Oftadeh and Tavakolizadeh International Nano Letters 2013, 3:26
http://www.inl-journal.com/content/3/1/26

® International Nano Letters

a SpringerOpen Journal

Investigation of optoelectronic properties of N3

dye-sensitized TiO, nano-crystals by hybrid
methods: ONIOM (QM/MM) calculations

Mohsen Oftadeh” and Leila Tavakolizadeh

Abstract

resided in the visible region.

In this article, Ru(4,4'-dicarboxy-2,2"-bipyridine),(NCS), dye (N3) and some derivatives were investigated using
Density Functional Theory (DFT) calculations in solution to elucidate the influence of the environment and
substituted groups on electronic properties. Full geometry optimization and investigation of electronic properties of
N3 dye and some derivatives were performed using DFT and HF calculations. The singlet ground state geometries
were fully optimized at the B3LYP/3-21G** level of theory through the Gaussian 98 program. Based on the
computed results, the optoelectronic properties are sensitive to chemical solventenvironments. Moreover, the
properties of anatase cluster (TiO,) models have been investigated, and N3 dyes have been adsorbed on TiO,
nano-particle with diprotonated states. The modified N3 dyes highly affected the electronic structure. This leads to
significant changes in the adsorption spectra as compared to the N3 dyes. Through hybrid methods, the properties
of interfacial electronic coupling of the combined system were estimated. The results of some combined systems
showed that the electronic coupling, lowest lowest unoccupied molecular orbitals, and the TiO, conduction band
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Background

Photo-induced phenomenon, based on photon absorption
with enough energy, causes the excitation of electrons
and then the current generation. Electron transfer (ET)
at organic/inorganic interfaces plays a key role in a variety
of applications including photocatalysis, photoelectrolysis,
and solar cell and nano-scale electronics [1-5]. The dye-
sensitized nano-crystalline solar cell, or Grétzel cell, is a
popular alternative in comparison to the costly tra-
ditional solar cell [3,6]. The attached chromophore dye
with tuned desired wavelength in a well-known Grétzel
cell should absorb photons and generate electrons
within dye-sensitized titanium dioxide nano-particles
[7-10]. Quantum chemical calculations can provide in-
formation about geometrical and electronic structure in
dye-sensitized solar cells (DSSCs) [11]. The N3 dye, as
shown in Figure 1, is one conventional dye which can
show optical adsorption spectra [12] related to the size
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and conjugation of linkers to the surface at semicon-
ductor TiO,. Surface electron transfer accompanying
the initial light absorption and excitation of ruthenium
dyes often leads to efficient photo-induced charge se-
paration across the dye and TiO, interfaces.

TiO, can be formed in several phases such as anatase,
rutile and brookite. There are some properties of TiO,
nano-crystals such as electro-opticality, low cost, che-
mical stability, non-toxicity, abundance, availability, and
lack of erosion and corrosion against light which are
common in the literature [13]. The anatase crystal phase
of TiO, has an octahedral structure with wide gap ener-
gy, photo-induced activity, large surface area-to-bulk ra-
tio, and can absorb UV light more than other phases.
Due to the lack of anatase stability in its structure and a
high degree of dangling bonds, calculation of structural
and electronic properties of the large number of under
coordinated atom is complicated. However, the size and
complexity of TiO, nano-particles impose challenges for
choosing the methods. Several titanium oxide nano-
crystals have been investigated in some studies [14-19].
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dye and its derivatives are probably the most well known
sensitized dyes which transfer electron by adsorbing
sunlight followed by electron injection to the conduction
band of TiO,, so the gap energy will be increased
[20,21]. The electron transfer depends on different
parameters, for example, the type of attachment such as
bridge, chelating, mono-dentate which are shown in
Figure 2 [22,23]. The dye is adsorbed in a prototype
binding of the two carboxylic acid anchor groups of one
of the bipyridine ligands in a bridging bi-dentate adsorp-
tion mode. Figure 2 shows the types of attachment an-
chor groups on the adsorbent layer [4].

The purpose of this paper is to investigate the role of
acceptor and donor groups on N3 dyes and to under-
stand the electron transfer phenomena, variation of gap
energy, and the geometrical and electronic coupling
among the parts in the combined system, (TiO,)s4-N3
derivatives.

Methods
Through Density Function Theory (DFT), the full geom-
etry optimization and investigation of the electronic
properties of N3 dye and some derivatives were
performed [11]. The results were obtained by DFT and
supported by Hartree-Fock (HF) calculations. The sing-
let ground state geometries were fully optimized at the
B3LYP/3-21G** level of theory. All calculations were
performed with Gaussian 98 program (Gaussian, Inc.,
Wallingford, CT, USA) [24].

The variation of gap energies was investigated by
inserting electron donor groups such as CHs, C,Hs,

- J

NH,, N(CH3),, or electron accepter groups such as F
and Cl on the a position related to carboxylate on N3
dye as shown in Figure 1. To compare of the results, all
calculations were done first in gas phase and then in
solvent phase. In this study, PCM model of ethanol (di-
electric constant, ¢ = 25) and acetonitrile (¢ = 37) was
used.

Since the DFT calculation of the large clusters is very
costly, the (TiO,)s, nano-crystals have been optimized
by MSINDO semi-empirical method [3]. Further, we
used the integrate B3LYP:ZINDO1 approach for the
combined dyes and (TiO,)s4 cluster systems and some
of the dye derivates.

