy-2,2�:6�,2��-terpyridine)ruthenium(II) (black dye)[6] are
the most well-known. The N3 dye has been regarded as an
efficient photosensitizer because of its broad range of vis-
ible light absorption, relatively long-lived excited states, and
high thermal stability; moreover, the presence of terminal
acidic carboxyl group allows stable anchoring of the dye
to the semiconductor surface.[11–15] The incident photon to
current conversion efficiency (IPCE) values are reported to
be nearly 80% in the range 400–600 nm. However, the main
drawback of this sensitizer is its lack of absorption in the
red region of the visible spectrum. Numerous attempts to
synthesize superior sensitizers[16–19] failed to improve the
efficiency and to enhance the spectral response in the red
and infrared region until 1997. In 1997, Grätzel and co-
workers[20] reported a terpyridine–RuII complex, the “black
dye”, with visible absorption extending into the near-IR re-
gion up to 920 nm, yielding over 80% IPCE, and producing
an overall efficiency of 10.4%.

Black dyes having different degrees of protonation have
been fully characterized by Grätzel and co-workers.[6,20–22]

It is conceived that the absorption spectra of the black dyes
are dominated by metal-to-ligand-charge-transfer (MLCT)
transitions. For example, the absorption spectrum of the
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monoprotonated black dye complex (hereafter named 1H)
in ethanol exhibits three MLCT bands in the visible region
centered at 610, 536, and 411 nm, and a high-energy π�π*
band at about 340 nm. It shows a strong negative solvatoch-
romism, resulting in a red-shift of the UV/Vis absorption
bands from 570 nm (in H2O) to 620 nm (in γ-butyrolac-
tone).[6] The observed emission of the complex 1H (854 nm)
has been assigned as arising from the Ru�tcterpy CT ex-
cited state.[6] Similarly, the emissions of the complex 1H in
different solvents also show a strong solvent dependence.

Since the spectroscopic properties of the dye are crucial
in determining its long-term stability, the light-harvesting
efficiency of the DSSCs, and the charge-transfer dynamics
at the semiconductor interface,[16,23] a full understanding of
its electronic properties, especially in the excited state, is
very essential. In contrast to the numerous experimental
studies, only a few theoretical calculations have been per-
formed for dye molecules.[23–30] Most of these investigations
are focused on the calculations of the N3 dye.[25–30] To date,
one investigation for the fully protonated black dye is lim-
ited to the gas-phase calculations of molecular structure
and absorption spectrum.[23] Another theoretical investiga-
tion focuses on the comparative study of ground-state prop-
erties (such as energies, geometries, and population analysis
in molecular orbitals) and the absorption spectra of the
black dye complex and its linkage isomers.[24] These theo-
retical calculations all focus on the fully protonated black
dye complex. However, the photovoltaic performance of the
monoprotonated black dye, 1H, is superior to the other
three black dye complexes. Moreover, no theoretical study
was conducted on the geometry and electronic structure of
the excited states and the emission properties of the black
dye. In addition, in the solar cell, the dye sensitizer is ad-
sorbed on the semiconductor electrode on one hand and
interacts with the redox electrolyte on the other hand;
therefore, it may not be possible to directly apply calcula-
tions excluding environment effects. Thus, in this paper, we
employed DFT, the CIS method, and the TD-DFT ap-
proach to study the electronic structure, spectroscopic prop-
erties, and solvatochromic properties of the monoproton-
ated black dye 1H. The solvent effects are seriously consid-
ered by using the conductor-like polarizable continuum
model (CPCM). These results will provide a direct insight
into the origins of the observed transitions and their pos-
sible role in dye–sensitized solar cell injection dynamics as
well as the design of new and more efficient solar cell sensi-
tizers.

2. Computational Details and Theory

In this work, Cs symmetry was adopted to set the confor-
mation of [Ru(Htcterpy)(NCS)3]3– (1H) in both the ground
and the excited states. The geometry of the ground-state
structure is fully optimized by using the density functional
theory (DFT) with the B3LYP functional (Becke’s three-
parameter functional and the Lee–Yang–Parr func-
tional),[31] while the geometry of the excited-state structure

www.eurjic.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2007, 2171–21802172

is fully optimized by the single-excitation configuration in-
teraction (CIS) method.[32,33] With such calculations, the
spectroscopic properties related to absorption and emission
are obtained by the time-dependent density functional
theory (TD-DFT),[34] and the conductor-like polarizable
continuum model (CPCM)[35] is employed to account for
the effects of the solvent molecules water and ethanol.

It is well-known that for excited states, the CIS method
is most similar to the HF method for the ground state.
However, through the use of analytic gradients and meth-
ods properly by including the effects of electronic corre-
lation, this method gives bond lengths, frequencies, and di-
pole moments well in line with the experimental values. In
addition, the application of the method to very large mole-
cules is possible.[32] Although a reasonable excited-state
structure can be obtained by the CIS method, the predicted
transition energies deviate from experimental values com-
monly by about 1 eV or more. In the recent years, the TD-
DFT methods have been successfully used to calculate sing-
let–singlet and singlet–triplet transitions in many reports.[36]

More electronic correlations are involved in the TD-DFT
(B3LYP) approach, which then yields more accurate exci-
tation energies than the CIS method. This approach over-
comes many of the problems encountered in vertical ener-
gies with the CIS method, providing accurate excitation en-
ergies of valence and Rydberg states. Therefore, on the basis
of CIS optimized structures, we have employed the TD-
DFT method to calculate the emission energies.

