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bstract

Density functional theory (DFT) and time-dependent DFT method have been employed to analyze the tetradeprotonated complexes of polypyridyl
uthenium dyes cis-Ru(4,4′-COOH-2,2′-bpy)2(L)2 (L = NCS, CN and dcbpy; dcbpy = 2,2′-bipyridine-4,4′-carboxylate). The absorption spectra
f these complexes in ethanol solution can be well reproduced with theoretical method. The nature of their absorption bands are assigned

nambiguously. According to the computational results, energy levels of the singlet and triplet excited states of cis-Ru(4,4′-COO−-2,2′-bpy)2(NCS)2

re advantage for the charge injection. Its intense and broad absorption bands as well as favorable excited-state energy levels are key causes for its
utstanding efficiency.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Dye-sensitized solar cells based on nanocrystalline TiO2
lms are intensively investigated for their low cost and high
fficiency [1,2]. The dye acting as photosensitizer is one of the
ey components for the high efficiency of the cells. Different
inds of dyes, such as organic dyes [3,4] and metal-based dyes
5,6] have been applied in dye-sensitized solar cells. Among
hese dyes polypyridyl complexes of ruthenium cis-Ru(4,4′-
OOH-2,2′-bpy)2L2 seem to be the most promising, where L
resents a halide, water, cyanide or thiocyanate substituent, etc.
7]. The photosensitizer cis-Ru(4,4′-COOH-2,2′-bpy)2(NCS)2,
nown as N3 dye, shows the most outstanding performance.

new record conversion efficiency of 11.04% was achieved
ecently by applying guanidinium thiocyanate in the electrolyte
8].

Several factors related to the dyes determine the efficiency
f solar cells, such as light harvesting efficiency, quantum yield

f charge injection and interfacial charge recombination rate,
tc. Numerous experimental researches on ruthenium dyes have
een conducted widely; however, theoretical investigations on
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hem remain limited for their comparatively large molecular size.
emi-empirical approaches [9] and density functional theory
DFT) calculations [10] have been applied to ruthenium dyes.
ime-dependent density functional theory (TD-DFT) has also
een employed for the spectroscopic property analysis of N3
11], and only very recently its UV–visible spectrum simula-
ion in solvents appeared in the literature [12–15]. Comparative
heoretical investigation of ruthenium dyes cis-Ru(4,4′-COOH-
,2′-bpy)2L2 (L = NCS, CN, dcbpy; dcbpy = 2,2′-bipyridine-
,4′-carboxylate) with solvation effect still lacks. In this arti-
le, we investigated the tetradeprotonated species of [Ru(4,4′-
OOH-2,2′-bpy)2(NCS)2], complex 1 [Ru(4,4′-COOH-2,2′-
py)2(CN)2] (Ru 505) and complex 2 [Ru(4,4′-COOH-2,2′-
py)2(dcbpy)] (Ru 470, shown in Fig. 1) from the theoretical
oint of view. The UV–visible absorption spectra in ethanol and
ome other properties related to the electrochemical process such
s their electronic structures and the energy levels of singlet and
riplet excited state of dyes are examined in our article in order
o elucidate the origin for the outstanding performance of N3.

. Computational methods
The geometries of N34− and complexes 1, 2 have been
ully optimized without any symmetry constraints at the B3LYP
evel of theory with the lanl2dz basis set. TD-B3LYP calcula-
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Fig. 1. Molecular structures of the three polypyridyl complexes.

ion containing solvation effect of ethanol is performed on the
eometries optimized in the gas phase. The conductor polariz-
ble continuum model (CPCM) [16,17] is conducted employing
arameters and iterative computation methods as suggested by
lamt et al. to contain the Solvation effect. In order to simu-

ate the UV–visible spectra, the 70 lowest spin-allowed singlet
ransitions are investigated. Transition energetics and oscilla-
or strengths are interpolated by a Gaussian convolution with
he full width at half-maximum of 0.4 eV. The energy levels of
inglet excited state are calculated consulting the ground-state
edox potential and singlet absorption peaks. The energy levels
f the first triplet state T1 state are also estimated with the TD-
3LYP calculation. The Gaussian 03 package of programs was
mployed throughout this paper [18].

