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Abstract Atomic clusters (TiO2)n are studied by means of state of the art techniques
for structural, electronic and optical properties. We combine molecular dynamics, density
functional theory and time dependent density functional theory to provide a deep and compre-
hensive characterization of the system. Atomic clusters can be considered the starting seeds
for the synthesis of larger nanostructures of technological interest. Also, given the complexity
of the material itself, a clear theoretical description of its basic properties provides interesting
results both from the solid state physics and chemistry point of view.
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1 Introduction

For many years, Titanium dioxide has been one of the materials under most active investiga-
tion, mainly due to the large number of crystalline phases and morphological nanostructured
shapes it can take. It is widely used in several technological applications, as in the fields
of biocompatible materials, gas sensors, photocatalysis, photovoltaics and energy storage.
A consistent number of experimental and theoretical works appeared up to now in the liter-
ature, contributing to important progresses in the knowledge of the physical and chemical

L. Chiodo (B) · A. Massaro · S. Laricchia · F. Della Sala · R. Cingolani
Center for Biomolecular Nanotechnologies, IIT Istituto Italiano di Tecnologia, Via Barsanti,
Arnesano, 73010 Lecce, Italy
e-mail: letizia.chiodo@iit.it

M. Salazar · A. H. Romero
CINVESTAV, Unidad Querétaro, Libramiento Norponiente 2000, 76230 Real de Juriquilla,
Querétaro, México

A. Rubio
Nano-Bio Spectroscopy group and ETSF Scientific Development Centre, Centro de Fisica de Materiales
CSIC-UPV/EHU- MPC and DIPC, Dpto. Fisica de Materiales, Universidad del Pais Vasco,
Av. Tolosa 72, 20018 San Sebastian, Spain

123



292 L. Chiodo et al.

properties of bulk phases, surfaces, and nanostructures. The modelization, via different com-
putational approaches, of the material, presents however important drawbacks. Concerning
the system dimension, atomic clusters can be investigated via refined quantum-chemistry
approaches, (Helgaker et al. 2000; Li and Dixon 2008) but the feasibility of such calcula-
tions rapidly decreases with the cluster dimension. Most recent calculations (Mowbray et al.
2009; Shevlin and Woodley 2010) report on electronic properties of some highly symmetric
clusters, used to study doping effects, and on optical response of similar clusters via TDDFT.
For nanoclusters, with a number of atoms around 100, recent studies (Iacomino et al. 2008)
have been performed with ab initio DFT methods to analyze structural stability and elec-
tronic properties of real-shaped clusters. On the other hand, bulk-cut clusters have often been
used to model real clusters as well as their interaction with organic molecules within DFT
and TDDFT (De Angelis et al. 2004, 2008; Duncan and Prezhdo 2007; Duncan et al. 2007;
Prezhdo et al. 2008; Duncan and Prezhdo 2008).

Standard density functional theory (Hohenberg and Kohn 1964) (DFT) can be successfully
applied to describe structural properties of the material, and energetic behaviours, also con-
nected to catalysis (Selloni et al. 2008), are well described by DFT. But, as soon as one moves
to properties involving excited states, as in photocatalysis and photovoltaic applications, rely-
ing on DFT is not sufficient to correctly describe the electronic and optical properties. The
electronic description is definitely improved if more refined quantum chemistry or many body
techniques, such as G0W0 method (Onida et al. 2002), are used, because in these approaches
excited states are explicitly taken into account. A proper optical description should need, on
the other side, the inclusion of interaction among excited electrons and holes. Such effects
are embedded in time dependent DFT (Marques et al. 2006) (TDDFT), or in many body
treatments as BSE solution (Onida et al. 2002).

2 Results and discussion

2.1 Ground state properties

On the most stable structure obtained with molecular dynamics (Fig. 1), DFT electronic
properties calculations were performed with the plane waves pseudopotentials code Quan-
tum Espresso (Giannozzi et al. 2009; Scandolo et al. 2005). As shown in Fig. 2 for the smallest
cluster, the HOMO wavefunction is mainly localized on Oxygen atoms, while the LUMO is
given by Titanium atoms, on the opposite side of the molecule. The same holds for larger
atomic crystals here considered.

2.2 Electronic and optical properties

A basic electronic characterization can be obtained via DFT concerning properties directly
related to electronic density.

We observed that ground state dipole moment oscillations are quite large for these clusters
(1 ÷ 12 Debye) and give an estimation of structural and electronic anisotropy. The smallest
dipole value is for cluster (TiO2)8, which is indeed the most symmetric among this family.
Low dipole cluster is also obtained for (TiO2)5, while the maximum dipole is associated to
the very asymmetric (TiO2)6, (TiO2)7, (TiO2)9. Also the Kohn-Sham HOMO-LUMO for
the neutral clusters show strong oscillations, in particular between n = 5 and n = 10, with
larger values for even clusters. The largest gap (2.5–2.8 eV) is for the (TiO2)8 system. This
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Fig. 1 Anatase-like structures for n = 3 ! 10

Fig. 2 Geometry, HOMO and LUMO via DFT of (TiO2)3

is also the only cluster with a gap larger than the bulk anatase value obtained within DFT.
The (TiO2)9 cluster, stronghly asymmetric, has instead a Kohn-Sham HOMO-LUMO gap
of just 0.3 eV.
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Fig. 3 Optical absorption
spectra of (TiO2)n, calculated
with TDDFT. Black points
denote the optical TDDFT gap

Larger (smaller) dipole moment, originating from large (small) charge-separation, is gen-
erally associated with a smaller (larger) gap.