In the calculations, quasi-relativistic pseudopotentials of
the Ru, C, N, and S atoms proposed by Hay and Wadt[37]

with 16, 4, 5, and 6 valence electrons, respectively, are em-
ployed, and the LanL2DZ basis sets associated with the
pseudopotential are adopted. Here, the basis sets are taken
as Ru(8s7p6d/6s5p3d), S(3s3p1d/2s2p1d), N(10s5p/3s2p),
C(10s5p/3s2p), and H(4s/2s). Thus, 361 basis functions and
262 electrons are included for the complex 1H. All the cal-
culations were accomplished by using the Gaussian (Re-
vision B.03) program package[38] on an Origin/3900 server.

3. Results and Discussion

3.1 The Ground- and Excited-State Structures of 1H

The DFT optimization on 1H indicates that the complex
has a 1A� ground state with the [101(a�2)30(a��2)] electronic
configuration. The geometry of the structure is depicted in
Figure 1, and the main optimized geometry parameters in
the gas phase are listed in Table 1 together with the X-ray
crystal structure data of (NBu4

+)2[Ru(H2tcterpy)-
(NCS)3]2–.[22] As shown in Figure 1, complex 1H has a
slightly distorted octahedral coordination with Cs sym-
metry. The geometry of the structure of complex 1H dis-
plays a RuN6 central core derived from three nitrogen
atoms of the terpyridine ligand and three nitrogen atoms
of the isothiocyanate ligands. The coordination axis is also
shown in Figure 1; the tcterpy-Ru-N1C1S1 moiety lies on
the xy plane, and the other two isothiocyanate ligands are
slightly tilted with respect to the z axis. As shown in Table 1,
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Figure 1. Ground-state structure of [Ru(Htcterpy)(NCS)3]3– (1H) optimized by DFT(B3LYP).

the optimized geometrical parameters are in excellent agree-
ment with the available X-ray data, and consistent with
those calculated by Aiga and co-workers[23] by the PBE0
approach.[39] The N–C bond lengths in the terpyridine rings
are about 1.38 Å and are much shorter than a normal N–C
single-bond length of 1.48 Å, indicating that there is some
delocalization of the lone pairs of the nitrogen atoms. It is
noted that there exits an extended π bonding between the
central pyridine (nitrogen p orbitals), the Ru atom (d π or-
bitals), and the N1C1S1 ligand (π electrons). The effective
π bonding makes the bond lengths of Ru–N1 and Ru–N5
quite similar. Therefore, the Ru–N5 bond length (1.939 Å)
is ca. 0.16 Å shorter than that of Ru–N4 (or Ru–N6),
whereas the Ru–N1 bond length is ca. 0.05 Å longer than
that of Ru–N2 (or Ru–N3). In addition to the bond lengths,
the important bond angles are also accurately reproduced.

On the basis of the optimized ground-state structure, the
CIS method is used to optimize the geometry of the excited-
state structure of the 1H complex, and the lowest-energy
triplet excited state with 3A� symmetry is obtained. The
main geometry parameters of the excited state are presented
in Table 1. Three conclusions can be drawn from the ex-
cited-state results: (1) The coordination geometry of Ru in
the 3A� excited state still keeps the quasi-octahedral struc-
ture similar to the ground state. (2) A general elongation of
all the metal–ligand bonds is observed. For example, the
Ru–N bond lengths in the excited state are elongated by ca.
0.04–0.07 Å relative to the ground-state ones. (3) The most
nonmetallic bonds (N–C, C–C, C–O, and O–H) of tcterpy
in the triplet excited state are shorter than those in the
ground state, on the contrary, the C–S bond lengths for the
NCS ligands are slightly longer upon excitation. It is note-
worthy that the comparison of the bond lengths is between
the ground state and the excited state obtained with two
different methods (DFT/B3LYP for the ground state and
CIS for the excited state). So the conclusions drawn from
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Table 1. Optimized geometry parameters for the 1A� ground state
calculated by DFT and for the 3A� triplet excited state calculated
by CIS for [Ru(Htcterpy)(NCS)3]3– (1H), together with the experi-
mental data.