. Results and discussion

.1. Geometries

N34− and its two analogs were studied in this context. As
s shown in Fig. 1, they differ in two of their ligands. Some
f their optimized geometrical parameters as well as the experi-
ental data [19] are filled in Table 1. The optimized bond lengths
f N34−are longer than those obtained in the X-ray diffraction
xperiment due to the effect of deprotonation. As cyanide is
ore liable to share its � electron towards the empty d orbital of

he central metal atom than isothiocyanate, the bonding between

able 1
art of the optimized geometrical parameters of N34−, complexes 1 and 2 (in

˚ )

N34− N3a [19] 1 2

Ru–L
b 2.101 2.046–2.048 2.052 2.100

Ru–bpy(cis)
c 2.077 2.036–2.058 2.142 2.100

Ru–bpy(trans)
d 2.091 2.013–2.030 2.098 2.100

a X-ray experimental results of N3.
b RRu–L represents the distance between Ru and ligand L.
c RRu–bpy(cis) represents the distance between Ru and N atom in bipyridine cis

o ligand L.
d RRu–bpy(trans) represents the distance between Ru and N atom in bipyridine

rans to ligand L.
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Fig. 2. Energy levels of molecular orbitals of the three complexes.

yanide and Ru is stronger. The optimized results show that the
istance between Ru and ligand L is shorter for cyanide than
sothiocyanate, which is consistent with the foregoing specu-
ation. The distances between Ru and ligand in complex 2 are
qual for the equivalency of its three ligands.

As a whole, there is minor difference between geometrical
arameters of the three complexes. Replacement of ligand L has
ittle effect on the molecular structures for this series of com-
lexes, so the notable difference in photoelectric properties of
hese complexes may root in the effect of ligands on the elec-
ronic structures.

.2. Electronic structures and UV–visible spectra in ethanol

The energy levels of molecular orbitals of these three com-
lexes are summarized in Fig. 2. On going from N34−, complex
to complex 2, the energy levels of their HOMO orbitals become
egative, which is consistent with the relative order of their oxi-
ation potential [20]. The HOMO–LUMO energy gap increases
n this order.

The molecular orbitals involved in the analysed transi-
ions were examined in detail. The structures of the repre-
entative orbitals are displayed in Fig. 3. The compositions
f orbitals are quite different for the displacement of lig-
nd L. For N34−, the HOMO orbital and the subsequent
ve occupied orbitals are mainly the combinations of the
orbital of ruthenium and p atomic orbital of sulfur and

itrogen in isothiocyanate. In HOMO-3 orbital, the electron
ensity is nearly all located on isothiocyanate. The other
ve orbitals can be divided into two types according to the
onding property between ruthenium and nitrogen atom in
sothiocyanate. There is an antibonding interaction between
hese two atoms in HOMO-2 to HOMO orbital, while this
onding shows bonding character for HOMO-4 and HOMO-

orbital. The following six occupied orbitals are mainly
ocated on carboxylate groups. LUMO to LUMO + 7 series of
rbitals are �* orbitals of bipyridine in nature with notice-

ble contribution from carboxylate groups. It will facilitate
lectron injection as these dyes are anchored on the surface
f electrode through carboxylate groups. The LUMO + 8 and
UMO + 9 orbital are another series of Ru-NCS orbitals which



X. Zhang et al. / Journal of Photochemistry and Photobiology A: Chemistry 185 (2007) 283–288 285

Fig. 3. Structures of the representative orbitals. As the frontier orbitals of com-
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shown in Table 3, band I and III of N34− can be assigned as Ru-
isothiocyanate to bipyridine charge transfer (MLCT) and ligand-
based charge transfer (LBCT) transition respectively, while band
II has mixed character. Most of the excited states in band II are

Table 2
Comparison of the absorption peak energies between the calculated and exper-
imental data of complexes (in eV)

Band I Band II Band III

N3 2.406 3.199 4.191
N3exp [7] 2.322 3.131 3.962
Complex 1 2.604 3.373 4.266
Complex 1exp [7] 2.515 3.397 4.000
lexes 1 and 2. Share similar characters, only the molecular orbitals of complex
are contained in this figure.

isplay nonbonding property between the metal atom and
sothiocyanate.

The frontier orbitals of complexes 1 and 2 seem to share
ore common characters. As for complexes 1 and 2, the fron-

ier orbitals can be divided into four types. Their HOMO to
OMO-2 orbital are Ru–ligand L based MOs showing antibond-

ng interaction between Ru and ligand L. This series of MOs is
mmediately followed by a band of occupied MO located on
arboxylate groups. Their distributions of virtual MOs are sim-
lar to that of N34−. Most of the involved unoccupied orbitals

re based on �* orbitals of bipyridine. The unoccupied orbitals
ith higher energy level are mainly composed of orbitals of Ru

tom.

C
C

T

ig. 4. Comparison of simulated absorption spectra of the three complexes.

