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We present hybrid DFT calculations for large TiO2 cluster models in the gas phase and in solution. Two
clusters are investigated, one derived from the anatase bulk structure and the second from rutile. The surfaces
are passivated with hydroxyl and water ligands, and continuum solvation is used to model bulk solvent in a
subset of calculations. The geometrically optimized bonding patterns, structures, and electronic properties
are similar in the two clusters. The distinction between anatase and rutile is minor at this small size. The
HOMO and LUMO of the clusters are delocalized, and qualitatively resemble those observed in bulk for
both the anatase and rutile derived species. When an additional electron is added, the wave function is again
delocalized and there is little change in geometry, and hence minimal polaronic self-trapping. Removal of a
surface ligand, creating a defect in that location, does lead to localization of the wave function, but it is
unclear whether this actually occurs in real nanocrystalline TiO2 systems. Our results suggest that modeling
of electron transport in TiO2 nanocrystal photovoltaic cells may require the presence of electrolyte ions to
stabilize localized trapping states.

I. Introduction

Titanium dioxide is an important material widely used in
science and technology.1,2 Its nanoparticles are proving to be
very suitable for photochemical applications3-5 and interfacing
with organic molecules6 and DNA.7

Although, macroscopically, the rutile phase is more thermo-
dynamically stable than the anatase phase at ambient pressure
and room temperature,8 anatase has been found to be easy to
synthesize at the nanoscale. Banfield2,9,10 found that the synthesis
of nanocrystalline TiO2 consistently resulted in anatase nano-
particles, which transformed to rutile upon reaching a particular
size (<14 nm). Transformation from anatase to rutile has been
observed under varying experimental conditions,11,12 like tem-
perature and particle size. Barnard and Zapol conducted an
extensive theoretical study of TiO2 nanostructures. They used
a thermodynamic model13 based on the free energy of nano-
crystals as a function of size and shape to determine the
minimum energy morphology of anatase and rutile phases at
the nanoscale and to examine the phase stability of faceted TiO2

nanocrystals14 as a function of surface hydrogenation.15 They
predicted that the minimum energy morphology of anatase is a
bifrustum Wulff construction16 and that of rutile is a bitetragonal
bipyramidal Wulff construction, which became more oblate as
the hydrogenation level increased. They used these results to
study the relative phase stability of nanoscale anatase and rutile
in water17 and their surfaces with adsorbates representative of
acidic and basic conditions.18 They looked at the (001), (100),
and (101) surfaces of anatase and the (100), (011), and (110)
surfaces of rutile, as these are the most common crystalline
planes in bulk crystals and nanoparticles alike.

In recent years, TiO2 has attracted attention as a material for
dye-sensitized solar cells.19-21 It was found that the use of TiO2

nanocrystals improves solar cell efficiency. There has been
extensive investigation in the process of electron injection into
the nanoparticles by the light-absorbing dye.22 Potential existence
of defects on the nanocrystal surface, like oxygen vacancies,
represents an additional dimension to this problem. Experimental
studies have shown that oxygen vacancies in rutile can act as
active sites for water dissociation23 and bonding sites for
molecules and metal clusters.24

Our principal focus in the present paper is on understanding
key electronic states (e.g., anionic states containing an excess
electron) of TiO2 nanoparticles, via density functional theory
(DFT) calculations, in the condensed phase environment
characteristic of photovoltaic devices such as the Gratzel cell.
The preparation of the nanoparticles invariably involves some
exposure to water, and it is believed that this results in
passivation of the surface by water-derived ligands, e.g., water
itself or hydroxyl. The remainder of the solution phase environ-
ment is modeled via dielectric continuum theory, using standard
quantum chemical self-consistent reaction field techniques. The
deployment of this environment and the focus on the electronic
structure of the anion and possible trapping states for the excess
electron differentiate the present paper from previous DFT
calculations on TiO2 nanoparticles.31-33

We begin by constructing passivated cluster models for both
anatase and rutile derived nanocrystals. We find that the anatase
and rutile model clusters show quite similar surface structure,
which in fact is different than either the anatase or rutile bulk
structures. However, even in our small model clusters of 21-23
titanium atoms, the delocalized lowest unoccupied molecular
orbitals (LUMOs) are very similar to those of the bulk anatase
and rutile band structures, respectively. The oxygen centered
highest occupied molecular orbital (HOMO) is delocalized in
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both anatase and rutile model clusters, while the d-band LUMO
is delocalized in anatase and localized in a plane in rutile.
Removal of a water ligand from the surface of a model rutile
cluster led to increased localization of the LUMO near this site.