Parameters Ground state (1A�) Triplet excited state (3 A�) Exp.[a]

Bond lengths [Å]

Ru–N1 2.107 2.147 2.032
Ru–N2 2.057 2.098 2.052
Ru–N5 1.939 1.995 1.936
Ru–N6 2.099 2.174 2.090
N1–C1 1.192 1.159
N2–C2 1.191 1.160
N5–C6 1.382 1.354
N6–C4 1.357 1.341
N6–C5 1.384 1.365
C1–S1 1.696 1.709 1.672
C2–S2 1.694 1.703 1.613
C7–O1 1.320 1.292
H1–O1 0.982 0.954

Bond angles [°]

N6–Ru–N5 80.2 78.7 81.1
N6–Ru–N4 160.3 157.5 161.6
N2–Ru–N3 177.1 179.8 177.4
N1–Ru–N5 180.0 180.0 177.6
N1–Ru–N6 99.9 101.3 101.4
H1–O1–C7 109.8 113.5

[a] Ref.[22]

those comparisons are only used as relative results. How-
ever, this has no impact on the nature of the charge-transfer
transition related to the emissions for the complex 1H.

3.2. Absorption Spectra

3.2.1. Electronic Structures

On the basis of the optimized ground-state geometry, the
electronic structure of the excited state and the absorption
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properties of 1H in ethanol solution are obtained by the
combination of the TD-DFT and CPCM methods. The
frontier orbitals play a relevant role in complex 1H, because
they rule the electronic excitations and the transition char-
acter. The following assignment for each molecular orbital
was made according to its composition (Table 2) and by
visual inspection of its three-dimensional representation
(e.g. Figure 2). Some lower-lying occupied molecular orbit-
als (such as 95a�, 26a��, 96a�, and 27a��) are centered on
the carboxyl groups. The COO– character of the lower-lying
HOMOs was already found in the bipyridine–RuII complex
by De Angelis et al.[40,41] The HOMO(30a��) and HOMO-
1(29a��), lying within 0.02eV, are a set of quasi-degenerate
orbitals arising from the antibonding combinations of ru-
thenium d orbitals (dxz and dyz, respectively) with sulfur p
orbitals and nitrogen lone pairs of the two NCS ligands
which are perpendicular to the tcterpy ring. HOMO-
2(101a�), lying ca. 0.23 eV below the HOMO, is charac-
terized by the antibonding combination nature between the
ruthenium dxy orbital and the NCS π orbital of the thiocya-
nate ligand that is in the plane of the tcterpy ligand. The
HOMO-3(100a�) and HOMO-4(99a�), lying 0.46 and
0.47 eV below the HOMO, respectively, are mainly local-
ized on the COO– ligands which are attached to the periph-
eral pyridines, and have vanishing metal character. The
HOMO-5(28a��), HOMO-6(98a�), and HOMO-7(97a�), ly-
ing 0.51, 0.64, and 0.66 eV below the HOMO, respectively,
are all pure NCS π orbitals. This significant thiocyanate
character in the HOMOs was already found in the N3
dye[29,30] and seems to play an important role in the regener-
ation of dye-sensitized solar cells.[30]

The five lowest LUMOs of the 1H complex, lying
1.92 eV above the HOMO within a range of ca. 1.86 eV, are
π* orbitals localized over the pyridine ligands with con-

Table 2. Partial molecular orbital compositions of [Ru(Htcterpy)(NCS)3]3– (1H) in ethanol calculated by TD-DFT.

MO Energy [eV] Compositions [%] Ru components [%] Orbital assignment

Ru terpy COO– NCS s p d

102a� 1.4727 44.5 26.5 28.3 5.8 s 3.2py 28.0 dz2,7.5 dx2–y2 dz2/dx2–y2(Ru)-π*(NCS)
35a�� 0.1075 91.4 7.4 π*(tcterpy)
34a�� –0.0215 89.8 6.9 3.2 dxz π*(tcterpy)
33a�� –0.5646 76.6 21.5 π*(tcterpy)
32a�� –1.0830 97.2 π*(tcterpy)
31a��(L) –1.7777 14.5 57.8 23.7 4.0 14.4dyx π*(tcterpy)
30a��(H) –3.6970 40.6 5.1 53.9 40.6dxz dxz (Ru)–π*(NCS)
29a�� –3.7160 30.5 49.8 29.9dyz dyz (Ru)–π*(NCS)
101a� –3.9226 35.3 50.9 35.0dxy dxy (Ru)–π*(NCS)
100a� –4.1549 81.4 px/py(COO–)
99a� –4.1656 81.4 px/py(COO–)
28a�� –4.2077 99.0 π*(NCS)
98a� –4.3419 94.7 π*(NCS)
97a� –4.3555 98.2 π*(NCS)
27a�� –4.4447 98.2 pz(COO–)
96a� –4.4458 62.3 px/py(COO–)
26a�� –4.4551 98.2 pz(COO–)
95a� –4.4594 62.3 px/py(COO–)
25a�� –5.0224 43.5 35.8 43.5dxz dxz(Ru)–π*(NCS)
94a� –5.0584 50.7 28.4 50.2dxy dxy(Ru)–π*(NCS)
24a�� –5.2227 40.5 41.3 40.0dyz dyz(Ru)–π*(NCS)
23a�� –5.8665 97.1 π(tcterpy)
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Figure 2. Electron-density diagrams of the frontier molecular orbit-
als involved in absorption for [Ru(Htcterpy)(NCS)3]3– (1H) in etha-
nol calculated by TD-DFT.

