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New Heteroleptic Ruthenium Complex with quqo
Derivative for DSSCs

DONG MIN CHANG,1 DONG YUEL KWON,1

AND YOUNG SIK KIM1,2,∗

1Department of Information Display, Hongik University, Seoul, Korea
2Department of Science, Hongik University, Seoul, Korea

In this study, heteroleptic ruthenium complex Ru(dcbpy)(quqo)(NCS)2 (dcbpy = 4,4′-
dicarboxy-2,2′-bipyridine) where the quqo was 2-(2-quniolinyl)quinoxaline, was de-
signed and studied theoretically. To gain insight into their structural, electronic and
optical properties using DFT calculations were performed on Ru(dcbpy)(quqo)(NCS)2

derived from the N3 dye. Molecular orbitals analysis confirmed that HOMOs of
Ru(dcbpy)(quqo)(NCS)2 are localized over the NCS ligand orbitals and the LUMO
is localized over the quqo moiety. For N3, HOMOs are localized over the NCS moiety,
however LUMO is localized over the dcbpy moiety. The TDDFT calculations showed
that the new heteroleptic complex had more panchromatic absorption spectra in the
region above 600 nm compared to N3 dye. Absorption bands around 600 nm are due to
the conjugated length of quqo ligand.

Keywords DFT; DSSCs; heteroleptic; ruthenium; TD-DFT

1. Introduction

In recent years, many progresses have been developed aiming at preparing new sensitizer
for efficient conversion of light to electricity in the Dye-sensitized solar cells (DSSCs)
[1, 2]. Some ruthenium (II) complexes have been used as efficient sensitizers because
they have an intense MLCT transition in the visible region to absorb the solar radiation.
With the feature of charge-transfer, ruthenium polypyridine and polypyridined-derivative
complexes are commonly used as sensitizers, such as the famous N3 and black dyes
[3, 4]. As the electronic absorption spectrum of sensitizer complexes play an important
role on the capability of their efficiency, many efforts has been done on the new ruthenium
complexes the determinations of their electronic spectra [5, 6]. But only a few theoretical
studies deal with the ruthenium complexes, and limit the potentially wide application of
these complexes.

Therefore, the investigation of DSSCs generally works on practical applications [7–10].
Modification of the dye is one of the strategies to improve the performance of DSSCs.

∗Address correspondence to Young Sik Kim, Department of Information Display, Hongik Uni-
versity, Seoul 121–791, Korea. Tel.: +82-2-320-1607; Fax: +82-2-3142-0335. E-mail: youngkim@
hongik.ac.kr

104

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
1:

07
 1

3 
O

ct
ob

er
 2

01
3 



New Heteroleptic Ruthenium Complex with quqo Derivative for DSSCs 105

A possible way of finding new ruthenium complexes with good conversion efficien-
cies was investigated by attaching a π -conjugated group to the heteroleptic ruthenium
complex.

In this study, a heteroleptic ruthenium complex [Ru(dcbpy)(quqo)(NCS)2] (dcbpy =
4,4′-dicarboxy-2,2′-bipyridine) containing a quqo ligand was 2-(2-quniolinyl)quinoxaline
(quqo) with the conjugated length was designed and studied theoretically. This report is
focused on the effect on the photophysical property of substituent of bipyridine ligand.
Compared with N3, the conjugated length of quqo ligand can significantly influence the
photophysical property.

2. Computational Methods

The geometries and energy levels of molecular orbital of the ruthenium (II) complexes were
calculated by the density functional theory (DFT) method using the Gaussian 03 program
package. For the calculated ground state geometries, the electronic structure was examined
in terms of the highest occupied molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbitals (LUMOs). The Hatree-Fork method with a 3-21G (d) basis set and the
Becke-Lee-Young-Parr composite exchange correlation functional (B3LYP) method with
the larger DGDZVP basis set were used for the geometry optimization and the energy level
calculation of the ground state of those ligands, respectively. HOMOs and LUMOs were
calculated to show the position of the localization of electron populations along with the
calculated molecular orbital energy diagram. Solvation effects were included by means of
the conductor-like polarizable continuum model (C-PCM) with the water solvent. time-
dependent density functional theory(TD-DFT) calculations with a B3LYP/3-21G (d) level
of theory were performed at the ground state optimized geometries by means of the C-
PCM algorithm, as implemented in the G03 program package. Absorption spectrum was
calculated at optimized ground state geometries for the 40 lowest singlet-singlet excitations
(up to 350 nm). The simulation of the absorption spectra was performed by a Gaussian
convolution with a full width at half maximum (fwhm) of 0.37 eV.

3. Results and Discussion

We have designed and characterized Ru(dcbpy)(quqo)(NCS)2 based upon N3 as shown
in Fig. 1. The substitution of the quqo ligand with the bipyridine ligand was expected to
increase the power conversion efficiency, due to the extension of the π -conjugation system
of quqo ligand. The π -conjugation system and heteroleptic ligand would lead to red-shifted
and broadened absorption band. Therefore, [Ru(dcbpy)(quqo)(NCS)2] is respected to better
performance in Jsc than N3.

These dyes with their isodensity surface plots of the frontier MOs are shown in
Fig. 2. It shows that the HOMO orbitals for both of N3 and [Ru(dcbpy)(quqo)(NCS)2]
are delocalized on the ruthenium center and the NCS ligands. In case of N3, LUMO
orbitals are localized homogeneously on the two dcbpy ligands. However, the LUMO of
[Ru(dcbpy)(quqo)(NCS)2] is delocalized on the quqo, which would lead to decrement
difference between HOMO and LUMO energy gap due to extension of the π -conjugation
of quqo ligand.

