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In this work, we designed and investigated theoretically novel ruthenium(Il) complex
(BuyN)[Ru(DMFAdctpy)(NCS)3]; (DMFAdctpy : 2-(6-(5-(4-(bis(9,9-dimethyl-9H-
Sfluoren-2-yl)amino)phenyl)pyridin-2-yl)-4-carboxypyridin-2-yl)pyridine-4-carboxylic
acid) with DMFAdctpy as an anchoring group and a highly conjugated ancillary
ligand to increase absorption ability in the long wavelength region compared to the
N3 dye([Ru(dcbpy)(NCS),]); (dcbpy (4,4 -dicarboxy-2,2'-bipyridine)). The density
functional theory (DFT) and time-dependent density functional theory (TD-DFT)
calculations were used to gain insight into the factors responsible for photovoltaic
properties as dye sensitizer. The absorption spectrum of these dyes with terpyridine
derivative is more red-shifted and broad than that of N3, especially, in the region
between 400 nm and 650 nm. This is attributed to the extension of the w-conjugated
system of insertion terpyridine ligands. Molecular orbital analysis confirmed that the
HOMOs of (BuyN)[Ru(DMFAdctpy)(NCS);] localized over the NCS ligand orbitals.
The LUMO, LUMO+1 and LUMO+-2 are mainly localized over the dctpy ligand.
However, the LUMO+-3 is delocalized on the DMFA moiety. Due to the panchromatic
and red-shifted absorption spectrum, these novel ruthenium complexes are expected to
good candidates as dye sensitizers for DSSCs.

Keywords Dye-sensitized solar cells (DSSCs); Ruthenium; terpyridine; TD-DFT;
DFT

Introduction

Recently much attention has been focused on the dye-sensitized solar cells (DSSCs), as
possible low-cost photovoltaic devices [1]. Performance and stability of DSSC devices
have been studied and significantly developed over the past decade [2—4]. Among the
components of DSSC, the sensitizer is a crucial element, which significantly influences on
the power conversion efficiency as well as the stability of the device. Up to now, the record
for DSSC efficiency was held by a polypyridyl ruthenium sensitizer (11%) in combination
with a voltaic iodide/triiodide mixture as electrolyte [5]. However, the conversion efficiency
of DSSC:s is still lower than that of the silicon-based photovoltaic cells. To obtain a high
conversion efficiency, optimization of the short-circuit photocurrent (Jsc) and open-circuit
potential (Voc) of the cell is essential. The value of Voc depends on the edge of conduction
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band in TiO, and the redox potential of I-/ 13-, otherwise Jsc is related to the interaction
between TiO, and the sensitizer as well as the absorption coefficient of the sensitizer [6].
Furthermore, Jsc is closely related to the metal-to-ligand charge transfer (MLCT) transition
of immobilized dye molecules, which could be improved significantly by means of the
enrichment electron-donating ability of the ancillary ligand [7].

In order to enhance power conversion efficiencies of DSSCs, it is imperative to design
novel sensitizers that exhibit an enhanced molar extinction coefficient in combination with
a red-shifted absorption band compared to standard [Ru(dcbpy),(NCS),] (N3). Extension
of the m-conjugation of the ancillary ligand and/or the anchoring ligand can improve
the spectral response of corresponding ruthenium sensitizers [8]. Therefore, efforts were
recently made to increase the molar extinction coefficients of the ruthenium dyes in order
to improve their light-harvesting ability. In this work, we designed a novel ruthenium
complex (BusN)[Ru(DMFAdctpy)(NCS);] with high 7-conjugated DMFAdctpy group.
The density functional theory (DFT) and time-dependent density functional theory (TD-
DFT) calculations were used to estimate the photovoltaic properties of the dyes [9]. Finally,
we will suggest high performed dye sensitizer as a DSSC device.

Computational Methods

To gain insight into the factors responsible for the absorption spectral response and the
conversion efficiency, we perform DFT and TD-DFT calculations on the ground state
of the ruthenium dyes. This computational procedure allows us to provide a detailed
assignment of the excited states involved in the absorption process. The geometries and
energy levels of molecular orbital were calculated by the DFT method and the absorption
spectrum was calculated at optimized ground state geometries by the TD-DFT method.
Although, the energy levels of molecular orbital can predict the trend of energy gap in the
absorption spectrum, their data do not exactly match in the absorption spectrum. Since the
absorption process has time dependency, the absorption spectrum in this study originates
from TD-DFT.