siderable contributions arising from the carboxyl groups. In
particular, the LUMO(31a��) is localized on the central pyr-
idine, while LUMO+3(34a��) and LUMO+4(35a��) are lo-
calized on the two peripheral pyridine groups.
LUMO+1(32a��) and LUMO+2(33a��) are completely delo-
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calized over the full tcterpy ring ligands. Such a contri-
bution from the carboxyl groups to the π* LUMOs should
favor the electron injection process from the dye excited
state to the semiconductor surface, because the carboxyl
units serve as anchoring groups to the TiO2 semiconductor
surface.[2,3] Moreover, another role of the terminal carboxyl
groups is to ensure intimate electronic coupling between the
donor energy level of the excited dye and the acceptor TiO2

conduction band.

3.2.2. Absorption Spectra in Ethanol

The absorption spectra of the complex 1H are simulated
with Gaussian curves based on the transitions with oscil-
lator strength f � 0 in ethanol solution calculated by TD-
DFT/CPCM. The fitting absorption curve is depicted as
oscillator strength vs. wavelength in Figure 3; the most rep-
resentative calculated optical transitions are collected in
Table 3. Within the considered energy range, the absorption
spectrum of 1H shows five bands, labeled I, II, III, IV, and
V in order of decreasing wavelength; band V is more intense
than other bands.

Figure 3. Absorption spectra and excited states of [Ru(Htcter-
py)(NCS)3]3– (1H) in ethanol calculated by TD-DFT.

The peak of the lowest-energy band, I, which results
from one transition and has the oscillator strength 0.1073,
is calculated to be at 752 nm. As shown in Table 3, the tran-
sition is mainly contributed by the excitations 29a��(H-
OMO-1)�31a��(LUMO) and 30a��(HOMO)�32a��-
(LUMO+1) with CI coefficients of ca. 0.58 and 0.25,
respectively. It has been mentioned in the above section that
the HOMO and HOMO-1 are antibonding combinations
of the d orbitals (dxz,yz) of the ruthenium atom with the π
orbitals of the NCS ligand. The LUMO and LUMO+1 are
π* orbitals localized over the tcterpy ring ligand. Therefore,
we assign the lowest-energy band as a mixed Ru–NCS-to-
tcterpy-charge-transfer (MLCT/LLCT) transition. The ab-
sorption band at 752 nm is not observed in the experimen-
tal absorption spectra. We calculated the maximum of band
II to be at 592 nm, whose position is in excellent agreement
with the experimental value of 610 nm. This band is caused
by three transitions calculated at 617, 592, and 591 nm. As
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depicted in Table 2 and Table 3, band II is assigned as a
mixed Ru–NCS-to-tcterpy charge transfer (MLCT/LLCT)
with a little LMCT character. The dominating transition in
this band, at 592 nm with an oscillator strength of 0.1300, is
mainly contributed by the 28a��(HOMO-5)�31a��(LUMO)
and 30a��(HOMO)�32a��(LUMO+1) configurations with
CI coefficients of about 0.48 and 0.42, respectively. The mo-
lecular orbital 28a��(HOMO-5) is localized on three NCS
ligands up to 99% in composition, and the molecular or-
bital 31a��(LUMO) is composed of Ru(dyz) (15%), and
tcterpy (82%). So we attribute the 592 nm absorption band
to NCS�tcterpy charge transfer (LLCT), NCS�Ru(dyz)
charge transfer (LMCT), and Ru(dxz)�tcterpy charge
transfer (MLCT) transitions. The maximum of band III is
calculated at ca. 478 nm, which is only 58 nm blue-shifted
with respect to the experimental datum of 536 nm, and has
a multitransition character and involves excitations from
the 25a��(HOMO-12), 29a��(HOMO-1), and 30a��(HOMO)
to the 31a��(LUMO) and 33a��(LUMO+2). This set of
HOMOs have ruthenium-d-orbital nature (44%, 31%, and
41%, respectively) with sizeable contribution from the or-
bitals of the NCS ligand (36%, 50%, and 54%, respec-
tively), while the LUMO and LUMO+2 are localized on
the tcterpy ligands. Therefore, in the same way as for band
I, the origin of band III is assigned to be the Ru–NCS to
tcterpy charge transfer (MLCT/LLCT) transitions. Band
IV, with the smallest oscillator strength, is calculated to
have its maximum at 417 nm, which is in close accord with
the experimental data of 411 nm. This band arises from one
transition with a small oscillator strength of 0.0228, which
mainly comes from the combination of 24a��(HOMO-
14)�31a��(LUMO) and 30a��(HOMO)�34a��(LUMO+3)
configurations with CI coefficients of around 0.50 and 0.42,
respectively. In Table 2 and Figure 2, the 24a�� orbital and
30a�� orbital are both the antibonding combinations of
Ru(d) orbitals and the NCS π orbitals, whereas the 31a��
orbital and 34a�� orbital are localized on tcterpy ring li-
gands. So the 417-nm band is unambiguously attributed to
a mixed Ru–NCS to tcterpy charge transfer (MLCT/LLCT)
transition. At the highest energy, the strongest band V, ap-
pears to be composed of multitransitions spanning the
range 360–300 nm. The dominating transition in this band,
at about 343 nm (f = 0.1536), is mainly contributed by the
23a��(HOMO-15)�31a��(LUMO) and 24a��(HOMO-
14)�32a��(LUMO+1) configurations with CI coefficients
of around 0.46 and 0.47, respectively. As show in Table 2
and Figure 2, we can see that the 23a�� orbital (HOMO-
15) and 31a�� orbital (LUMO) are π combinations and π*
combinations, respectively, localized on the tcterpy ligands.
Thus the 343 nm absorption is attributed to the intraligand
tcterpy π�π* charge transfer (ILCT) involved in a mixed
Ru–NCS to tcterpy charge transfer (MLCT/LLCT) transi-
tion. The next most intense transition, at about 318 nm
(f = 0.1283), arises from the combination of 25a��-
(HOMO-12)�33a��(LUMO+2), 26a��(HOMO-10)�34a��-
(LUMO+3), and 26a��(HOMO-10)�35a��(LUMO+4) con-
figurations with CI coefficients of around 0.53, 0.32, and
0.21, respectively. The 25a�� orbital (HOMO-12) is the anti-
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Table 3. Excitation energies and oscillator strengths for the optical transitions with f � 0.01 for the absorptions of [Ru(Htcterpy)-
(NCS)3]3– (1H) in ethanol calculated by TD-DFT.