The absorption spectra of these three complexes in ethanol
ere simulated. The calculated spectra were displayed in
ig. 4. Within the scope of wavelength analyzed, the simulated
V–visible absorption spectra of N34− and complex 1 show

hree maxima, while the simulated absorption spectrum of com-
lex 2 is composed of two bands. As a whole, the absorption
ands of N34− red-shift compared with the other two complexes.
oreover, N34− possesses broader absorption band in longer
avelength region (denoted as band I and band II), which is

dvantage for light harvesting.
The absorption peaks of our simulated spectra as well as the

xperimental results are summarized in Table 2. The absorp-
ion peaks in the visible region band I center at 2.406, 2.604 and
.765 eV, respectively for N34−, complexes 1 and 2. Their devia-
ion from the experimental results is less than 0.1 eV. Our results
lso well reproduce the absorption peaks of band II and III except
or band III of N34− and complex 1. Their locations blue-shift
y 0.229 and 0.266 eV, respectively compared with experimental
atum. The similar phenomenon was also discovered in previ-
us research [12]. As a whole, our computational method tends
o be effective when dealing with UV–visible absorption spectra
f these metal-based dyes with solvation effect.

The characters of transitions were also investigated thor-
ughly. Part of calculated properties about the singlet excited
tates of the three complexes are summarized in Table 3. As is
omplex 2 2.765 3.636
omplex 2exp [20] 2.672

he experimental data were cited from the references [7] and [20].
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Table 3
Part of the calculated properties about the singlet excited states of the three complexes

State Vertical excitation energies E (eV) Oscillator strength f Charactera

N34−
Band I

1 2.0921 0.0300 153 → 154 (94%, MLCT)
5 2.4377 0.1644 151 → 154 (65%, MLCT)
6 2.5841 0.0361 151 → 155 (59%, MLCT)

Band II
8 3.0526 0.0658 153 → 158 (84%, MLCT)
9 3.0731 0.0429 153 → 157 (75%, MLCT)
12 3.2037 0.0435 152 → 157 (84%, MLCT)
18 3.3232 0.0641 151 → 158 (94%, MLCT)

24 3.4588 0.0376 149 → 154 (47%, MLCT)
145 → 154 (25%, LBCT)

31 3.6718 0.0148 141 → 154 (25%, LBCT)
36 3.7585 0.0019 152 → 163 (49%, d → d*)

Band III
42 3.9251 0.0296 138 → 154 (71%, LBCT)
43 3.9368 0.0745 137 → 154 (68%, LBCT)

Complex 1
Band I

1 2.3213 0.0083 147 → 148 (97%, MLCT)
5 2.5923 0.2215 145 → 148 (68%, MLCT)

Band II
11 3.3316 0.1225 146 → 151 (80%, MLCT)
17 3.4796 0.0096 143 → 148 (43%, LBCT)

Band III
32 3.9871 0.0725 135 → 148 (40%, LBCT)
50 4.2890 0.5094 131 → 148 (59%, LBCT)

Complex 2
Band I

1 2.4567 0.0055 196 → 197 (98%, MLCT)

8 2.7891 0.1313 194 → 199 (26%, MLCT)
195 → 198 (25%, MLCT)

Band II
17 3.4796 0.0377 196 → 202 (89%, MLCT)
53 3.8273 0.0389 179 → 197 (59%, LBCT)
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a Only the most relevant transitions are shown in this table.

ombined Ru-isothiocyanate to bipyridine transitions in nature;
owever, excited state 20 to 26 and 37 have mixed MLCT and
BCT character. Excited state 31 to 34, 38 and 39 are essentially
BCT. It is noticeable that state 35 and 36 unambiguously have
→ d* transition character. As for complex 1, its transitions
ave similar properties as that of N34− except that there is no
nmixed transition with d → d* transition character, while the
V–visible absorption spectrum of complex 2 only shows two
eaks. Band I of complex 2 is MLCT in nature, and the other
and shows mixed character of MLCT and LBCT.

The light absorption property is the key factor to deter-
ine the solar light harvesting efficiency of dyes when they are
bsorbed onto the surface of the electrode. Dyes with absorp-
ion bands in longer-wavelength region are liable to make better
se of sunlight. According to our simulated results, the absorp-
ion peaks of N34− in visible region are red-shifted dramatically

e

d
i

ompared with that of complexes 1 and 2, which is advantageous
or solar light harvesting. Obviously it is one of the predominant
auses for the lower efficiency of complexes 1 and 2.

.3. The driving force for electron injection

Electron transfer on the dye-semiconductor surface is another
rucial factor to determine the overall efficiency of the solar cell.
s for polypyridyl ruthenium dyes, a two-state injection model
as predicted [21–23]. The ultrafast (<100 fs) component can
e attributed to electron injection from nonthermalized excited
tate, and slow component roots in injection from thermalized

xcited state.