To evaluate the accuracy of the proposed hybrid
method results, the combined system of N3 and (TiOy)s4
has been optimized via the DFT method by a 16-core
supercomputer. The duration of the each calculation was
about 2 months.

Results and discussion

The computational results for the N3 dyes and some de-
rivatives which were performed by B3LYP method and
3-21G** basis set in both gas and solvent phases are
presented in Table 1. A visual comparison of the highest
occupied molecular orbital (HOMO) and the lowest un-
occupied molecular orbital (LUMO) of N3 and some of
its derivatives in the gas, acetonitrile, and ethanol
phases shows an increasing and obvious shifting in
absolute energy and reveal a clear difference in the
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Table 1 The calculated HOMO, LUMO (in Hartree), gap energy, and adsorption threshold by DFT
Gas phase Ethanol Acetonitrile
-X HOMO LUMO Gap (V) A (nm) HOMO LUMO Gap (eV) A (nm) HOMO LUMO Gap (eV) A (nm)
-H —-0.1063  0.1085 1494 830 -0.1976  —0.1202 2.105 620 -0.1988  —0.1203 2136 581
-CH3 -01726  -0.1172 1.508 822 -0.1943  -0.1178 2.082 595 -0.1955  -0.1179 2.109 588
-CoHs -0.1627  —0.1052 1.565 792 -0.1867  —0.1164 1913 648 -0.1910 01172 2008 614
-NH, -0.169%6  -0.1117 1.574 788 -0.1872  —0.1145 1978 626 -0.1881  —-0.1147 1.996 621
-N(CH3), -0.1613  -0.1022 1.609 770 - - - - -0.1592  -0.1055 1462 848
-F -01741  -0.1191 1.498 828 -0.1942  -0.1216 1977 627 -0.1980  —-0.1223 2.059 602
-Cl -0.1741  -0.1197 1479 838 -0.1928  —-0.1232 1.894 654 -0.1981  —0.1243 2.008 618

At B3LYP/3-21G** level of theory for N3-X dye in the gas, ethanol, and acetonitrile phases. X denotes the substituted groups by one of the hydrogen on pyridine

besides the carboxylate group.

energetic ordering of the frontier orbitals in different
environments.

The results show that the substituted groups do not
have an important role in transferring the absorption
wavelength from UV to visible region in the gas phase.
Moreover, the groups have a few influences on the de-
crease of N3 gap energy.

The energy silently decreases in solvent environment,
so the difference between gas and solvent environment
is about 0.5 eV for all groups. The solvent effect on the
gap energy variation occurs through the interaction of
the dye and ethanol or acetonitrile molecules. It has a
significant influence on the optical properties of these
complexes by the environment, so the wavelength of N3
complexes is shifted from 830 to 580 nm by inclusion of
the solvent. The range of variation of optoelectronic pro-
perties is taken into account under a-model for complexes
with conjugated properties whether or not the theoretical
modeling is capable of providing a physically realistic de-
scription of the complexes with extended conjugation.

Using the integrate BSLYP:ZINDO1 approach, the re-
sults of the combined systems of N3 dyes and some of

Table 2 The calculated gap energy and adsorption
threshold by ZINDO1 of theory

Molecules Gap (eV) A (nm)
(TiOy)ss 397 313
(TiO2)s4 + N3 154 800
(TiOs)ss + N3 + F 421 295
(TiO5)s4 + N3 + Cl 6.6 93
(TiO5)s4 + N3 + CH3 2.7 445
(TiO5)s4 + N3 + CoHs 25 490
(TiO9)s4 + N3 + NH, 1.6 780
(TiO5)s4 + N3 + N(CH3), 03 4,353

For combined system of N3-X dyes and (TiO2)s, cluster in the gas phase. X
denotes the substituted group by one of the hydrogen on pyridine besides of
carboxylate group.

the derivatives with (TiO,)s,4 cluster are summarized in
Table 2. The table shows that some of the absorption
wavelengths of a combined system are located in the vi-
sible area. Furthermore, the computed results by the
mentioned. methods for heterogeneous super molecule
are given in Table 3. However, the gap energy almost dif-
fers between ONIOM and DFT; ONIOM results are in
agreement with our expectation.

Conclusion

To significantly develop DSSCs and related photo-
electrochemical devices, the quantum chemical cal-
culations were performed to provide a better theoretical
understanding of the basic physical and chemical pro-
cesses of dye-sensitized semiconductors. As shown before,
the modified N3 dyes have highly affected the electronic
structure. This leads to significant changes in the absorp-
tion spectra as compared to the N3 dyes. The optical ab-
sorption spectra are related to the environment, but not
probably related to the type of X-substituted groups. The
results of the combination system showed that the elec-
tronic coupling of the lowest dye LUMOs and the TiO,
conduction band is negligible. Moreover, the lowest
LUMO dye and TiO, band conduction, using hybrid
method and the electronic structure, agree with the ex-
periment evidence. Finally, the absorption wavelength of
some substituted dyes of combined system is located in
the visible area.

Table 3 The calculated gap energy and adsorption
wavelength of combined system of N3 and (TiO;)s,4
cluster

Method Gap (eV) A (nm)
ONIOM 1.54 800
B3LYP 3.93 320

In the gas phase by ONIOM and B3LYP methods.
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