State Excitation (CI coef.) λ [nm] (E [eV]) Oscillator strength Character

3A� 28a���31a��(0.12) 752 (1.65) 0.1073 MLCT/LLCT
29a���31a��(0.58)
30a���32a��(0.25)

6 A� 29a���32a��(0.69) 617 (2.01) 0.0268 MLCT/LLCT
9 A� 28a���31a��(0.48) 592 (2.09) 0.1300 MLCT/LLCT/LMCT

29a���31a��(0.19)
30a���32a��(0.42)

10A�� 97a��31a��(0.70) 591 (2.10) 0.0443 LLCT/LMCT
16 A� 25a���31a��(0.58) 496 (2.50) 0.0221 MLCT/LLCT

30a���31a��(0.13)
30a���33a��(0.40)

20 A� 25a���31a��(0.37) 478 (2.60) 0.0375 MLCT/LLCT
30a���33a��(0.59)

21 A� 29a���33a��(0.68) 472 (2.63) 0.0310 MLCT/LLCT
32 A� 24a���31a��(0.50) 417 (2.98) 0.0228 MLCT/LLCT

30a���34a��(0.42)
46 A� 23a���31a��(0.47) 360 (3.45) 0.0181 π�π*/MLCT/LLCT

24a���32a��(0.49)
47 A� 24a���31a��(0.27) 359 (3.45) 0.0864 MLCT/LLCT

25a���32a��(0.53)
51 A� 26a���33a��(0.66) 357 (3.47) 0.0164 O(pz)�tcterpy
52 A� 23a���31a��(0.46) 343 (3.61) 0.1536 π�π*/MLCT/LLCT

24a���32a��(0.47)
57 A� 94a��102a�(0.22) 325 (3.81) 0.0248 d�d/LLCT

94a��103a�(0.21)
101a��102a�(0.41)
101a��103a�(0.32)

64 A� 25a���33a��(0.25) 318 (3.90) 0.0125 O(pz)�tcterpy/MLCT/LLCT
26a���34a��(0.39)
26a���35a��(0.34)
27a���34a��(0.32)

66 A� 25a���33a��(0.53) 318 (3.91) 0.1283 O(pz)�tcterpy/MLCT/LLCT
26a���34a��(0.32)
26a���35a��(0.21)

70 A� 24a���33a��(0.67) 304 (4.08) 0.0100 MLCT/LLCT

bonding combination of the Ru(dxz) orbital and the NCS π
orbitals, and the 26a�� orbital (HOMO-10) is mainly com-
posed of O(pz) from the COO– group. However, the 33a��,
34a��, and 35a�� orbitals are all localized on tcterpy ligands.
So the 318 nm transition is assigned as a mixed Ru–NCS-
to-tcterpy charge transfer (MLCT/LLCT) and O(pz)�terpy
charge transfer (LLCT) transition. We also notice that a
few weak (f = 0.0248) d–d transitions, at 325 nm, contribute
to band V.