As a next step, we add an excess electron and carry out
calculation in both vacuum and continuum solvent environments.
We examine what happens to the excess electron as a function
of environment and also in the absence and presence of a defect
site created by removing a passivation ligand. Unless a defect
is created, we do not see significant localization of the excess
electron, although the delocalization patterns are, interestingly,
different for the rutile and anatase nanocrystal models.

The paper is organized as follows. In section II, we briefly
describe the quantum chemical computational methods. Section
III presents the results obtained for both the anatase and rutile
clusters. In section IV, we summarize our results, and discuss
the implications for the TiO2 nanoparticle systems of the Gratzel
cell and other solar energy conversion devices. Our calculations
tentatively suggest that other important system components, such
as electrolyte ions, play a key role in the quantitative electron
transport. The work described here provides a starting point for
investigating larger, more complex models.

II. Computational Methodology

It is important to use methods that are known to quantitatively
reproduce a diverse range of chemical bonding situations in finite
structures with real surfaces. We use a real space, atom-centered
basis and a hybrid functional in density functional theory (DFT)
that combines exact Hartree-Fock exchange with the general-
ized gradient approximation. Hybrid functionals reproduce
experimental bond energies and ionization potentials in a
standard test set of small molecules with residual errors of 0.13
eV, about 10% of the residual errors found for the commonly
used local density approximation (LDA).14,15 Hybrid functionals
also give an improved band structure and band gap for
semiconductors such as crystalline Si in comparison to LDA.16

The improvement for complex crystalline oxides such as
La2CuO4, CaCuO2, LaMnO3, Cr2O3, NiO, TiO2, and UO2 is
dramatic; in these oxides, LDA often gives qualitatively
incorrect (metallic) results.16,17 Overall, the accuracy and utility
of hybrid functionals is being established through widespread
application.18 We use the B3LYP hybrid functional.14

The static DFT calculations were performed on personal
computers using the Jaguar 6.0 code.19 Complete geometric
optimization of species with up to about 200 atoms can be done.
We do not assume any symmetry. Calculations were done with
an all-electron 6-31g basis for the O and H, and pseudopotentials
with the LACVP basis for Ti atoms.20 Extensive tests on model
small molecules, which will be described elsewhere, show that
this basis set is sufficient to describe geometries quantitatively
and energetics at a semiquantitative level, which is the goal of
the present study. Future work will employ larger basis sets
which are required for highly accurate energetics. Spin-orbit
effects are not included in our calculations. In the case of some
ionized species, we reoptimized the structure in the presence
(or absence) of the extra charge, in order to understand changes
in the doped nanocrystal geometry as a function of charge state.
The vertical ionization potential (electron affinity) is the total
energy difference when the ion is converged for the fixed
geometry of the neutral. The adiabatic ionization potential
(electron affinity) is the energy difference when the ion is also
geometrically optimized. The average of the ionization potential
and electron affinity gives the electron chemical potential while
the difference between them is the chemical hardness, corre-
sponding to an effective charging energy.

In order to improve our understanding of behavior of TiO2

nanocrystals in solution, we used the continuum solvation model
available in the Jaguar 6.0 code. In this type of calculation, the
solvated system is treated with a self-consistent reaction field
method, using Jaguar’s Poisson-Boltzmann solver.25,26 The
process consists of Jaguar first solving the usual gas phase wave
function and, from that, the electrostatic potential, and fitting
that potential to a set of atomic charges. These charges are used
by the Poisson-Boltzmann solver, which determines the reac-
tion field by numerical solution of Poisson-Boltzmann equa-
tions and represents the solvent as a layer of charges at the
molecular surface (which serves as a dielectric continuum
boundary). These solvent point charges are then incorporated
into another quantum mechanical wave function calculation. The
process is repeated until self-consistency is obtained. Solvated
calculations of various neutral and ionic nanocrystals are
presented below, along with gas phase results.

III. Results

Ti has four valence electrons and is six coordinate in TiO2.
There are two types of Ti-O bonds in the bulk crystals: short
(1.934 Å in anatase, 1.947 Å in rutile) and long (1.98 Å in
both anatase and rutile). We consider the Ti bonding as a
combination of four covalent and two dative bonds. We model
the electronic structure of small prototypical clusters based on
anatase and rutile in an aqueous environment at neutral pH.

The basic structural unit of both anatase and rutile is a
distorted TiO6 octahedron. The two long dative bonds are axial
in both structures. The O atoms forming these axial bonds are
also bonded covalently to two Ti atoms, as shown in Figure 1.
In rutile, these two OTi2 moieties are coplanar, and in anatase,
the planes are rotated 90° with respect to each other. An
analogous structural distinction would occur in the small model
complex trans-Ti(OH)4(OH2)2 which has similar covalent and
dative Ti bonding. In the rutile isomer, the two H2O are coplanar,
and in the anatase isomer, the two H2O are rotated at 90°.