Figure 3 shows the calculated molecular orbital energy diagram for these dyes. Over-
all, energy gaps between the HOMO and the LUMO of [Ru(dcbpy)(quqo)(NCS)2] were
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Figure 1. Structure of N3 and [Ru(dcbpy)(quqo)(NCS)2].

decreased with an additional quqo ligand than that of N3. Specifically, the LUMO energy
level decrements of [Ru(dcbpy)(quqo)(NCS)2] are mainly due to characteristics of quqo
moiety(see Fig. 2). The reduction of the energy gap of the dye would show more red-shifted
band in the absorption spectrum. The degeneracy of LUMO would result in HOMO →
LUMO, LUMO+1 and LUMO+2 simultaneous transitions of [Ru(dcbpy)(quqo)(NCS)2],
enabling more panchromatic absorption band in the long wavelength region.

Figure 4 shows the experimental UV-Vis absorption spectra of N3 in ethanol [11].
N3 presents two bands at 385 nm and 532 nm, respectively, while Fig. 5 shows the
calculated UV-Vis absorption spectra of N3 and [Ru(dcbpy)(quqo)(NCS)2] dyes by TDDFT
calculations. The good agreements between he experimental and calculated absorption
spectra of N3 allowed us to investigate dye. [Ru(dcbpy)(quqo)(NCS)2] shows broad and
red-shifted absorption band around 600nm than that of N3. The major absorption peak of
N3 is at 447 nm and second major peak is at 556 nm, which are ascribed to the HOMO
→ LUMO+3 and the HOMO-2 → LUMO transition, respectively (see Table 1). The
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Figure 2. Frontier molecular orbitals : (a) N3 (b) [Ru(dcbpy)(quqo)(NCS)2].
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108 D. M. Chang et al.

Figure 3. Schematic energy diagram for N3 and [Ru(dcbpy)(dpbpz)(NCS)2].

major absorption peak of [Ru(dcbpy)(quqo)(NCS)2] is at 419 nm and second major peak
at 604 nm, which are ascribed to HOMO-4 → LUMO and HOMO-1 → LUMO transition,
respectively. Especially, second major peak was red-shifted about 48 nm than that of
N3. As shown in Fig. 2, the LUMO was delocalized on the quqo moiety. Therefore, by

Figure 4. The experimental absorption spectra of N3 in ethanol.
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Figure 5. The calculated absorption spectra of N3 and [Ru(dcbpy)(dpbpz) (NCS)2].

introducing quqo ligand, absorption energy bands of the [Ru(dcbpy)(quqo)(NCS)2] were
red-shifted around 600 nm and showed broad absorption bands in the long wavelength
region, compared with N3. These results is due to the the π -conjugation of quqo ligand and
heteroleptic structure of [Ru(dcbpy)(quqo)(NCS)2].

Table 1. Calculated TDDFT excitation energies (eV, nm), oscillator strengths (f) and com-
position in terms of MO contributions: N3 and [Ru(dcbpy)(quqo)(NCS)2].

# of Calculated
excited energy Oscillator Major

Dye state (eV, nm) strengh (f) composition

[Ru(ppd)(tctpy)]+ 1 2.9711 (417.35) 0.1831 H-1->L+2 (80%)
2 2.6718 (464.09) 0.1065 H-2->L+1 (53%),

H-1->LUMO (22%)
3 2.1998 (563.68) 0.0312 H-2->LUMO (65%),

H-2->L+1 (33%)
[Ru(ppd-

TPA)(tctpy)]+
1 2.9753 (416.76) 0.2313 H-2->L+2 (69%),

HOMO->L+5 (16%)
2 2.6784 (462.95) 0.1544 H-3->L+1 (50%),

H-2->LUMO (16%)
3 2.3596 (525.50) 0.1046 H-2->L+1 (91%)

[Ru(CF3-ppyd-
TPA)(tctpy)]+

1 3.0824 (402.28) 0.2238 HOMO->L+5 (62%),
HOMO->L+4 (18%)

2 2.9739 (416.95) 0.2335 H-2->L+3 (74%),
H-1->L+4 (10%)

3 2.9056 (426.76) 0.2013 H-1->L+3 (91%)
4 2.5384 (488.49) 0.1577 H-1->L+1 (20%),

H-1->L+2 (63%)
5 2.3824 (520.48) 0.0805 H-2->L+1 (67%)
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4. Conclusions

Novel heteroleptic sensitizer [Ru(dcbpy)(quqo)(NCS)2] with an added heteroleptic π -
conjugated group was designed and studied theoretically in order to determine the po-
tential devices of DSSCs. Specifically, structural, electronic and optical properties of
the [Ru(dcbpy)(quqo)(NCS)2] were investigated with the introduction of the conjugated
quqo ligand. The LUMO level was decreased due to the introduction of the quqo
ligand. In contrast, HOMOs were not nearly changed. The absorption spectra of the
[Ru(dcbpy)(quqo)(NCS)2] showed more broad and red-shifted band in the long wavelength
region, compared with the standard N3 dye by the additional quqo ligand. The red-shifted
and broadened absorption band were arised from extension of the π conjugation of quqo
lingand and heteroleptic structure of [Ru(dcbpy)(quqo)(NCS)2], respectively, which would
lead to efficient light harvesting in the long wavelength region and high performance in
Jsc. Therefore, we suggest that the newly designed [Ru(dcbpy)(quqo)(NCS)2] heteroleptic
ruthenium complex will be a good candidate as a dye sensitizer of DSSCs, comparable to
N3.
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