In experiments, the 610–400 nm regions have been as-
signed as the Ru-to-tcterpy-charge-transfer bands, while the
360–300 nm absorptions are attributed to the π�π* charge
transfer transitions.[6] By comparing this experimental spec-
trum with the absorption spectrum of 1H calculated in eth-
anol solution, we notice that our calculation is in rough
agreement with experimental observations. However, there
are some differences between the theoretical calculation and
the experimental investigation. As mentioned above, we as-
sign the low energy bands I–IV to mixed Ru–NCS-to-
tcterpy charge transfer (MLCT/LLCT) rather than to pure
metal–ligand-charge-transfer (MLCT) transitions, results
from a set of Ru–NCS d-π* orbitals, while the highest en-
ergy band V, arises from intraligand tcterpy π�π* charge
transfer (ILCT) and is involved in a sizeable O(pz)�terpy
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charge transfer (LLCT) transition. Furthermore, the calcu-
lated absorption spectra have two peaks at long wavelengths
around 600–800 nm, while the experimental spectra[6] have
one peak. The calculated absorption peak at 752 nm is not
observed in experiment. Moreover, the calculated absorp-
tion spectra have lesser intense bands at short wavelengths
around 500–350 nm than those at longer wavelengths be-
tween 500–700 nm, but the experimental spectra have the
reverse trend. Our calculation overestimates the intensity of
band II (500–700) and underestimates that of band III
(350–500 nm). This is perhaps not surprising, since from
a comparison between TD-DFT and the more expansive
CASPT2 method, the results of Full et al. show that TD-
DFT oscillator strengths diverge from the CASPT2 val-
ues.[42] In addition, a similar comparison by Tozer et al.
show that TD-DFT has difficulty distributing intensity
properly;[43] it is thus possible that intensity is erroneously
shifted from band III to band II in our calculation.

3.2.3. Solvent Effects

To check the solvent dependence of spectroscopic prop-
erties, we also calculated the absorptions of 1H in the gas
phase and in water solution, and the results are listed in
Tables S1 and S2 (see Supporting Information). A compari-
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son of the molecular orbital energy levels of the absorptions
for complex 1H in the gas phase, in ethanol and in water is
presented in Figure 4. From Figure 4, we can see that the
solvent effect leads to a sizeable change of the molecular
orbital energies. However, the occupied and unoccupied or-
bitals maintain similar compositions in the gas phase and
in solution (ethanol and water). In ethanol, the HOMOs
(from HOMO to HOMO-7) are significantly stabilized by
about 5.1 eV with respect to the corresponding values com-
puted in the gas phase, while they maintain a similar com-
position. In the same way as the HOMOs, the five lowest
LUMOs are stabilized by ca. 5.0–5.1 eV with respect to the
corresponding values computed in the gas phase, even
though they maintain similar compositions based on terpy-
ridine and carboxyl group contributions. The LUMO+5 of
the absorption in the gas phase has the C7–O1 π-bonding
properties from the carboxyl group which is attached to the
central pyridine, while in ethanol, the LUMO+5 orbital
shows a higher contribution of d orbitals of the ruthenium
atom (45%) mixed with π orbitals of the NCS ligand (28%).
Altogether, the presence of the solvent leads to a slight in-
crease of the HOMO–LUMO gap, which changes from
1.80 eV in the gas phase to 1.92 eV in ethanol. Moreover,
the electronic structure of the absorption for complex 1H
in water is rather similar to that found in ethanol. The
LUMOs and HOMOs are further stabilized, resulting in a
HOMO–LUMO gap of 2.0 eV, namely 0.08 eV larger than
that computed in ethanol.

Figure 4. Energy-level diagrams of the orbitals involved in absorp-
tion for [Ru(Htcterpy)(NCS)3]3– (1H) in the gas phase, in ethanol,
and in water calculated by TD-DFT.

The calculated absorption spectra of complex 1H in the
gas phase, in ethanol and in water are shown in Figure 5.
With the inclusion of seventy excitation states, all of these
spectra exhibit five bands. As listed in Table 3 and Table S2,
the CI configurations, oscillator strengths, and transition
characters calculated in ethanol and water are rather sim-
ilar. In both solvents, the four low-lying absorption bands
have a mixed Ru–NCS-to-tcterpy charge transfer (MLCT/
LLCT) character, whereas the high-lying absorption band
V with the greatest intensity is attributed to the intraligand
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π�π* charge transfer mixed with O(pz)�terpy charge
transfer transitions. In the gas phase, the compositions of
the transitions show a small variation relative to those in
ethanol and water. As depicted in Table 2 and Table S1,
we can see that the O(pz)�terpy charge transfer character
already appears in band VI in the gas phase. In the first two
lowest-energy absorption bands, the wavelengths are blue-
shifted by about 20 and 45 nm in ethanol and water with
respect to those for the gas phase.

Figure 5. The simulated absorption spectra for [Ru(Htcter-
py)(NCS)3]3– (1H) in the gas phase, in ethanol, and in water.

As shown in Figure 5, negative solvatochromism is ob-
served in the MLCT/LLCT band (λ = 400–800 nm) of com-
plex 1H. With increasing solvent polarity from ethanol to
water, the wavelengths are blue-shifted by about 20 nm. In
addition, we find that the π�π* band is only weakly affec-
ted by the change in solvent polarity. The calculated values
are in excellent agreement with the experimental data.
There is a factor that can be responsible for the observed
blue-shift from ethanol to water: the electrostatic interac-
tion between the solvent water and the NCS ligand is
stronger than that between the solvent ethanol and the
NCS ligand.