Our two initial model clusters were chosen to have the interior
structure of anatase and rutile. The surface planes were chosen
to match the respective Wulff shapes: (101) and (001) planes
for anatase and (110) and (101) planes for rutile. Surface Ti
atoms are terminated using covalent -OH groups and dative
water molecules. Thus, all of the titanium atoms are kept
tetravalent and hexacoordinate. Initially, the two clusters were
optimized in vacuum, and the effect of continuum water
solvation was then considered.

Our initial rutile cluster converged as shown in Figure 2, with
relatively small geometry changes. Our initial anatase cluster,
on the other hand, fragmented in geometrical optimization, often
creating a more open 2D-like structure with some double Ti-O
bonds. We then abandoned the Wulff shape for anatase, and
began with a more compact reactangular structure which did
converge.

In both the anatase-inspired Ti21O70H54 cluster and the rutile-
inspired Ti23O80H68 cluster, the central titanium atom (high-
lighted yellow in Figure 2) is bulk-like. All other titanium atoms

Figure 1. Anatase (left) and rutile (right) unit cells. Oxygen atoms
are red.
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are on the surface. The four sides of the rectangular rutile cluster
are (110), while the back and the front are (001). The (001)
plane is present because of the small size of the cluster, which
does not have enough room to for the expected (101) plane.
The top and bottom plane in our anatase cluster is (001), while
the (101) plane, which is prominent in the bulk, does not even
appear. The anatase cluster is actually too small to contain one
bulk unit cell in the direction of the axial bonds, as can be seen
by comparing the cluster model and the bulk unit cell.

These anatase and rutile clusters, rectangular in shape, can
be considered as composed of three types of titanium dioxide
chains: central, side, and edge. The central chain (Figure 3)
contains the central titanium atom; it is surrounded on all four
sides with other chains, and its surface is limited to the terminal
groups at its ends. Side chains (Figure 4) have one of their sides
exposed, in addition to the ends of the chain, meaning they
represent, roughly, the typical feature of the surface of any
anatase and rutile structure. Edge chains (Figure 5) have two
of their sides exposed; they include corner atoms and represent
a feature that would be characteristic of nanocrystals. There are
two different edge chains in our anatase cluster due to the
limitations in cluster size.

In both anatase and rutile clusters, the central titanium atom
(Figure 3) has four roughly equivalent bonds in the equatorial
plane (1.95-1.96 Å in anatase, 1.98-2.00 Å in rutile) and two
bonds on the axis, which are longer than equatorial bonds in

anatase (2.02-2.04 Å) and shorter in rutile (1.83, 1.93 Å). We
note that the bond arrangement around the central titanium atom
in the anatase cluster corresponds closely to that of bulk anatase,
while the same is not true for the rutile cluster.

The surface titanium atoms (Figures 4 and 5) in both anatase
and rutile clusters can generally be described as having a cis
orientation of long or short bonds. The number of long bonds
is two or three. A third long bond is usually accompanied by a
short bond in trans orientation with respect to one of the long
bonds. Ti-O bonding varies with the type of oxygen coordina-
tion: in 3-coordinated oxygen atoms, the bond lengths are
distributed typically as one long (∼2.1 Å) and two short (∼1.9
Å) bonds; in 2-coordinated oxygen atoms, there are two short
bonds of different length: one 1.76-1.78 Å and the other
1.86-1.90 Å. The atoms that have water coordinated to them
have another long bond (2.03-2.17 Å) in the cis position with
respect to water. Interestingly, these bonding patterns occur in
the same manner in both the anatase and rutile clusters. In
addition to this, we can see some correlation between terminal
Ti-OH bond length and terminal Ti-O-H angle. Typically,
short bonds (1.78-1.82 Å) correspond to a bigger than normal
angle (170-140°), while longer bonds (1.92-2.1 Å) have angles
in the range 115-125°. In addition, longer terminal Ti-OH
bonds correspond to shorter complementary (located trans with
respect to titanium atom) bridging Ti-O bonds, and vice versa.
The similarity in local structure between anatase and rutile was
not initially present but developed during the process of
geometrical optimization.

The cluster structure discussed so far refers to vacuum. In
order to model the effect of water, we added an artificial
dielectric environment to our calculations. The presence of water
solvent decreases the length differences in the surface bonds.
The shorter bonds lengthened and the longer bonds shortened,
so that the differences were about one-half those in vacuum. In
addition, the absolute atomic charges from Mulliken population
analysis increased when we introduced artificial solvation,
making titanium atoms more positive and oxygen atoms more
negative. The polar water solvent makes the bonding more ionic
in both isomers.