The geometries in the gas phase were optimized by the DFT method using the
B3LYP/DGDZVP in the Gaussian 03 program package. The HOMO is the highest oc-
cupied molecular orbital, HOMO-1 is the next highest occupied molecular orbital, and
HOMO-2 is the second highest occupied molecular orbital. The LUMO is the lowest un-
occupied molecular orbital, LUMO-1 is the next lowest unoccupied molecular orbital, and
LUMO-2 is the second lowest unoccupied molecular orbital. Electronic populations of
HOMO and LUMO were calculated to show the position of the localization of electron
populations along with the calculated molecular orbital energy diagram.

TD-DFT calculations with B3ALYP/DGDZVP level of theory were performed at the
ground state optimized geometries by means of the C-PCM algorithm, as implemented
in the GO3 program package. Absorption spectrum was calculated at optimized ground
state geometries for lowest 30 singlet-singlet excitations up to wavelength of 400 nm. The
simulation of the absorption spectra was performed by a Gaussian convolution with fwhm
=0.27eV.

Results and Discussion

The chemical structures of dyes studied herein are shown in Figure 1. The (BuyN)
[Ru(DMFAdctpy)(NCS);] was designed by adding the DMFA on the dctpy moiety.
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Figure 1. Molecular structure of the dyes : N3 and (BusN)[Ru(DMFAdctpy)(NCS);].

To increase the power conversion efficiency, the DMFAdctpy ligand was designed for
extension of the m-conjugation system and enrichment the electron-donating ability.
The m-conjugation system and enrichment the electron-donating ability would lead to
red-shifted, broadened absorption band and improve the MLCT [6-8]. Therefore, the
(BuyN)[Ru(DMFAdctpy)(NCS)s] is expected to better performance in Jsc than the N3.
DFT calculations were performed at a B3ALYP/DGDZVP level for the geometry optimiza-
tion of these dyes in order to obtain molecular orbitals and electronic structures of the N3
and the (BuyN)[Ru(DMFAdctpy)(NCS);].

These dyes with their isodensity surface plots of the frontier MOs (Molecular Or-
bitals) are shown in Figure 2. It shows that the HOMO orbitals of the N3 and (BusN)
[Ru(DMFAdctpy)(NCS);] are localized over the NCS groups, respectively. In the case of
the N3, LUMO orbitals are mainly localized on the dcbpy groups. Whereas, in the case of
(BuyN)[Ru(DMFAdctpy)(NCS)s], the LUMO is localized over the dctpy and NCS groups.
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Figure 2. Frontier molecular orbitals (HOMOs, LUMOs) : (a) N3 (b) (BusN)[Ru(DMFAdctpy)
(NCS);]. (Continued)

Furthermore, the LUMO+1 and the LUMO+-2 are mainly delocalized on the dctpy moiety
and the LUMO+-3 is mainly delocalized on the DMFA.

Figure 3 shows the calculated molecular orbital energy diagram for these dyes. HOMO
and LUMO are acronyms for highest occupied molecular orbital and lowest unoccupied
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Figure 2. (Continued)

molecular orbital, respectively. The difference of the energies of the HOMO and LUMO,
termed the band gap can sometimes serve as a measure of the excitability of the molecule;
the smaller the energy the more easily it will be excited. The HOMO level is to organic
semiconductors what the valance band is to inorganic semiconductors. The same analogy
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Figure 3. Schematic energy diagram for N3 and (BuyN)[Ru(DMFAdctpy)(NCS);].

excites between the LUMO level and the conduction band. The energy difference between
the HOMO and LUMO level is regarded as band gap energy. When the molecule forms
a dimmer or an aggregated, the proximity of the orbital of the different molecules induce
a splitting of the HOMO and LUMO energy levels. This splitting produces vibrational
sublevels as there are molecules that interact together. When there are enough molecules
influencing each other (e.g. in an aggregate), there are so many sublevels that we no longer
perceive their discrete nature; they form a continuum.

Overall, energy gaps between HOMOs and LUMOs levels of the (BusN)
[Ru(DMFAdctpy)(NCS);] were decreased with additional DMFAdctpy group. Specifi-
cally, HOMOs levels of the (BuyN)[Ru(DMFAdctpy)(NCS);] were destabilized by the
electron-donating characteristic of DMFAdctpy group. These results lead to the reduc-
tion of energy gaps between HOMOs and LUMOs levels when compared with that of
the N3. The reduction of the energy gap of the dye would show more red-shifted band
in the absorption spectrum and panchromatic absorption band in the long wavelength
region.