To get an insight into the origin of the negative solva-
tochromism of the MLCT/LLCT bands, it is useful to keep
in mind the dipole moments of the complexes. As discussed
above, the MLCT/LLCT transitions involve displacement
of the electron charge from the Ru center and the NCS
ligand toward the tcterpy π* orbitals. Thus, to approxi-
mately evaluate the dipole moment in the excited states, we
considered the electronic state in which one electron is pro-
moted from the HOMO(30a��) to the LUMO(31a��). The
excited-state dipole moments in the gas phase, in ethanol
and in water are predicted at the B3LYP/LAN2DZ level on
the basis of the optimized ground-state geometry. Table S3
gives the dipole moments of complex 1H in the ground and
excited states in the gas phase, in ethanol, and in water.
From Table S3, we can see that the dipole moments are
apparently reduced from the ground state to the excited
state. That is to say, the excited state should be less stabi-
lized by polar solvents than the ground state. For instance,
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in ethanol, the dipole moment in the excited state is 3.95 D,
with a reduction ∆µ = 5.81 D with respect to the dipole
moment in the ground state (9.76 D). Similarly, in water,
the dipole moment in the excited state is 2.96 D, with a
reduction ∆µ = 7.76 D with respect to the dipole moment
in the ground state (10.72 D). The small increase in ∆µ with
increasing solvent polarity from ethanol to water correlates
well with the calculated negative solvatochromism in the
MLCT/LLCT band. It is noted that the definition of the
dipole moment for neutral systems is independent of the
choice of the origin of the reference system, while the dipole
moment of charged systems will change as the molecule is
shifted. However, in the present paper, the ground state and
excited state exist as ions in the solvents. In addition, as
discussed above, the excited-state dipole moments are pre-
dicted on the basis of the optimized ground-state geometry.
So the center of coordinates of the ground and excited state
do not change. Thus, though the complex 1H is a charged
molecule, we think it is reliable to discuss solvent effects in
terms of the variation of dipole moment between the
ground and excited states.

Table 4. The lowest-energy phosphorescent emission of [Ru(Htcterpy)(NCS)3]3– (1H) in the gas phase, in ethanol, and in water calculated
by TD-DFT, together with experimental values.

Medium Transition Config.(CI coef.) λ [nm] (E [eV]) Character Exp.[a]

gas 3A��1A� 32a���24a��(0.12) 724 (1.71) 3LMCT/3LLCT
32a���29a��(0.16)
32a���30a��(0.69)

CH3CH2OH 3A��1A� 32a���24a��(0.11) 711 (1.74) 3LMCT/3LLCT 854
32a���30a��(0.71)

H2O 3A��1A� 32a���24a��(0.11) 690 (1.80) 3LMCT/3LLCT 829
32a���30a��(0.71)

[a] From ref.[6]

Table 5. Partial molecular orbital compositions in the lowest-energy 3A� excited state of [Ru(Htcterpy)(NCS)3]3– (1H) in ethanol calculated
by TD-DFT.

MO Energy [eV] Compositions [%] Ru components [%] Orbital assignment
Ru terpy COO– NCS s p d

35a�� 0.1442 92.8 6.2 π*(terpy)
34a�� –0.0063 90.9 6.4 π*(terpy)
33a�� –0.4756 76.8 21.7 π*(terpy)
32a�� –1.1889 98.0 π*(terpy)
31a��(LUMO) –1.7459 11.3 62.0 24.0 2.6 11.2dyx π*(terpy)
30a��(HOMO) –3.6578 32.9 12.2 52.7 32.4dyz dyz (Ru)–π*(NCS)
29a�� –3.6698 40.3 55.8 40.3dxz dxz (Ru)–π*(NCS)
101a� –3.8499 34.9 52.8 34.7dxy dxy (Ru)–π*(NCS)
28a�� –4.1098 99.6 π*(NCS)
100a� –4.1490 80.8 px/py(COO–)
99a� –4.1615 80.8 px/py(COO–)
98a� –4.2230 94.7 π*(NCS)
97a� –4.2330 98.2 π*(NCS)
96a� –4.4409 38.0 61.5 px/py(COO–)
95a� –4.4562 38.0 61.5 px/py(COO–)
27a�� –4.4771 98.1 pz(COO–)
26a�� –4.4894 98.1 pz(COO–)
94a� –4.8562 53.1 26.9 52.7dxy dxy(Ru)–π*(NCS)
25a�� –5.9095 51.0 34.4 51.0dxz dxz(Ru)–π*(NCS)
24a�� –5.0747 47.8 12.1 38.6 47.3dyz dyz(Ru)–π*(NCS)
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3.3. Emission Spectra

In view of obtaining a feasible emissive energy on the
basis of the excited-state structures optimized by the CIS
method, the emission spectrum of complex 1H in ethanol
is calculated by the TD-DFT approach at the B3LYP level
associated with the CPCM model. The corresponding emis-
sions of 1H in the gas phase, in ethanol, and in water are
listed in Table 4, associated with the emissive energies, tran-
sition assignments, and experimental values. To conve-
niently discuss the transition properties of the emissions, we
present the partial compositions of the frontier molecular
orbitals related to the emissions in Table 5.