The electron injection process involves electron transfer from
iscrete excited states of dyes to a continuum of electronic levels
n the semiconductor, so the total electron transfer rate can be
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emonstrated as [21,22]:

et = 2π

h̄

∫ ∞

0
dE ρ(E)|H̄(E)|2 1√

4πλkBT

× exp

(
− (�G0 + λ − E)

2

4λkBT

)
(1)

n this equation, H̄(E) is the average electronic coupling
etween the excited states of dyes and the accepting states in
he semiconductor. As has been analyzed in the previous part,
UMO orbitals of these three complexes are all mainly �*
rbitals of bipyridine. The replacement of ligand has little effect
n the electronic coupling between the donor and acceptor. ρ(E)
enotes the density of accepting states at energy E relative to the
onduction band edge. �G0 is the energy gap between the redox
otential of excited state dyes and the conduction bend edge of
emiconductor Ecb − Edye. It has been suggested that the relative
nergetics between the absorbates and conduction band edge of
iO2 is the most important factor for electron injection [23].
s can be seen from this equation, ket value increases with the
ore negative value of �G0. In the meantime, the density of

ccepting state also increases as the Edye value is more negative
han the Ecb value, so the Ecb − Edye value can be denoted as
he driving force of the electron injection. According to the two-
tate injection model, the rate of ultrafast component is in direct
roportion to the energy gap between the singlet excited-state
edox potential of dyes and the conduction band edge of semi-
onductor. The rate of the slower component is related to the
nergy gap between the triplet or the lowest singlet excited-state
edox potential of dyes and the conduction band edge of semi-
onductor because the slower electron injection is supposed to
akes place after the intersystem crossing or internal conversion
21–23]. As a whole, larger driving force plays positive effect
n the process of electron transfer.

The energy levels of the lowest two excited states absorption
eaks for the three dyes and the conduction band edge of TiO2

re summarized in Fig. 5. As is shown in this figure, the relative
rder of 1MLCT energy levels is N34− < complex 1 < complex 2.
he energy gaps to conduction band edge of electrode are 1.03,
.82 and 0.66 eV for the first singlet band of the three complexes.

ig. 5. Energy levels of conduction band of TiO2, ground and excited state of
he three complexes. S1 and S2 denote the first and second singlet excited state
and peak, while T denotes the first triplet excited state.
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or the second band, the energy gaps are 1.82, 1.59 and 1.48 eV
espectively. The driving forces for electron injection from non-
hermalized singlet excited dye molecules are much larger for
34− than complexes 1 and 2.
The transition energetics of triplet state are estimated accord-

ng to the same geometry in the singlet excited state computation
ssuming that the time scale of intersystem crossing is short than
hat of nonradiative relaxation. The energy levels of the first
riplet excited states are also summarized in Fig. 5. It is shown
hat energy gaps versus conduction band edge of the electrode
or triplet states are 0.54, 0.37 and 0.19 eV for N34−, complexes
and 2. The driving force for electron injection from the first

riplet state decreases in this order after intersystem crossing.
he S1 state of N34−, as the target state of internal conversion,
lso possesses larger energy gap than the other two complexes.

In summary, both the nonthermalized and thermalized
xcited states of N34− possess larger energy gaps than those
f complexes 1 and 2. According to Eq. (1), electron transfer
ate to the conduction band of TiO2 is comparatively higher for
34−. To sum up, N34− has intense and broad absorption bands

s well as favorable energy levels for its excited states. All
hese characters play positive effect on the its solar to energy
fficiency.

. Conclusion

The light harvesting efficiency and quantum yield of charge
njection from the oxidized dye to the conduction band of semi-
onductor electrode are crucial factors to determine the pho-
oelectrical properties of dyes. These steps of N34− and its
wo similar complexes were thoroughly examined with DFT

ethod in our article. Our computational results indicated that
ariety of ligand L has little effect on the molecular structures
f these series of complexes. The electronic structures of dyes
ary greatly by the replacement of ligand L. The orbital analysis
hows that the orbital compositions of complexes 1 and 2 share
ore common characters than N34−.
The absorption spectra of the polypyridyl complexes can be

ell reproduced with theoretical methods in this article. Absorp-
ion band I and III of N34− and complex 1 can be assigned as

LCT and LBCT in nature, while band II has mixed charac-
er. According to our computational results, low light harvesting
fficiency is probably the main cause for the low efficiency of
omplexes 1 and 2.

Energy gaps between the conduction band edge of TiO2 and
xcited-state redox potential of dyes can be employed as the
riving force for electron injection. The driving forces of ultra-
ast and slower component for complexes 1 and 2 are much
maller than N34−. The comparatively slower electron injection
ate brings out the lower efficiency of complexes 1 and 2.

In summary, N34− has not only intense and broad absorp-
ion bands but larger driving force for electron injection. These

actors are all advantage for its excellent photoelectrochemi-
al performance. Thorough theoretical investigation of these
olypyridyl complexes provides us with valuable clue to design
ew efficient photosensitizer conveniently.
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