Figure 4 shows the UV-Vis absorption spectra of the N3 and the (BuyN)
[Ru(DMFAdctpy)(NCS)3;] by TDDFT calculations. The red-shifted absorption band in
all around visible light region of (BusN)[Ru(DMFAdctpy)(NCS);3] is in agreement with
the extension of -conjugation of the DMFAdctpy moiety, which results in decrease be-
tween HOMOs and LUMOs levels than that of the N3. The absorption peaks at 368 nm,
428 nm, 554 nm and 668 nm of the N3 are mainly contributed from HOMO-5 — LUMO,
HOMO-2 — LUMO+2, HOMO-2 — LUMO and HOMO — LUMO transition, respec-
tively (see Table 1). The absorption peaks at 364 nm, 454 nm, 522 nm and 585 nm of
(BuyN)[Ru(DMFAdctpy)(NCS)3] are mainly contributed from HOMO-1 — LUMO+-3,
HOMO-2 — LUMO+2, HOMO — LUMO+1 and HOMO — LUMO transition, re-
spectively. Especially, the absorption peak at 364 nm is remarkably higher than that of N3,
which peak is originated from the HOMO-1 — LUMO+-3 (46%) transition. Focused on the
absorption band at 454 nm and 522 nm of (BuyN)[Ru(DMFAdctpy)(NCS);], these peaks
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Table 1. Calculated TDDFT excitation energies (eV, nm), oscillator strengths (f) and com-
position in terms of MO contributions: N3 and [Ru(DMFAtpy)(dctpy)]

# of excited Calculated Oscillator Major
Dye state energy(eV, nm) strength(f) composition
N3 1 3.3099(374.59) 0.0747 H-5->LUMO (83%)
2.9841(424.0) 0.0794 H-2->L+2 (58%)
3 2.2302(555.94) 0.1379 H-2->LUMO (51%),
H-1->L+1 (39%)
4 1.8464(671.5) 0.0346 HOMO->LUMO
(91%)
[Ru(DMFAtpy) 1 3.265(379.73) 0.1299 H-1->L4-3 (46%),
(dctpy)] HOMO->L+3
(26%)
2 2.7125(457.08) 0.0946 H-2->L+2 (85%)
3 2.3963(517.41) 0.2004 HOMO->L+1
(72%), H-1->L+1
(17%)
4 2.0476(605.5) 0.1143 HOMO->LUMO
(715%),
H-1->LUMO
(16%)
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Figure 4. The calculated absorption spectra of the dyes: N3 and (BuyN)[Ru(DMFAdctpy)(NCS);].
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are originated from the HOMO-2 — LUMO+2 (85%) and HOMO — LUMO+1 (72%)
transitions, respectively. As shown in Fig. 2 and Fig. 3, the LUMO+1 and LUMO+2
were localized over the dctpy moiety and the LUMO+3 was localized on the DMFAd-
ctpy moiety. Moreover, HOMOs levels were destabilized by introducing DMFAdctpy lig-
and. Therefore, the significantly increase of the molar extinction coefficients at 368 nm
and the red-shifted absorption band around 400 nm to 650 nm are due to the intro-
duction of DMFAdctpy as an ancillary ligand. Furthermore, absorption energy bands of
(BuyN)[Ru(DMFAdctpy)(NCS)s] showed enhanced molar extinction coefficients between
400 nm and 650 nm in the visible light region, compared with N3, due to the 7 -conjugated
DMFAdctpy group as a weak donor. These results, reveals that the presence of the DMFAd-
ctpy ligand can reinforce the electron-donating ability of the ancillary ligand thereby may
also be able to enhance the spectral response of the corresponding ruthenium sensitizer.
Therefore, the (BuyN)[Ru(DMFAdctpy)(NCS);] would be expected high light-harvesting
and conversion efficiency as a photovoltaic device.

Conclusions

Novel ruthenium complex with DMFAdctpy ligand was designed and studied theoreti-
cally for the potential devices of DSSCs. Specifically, structural, electronic and optical
properties of the (BuyN)[Ru(DMFAdctpy)(NCS)3;] were investigated with the introduction
to DMFAdctpy as an ancillary ligand. In electronically, HOMOs levels were destabi-
lized by the electron-donating characteristic of DMFAdctpy. The absorption spectra of the
(BuyN)[Ru(DMFAdctpy)(NCS)3] showed more broad and red-shifted by the additional
DMFAdctpy ligand. Moreover, the molar extinction coefficients significantly increase at
364 nm and between 400 nm and 650 nm. This means that the DMFAdctpy ligand can
reinforce the electron-donating ability of the ancillary ligand thereby may also be able
to enhance the spectral response of the corresponding ruthenium sensitizer. Therefore,
(BuyN)[Ru(DMFAdctpy)(NCS)s] is expected to efficient light harvesting and better perfor-
mance in J. than the N3. We suggest that newly designed(BuyN)[Ru(DMFAdctpy)(NCS);]
heteroleptic ruthenium complex would be a good candidate as a dye sensitizer of DSSCs,
comparable to the N3.
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