The calculated lowest-energy emission for complex 1H
occurs at 711 nm in ethanol solution with a transition of
3A��1A� nature. As shown in Table 4, the phosphorescence
is mainly from the transitions of 32a��(LUMO+1)�24a��-
(HOMO-14) and 32a��(LUMO+1)�30a��(HOMO) config-
uration with CI coefficients of 0.12 and 0.71, respectively.
Furthermore, as seen in Table 4 and Table 5, this emission
has tcterpy�Ru (3LMCT) and tcterpy�NCS (3LLCT)
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character. The electron density diagrams of the frontier mo-
lecular orbitals for the 711 nm emission in Figure 6 provide
intuitive evidence for the above assignment. As shown in
Table 5 and Figure 6, the electron density mainly focuses
around the tcterpy ligands: about 98% in the
32a��(LUMO+1) orbital. The 24a��(HOMO-14) and
30a��(HOMO) orbitals are both composed of RuII and
NCS ligands. The former is composed of 48% Ru(dyz), 39%
NCS ligands, and 12% tcterpy ligand, while the latter com-
prises 33% Ru(dyz), 53% NCS ligands, and 12% tcterpy
ligands.

Figure 6. Single-electron transitions with |CI coefficient| � 0.1 cal-
culated by TD-DFT for the 711-nm emission of [Ru(Htcter-
py)(NCS)3]3– (1H) in ethanol.

On the basis of the optimized 3A� excited state, the 724-
and 691-nm phosphorescence in the gas phase and in water
solution are calculated by the TD-DFT method and the
TD-DFT/CPCM method, respectively; these bands also
have tcterpy�Ru/NCS-charge-transfer (3LMCT/3LLCT)
character. The electron density diagrams of the frontier mo-
lecular orbitals related to the 724- and 691-nm emissions
displayed in Figures S1–S2 can help us intuitively under-
stand the nature of the transitions causing the emissions.
The emission spectroscopic data of complex 1H calculated
in ethanol and water solution show a certain solvent depen-
dence. In water, the emission maximum is blue-shifted
(20 nm) relative to that in ethanol solution, because the
electrostatic interaction between the solvent water and the
NCS ligand is stronger than that between the solvent etha-
nol and the NCS ligand.

4. Conclusions

The electronic structure and spectroscopic properties of
[Ru(Htcterpy)(NCS)3]3– (1H) are investigated theoretically.
We predict absorption and emission spectra in the gas phase
and in solution by using the TD-DFT method without and
with the solvent-effect CPCM model, respectively. The
analysis of electronic structure in ethanol solution shows
that the HOMOs are composed of d orbitals of the ruthe-
nium atom and the thiocyanate ligands and the LUMOs
are the admixture of π* orbitals localized on the terpyridine
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ring ligand and the carboxyl groups. The contributions of
the thiocyanate and carboxyl group to the HOMOs and
LUMOs, respectively, are believed to play an important role
in the regeneration and electron-injection performance of
dye-sensitized TiO2 solar cells.

The calculated absorption spectra in ethanol solution are
in rough agreement with the experimental data. The theore-
tically simulated spectra based on TD-DFT calculations
contain four intense peaks and a shoulder. The calculated
absorption peak at 752 nm is not observed in experiment.
We assign four lower-energy bands as d(Ru) and NCS-to-
tcterpy-charge-transfer (MLCT and LLCT) transitions, dif-
ferent from a previous assignment of pure MLCT transi-
tions.[6] The fifth absorption band with the greatest inten-
sity is attributed to a π�π* transition localized on the
tcterpy ligand mixed with some O(pz)�tcterpy charge
transfer. Furthermore, our calculation overestimates the in-
tensity of band II and underestimates that of band III.

To explore the effect of solvents on the spectra, we also
calculated the absorptions of 1H in the gas phase and in
solution. The results quantitatively reproduce the negative
solvatochromism (the MLCT/LLCT electronic transition
energies of complex 1H decrease upon increasing solvent
polarity). We find that the MLCT/LLCT absorption bands
are blue-shifted by about 20 nm in going from ethanol sol-
vent to water solvent. The appearance of negative solva-
tochromism is closely related to a negative change of dipole
moment in the excited state with respect to the ground state,
which results in a higher stabilization of the ground state in
solvents with increasing polarity.

TD-DFT predicts phosphorescent emissions at 724, 711,
and 691 nm in the gas phase, in ethanol, and in water,
respectively. We attribute them to tcterpy�Ru/NCS charge
transfer (3LMCT/3LLCT) transitions.

Supporting Information (see footnote on the first page of this arti-
cle): Figures S1 and S2 are the diagrams of the single-electron tran-
sitions for the emissions in the gas phase and in water solution,
respectively. Tables S1 and S2 present the calculated absorptions of
1H in the gas phase and in water. The calculated dipole moments
of the ground and excited states of 1H in the gas phase, in ethanol,
and in water are given in Table S3.
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