The electronic gap for the (TiO2)n clusters, calculated via total energy differences, is
4.0–5.5 eV larger than the Kohn-Sham gap, and also, as shown in the following, of the same
amount larger than the optical gaps.

This result has to be expected, due to the strong quantization effects acting on the molecule.
The electronic gap is also definitely larger than the optical gap, reported in the following,
due again to the strong electron-hole interaction acting in a localized system.

Time dependent DFT calculations have been performed with the code Octopus (Castro
et al. 2006). In Fig. 3 are reported the optical spectra for the neutral clusters, calculated via
time propagation in real time approach. Spectra for neutral systems are in good agreement
with the ones obtained via the linear response approach within the same code. As a general
remark, the spectra show an high intensity with maximum at 10 eV, and smooth edge at
7.5 eV (not shown here). Those excitations are due to transitions from deep valence levels
of the clusters to lower energy part of the empty states (LUMO and LUMO+1, LUMO+2,
etc). The shown part of the spectrum is closely related to visible optical excitations range.
The first excitations, due to HOMO-LUMO transitions, have low oscillator strenghts, apart
for (TiO2)8 cluster, so that optical peaks appear more intense around 3 eV for almost all sys-
tems. Only (TiO2)9 has optical absorption at lower energies, below 0.5 eV, due to its small
HOMO-LUMO gap.

The analysis of optical transitions for neutral clusters indicates that the optical TDDFT
gaps, shown in Fig. 3, are quite close to the Kohn–Sham gap data, differing by around 0.1 eV.
The same happens if a hybrid functional is used, that is, a PBE0 hybrid exchange-correla-
tion functional (results not shown). The PBE0, DFT, and TDDFT gaps are larger than the
ones obtained at LDA or GGA level, as to be expected, but very close to each other. So, in
both PBE and PBE0, the expected opening of the optical gap with respect to the KS one is
missing.

Usually, the optical gap is larger than the Kohn-Sham gap, but for inorganic clusters it has
already been reported (Marques et al. 2006) that the effect of TDDFT calculations can be not
a shift of the absorption edge, but instead a redistribution of spectral weights, resulting in an
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overall energy blue-shift of the spectrum. This blue-shift is due to the localization induced
on states by the molecular nature of these systems, which are actually closer, for dimension,
to inorganic molecules than to solid systems. Also, the presence of strong charge transfer
effects, not described by TDDFT, can contribute to the observed behaviour. In the TDDFT
spectrum of the smallest cluster, the first transition, with a low oscillator strenght, is at 1.5 eV,
and the first more intense optical transition is at 2.1 eV.

3 Perspectives and applications

The proposed study of optoelectronic properties is suitable for applications where an accurate
study of the interaction between light and conductivity is required (Massaro 2010). In this
direction TiO2 fillers can be used in polymer in order to improve soft sensor. Until now we
have implemented tactile sensor for robotics based on light coupling of gold nanoparticles
as fillers in PDMS polymer matrix (Massaro et al. 2011a,b). In this direction we are trying to
characterize innovative nanocomposite materials fabricated by filling in different polymers
TiO2 fillers. This characterization will allow to improve conductive sensors by maintaining
the mechanical elastomeric response for reversible and real time tactile sensors (Massaro
et al. 2011c). Moreover we are analyzing the treatment with TiO2 of polymeric surfaces able
to trap gases such as CO2. The proposed study represents a tool oriented on the supporting of
XPS experimental characterization of the innovative sensors. In fact, the variations observed
could support the binding energy analysis of nanocomposite materials with TiO2: by means
of a separate study of the polymer and of the fillers it is possible, by utilizing the accurate
proposed method, to discriminate the effects. By discriminating the effects and by observing
the peak shift of optical absorption spectra it is possible to tune the electro-optical properties
of nanocomposite materials by optimizing the efficiency sensors. The proposed theory will
be applied in a future work in order to understand better the opto-electronic properties of
new nanocomposite materials. The main goal will be to create theoretical tools for each kind
of nanocomposite materials.

4 Conclusions

We report application of DFT and TDDFT to inorganic oxide molecules. The electronic gap,
to be compared with photoemission data when available, is in the range of 6–7 eV, due to
the strong quantum confinement of this atomic-size system. The optical gap, intented as the
first optically allowed transition, in instead quite smaller than the electronic one, being in the
range 2.1–2.5 eV. Well defined optical peaks can be identified. We plan the inclusion of many
body effects, explicitely treated in the G0W0 and Bethe Salpeter equation, to introduce a more
refined description of charge transfer phenomena, which could affect excitonic distribution
in such material.
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