Figure 6 shows the charging behavior of the total electronic
energy in vacuum; here also, the two clusters are similar. Both

Figure 2. Optimized geometries: (a) anatase Ti21O70H54; (b) rutile
Ti23O80H68.

Figure 3. Central chain of titanium atoms in anatase (a) and rutile (b)
clusters with corresponding Ti-O bond lengths. The middle Ti atom
is the central Ti atom of each nanocrystal.

Figure 4. Side chain of titanium atoms in anatase (a) and rutile (b)
clusters with corresponding Ti-O bond lengths.

Figure 5. Edge chains of titanium atoms in anatase (a, b) and rutile
(c) clusters with corresponding Ti-O bond lengths.
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show positive vertical electron affinities; the rutile value is
slightly higher. The dependence of total energy (relative to the
energy of the corresponding neutral nanocrystal) on charge is
well represented by a polynomial curve of third order. The
second order coefficient is the chemical hardness η,27 and it
predicts effective capacitance C in the relation η ) e2/C. The
two capacitances, as well as the two electron chemical potentials,
are almost the same.

The HOMO-LUMO gap in the anatase cluster is 3.85 eV;
in the rutile cluster, the gap is 3.91 eV. In both anatase and
rutile, the neutral HOMO is delocalized across the entire cluster.
It is centered almost entirely on the bridging oxygen atom
p-orbitals, similar to the valence band in bulk TiO2. The electron
density is highest at the center of the cluster, as would be
expected from effective mass theory for an S orbital. The LUMO
orbitals are somewhat different in the two clusters. In the anatase

cluster, the LUMO is delocalized across the cluster, residing
on the Ti d-orbitals in agreement with the bulk conduction band.
The orbital density is highest on the central plane, which
contains the majority of titanium atoms, and it is reduced on
two other planes, above and below the central plane. The density
does not vary significantly among titanium atoms in the same
plane.

In contrast, in the rutile cluster, the d-orbital LUMO is
localized almost entirely on the central plane. The orbital density
is symmetric and increased at the sides of the cluster. This
pattern does not change with the inclusion of the aqueous
artificial solvation to the calculation. The bulk anatase conduc-
tion band has high dispersion in the z-direction and much lower
dispersion in the x-y plane. Thus, in our anatase cluster, the
observed localization on the central plane and increased density
at the side chains make sense in this context.

In the geometrically optimized anions, the half-filled state is
in the band gap, 3.46 and 3.04 eV above the valence band and
0.89 eV and 0.809 eV below the conduction band in anatase
and rutile, respectively. The LUMO of the neutral cluster is
very similar to the orbital occupied by the extra electron in the
geometrically optimized anion. That is, there is no self-trapping;
the extra electron in both anatase and rutile clusters does not
alter the geometry in any significant way upon reoptimization.
The conduction band in the bulk rutile phase is relatively flat
along the (110) direction; thus, it appears that the localization
in one of the (110) planes is intrinsic. In anatase, the orbital is
delocalized across titanium centers, which is in agreement with
the bulk anatase band structure.

When a single water molecule is removed from one Ti on
the surface, the clusters respond differently, with modest changes
in both geometrical and electronic structure. By comparing the
frozen (Figure 9) and fully optimized anatase cluster with one
water removed (Figure 10), we observe shifts in the position of
both the HOMO and LUMO. The HOMO shifts from one side
of the cluster to the other, while the LUMO shifts from the site
of the removed water molecule in frozen geometry to the furthest

Figure 6. Total energy dependence on cluster net charge for fixed
optimized neutral geometry in vacuum. Energies are relative to the
energy of the neutral cluster.

Figure 7. HOMO (a) and LUMO (b) of the anatase cluster.

Figure 8. HOMO (a) and LUMO (b) of the rutile cluster.

Figure 9. HOMO (left) and LUMO (right) of the anatase cluster with
one water molecule removed calculated using the fixed geometry of
the fully coordinated cluster.

Figure 10. HOMO (left) and LUMO (right) of the anatase cluster
with one water molecule removed calculated with full geometrical
optimization. Note when one water is removed from the ligand shell,
the cooperativity in the binding is partially disturbed and multiple
ligands dissociate. This subject will be further explored.
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plane away from this defect. Band gaps are 4.14 eV for frozen
geometry and 4.53 eV for optimized cluster. Ionization potentials
are 6.54 eV for frozen and 6.86 eV for optimized geometry.

In the rutile cluster, the HOMO remains unchanged during
the optimization process (left images in Figures 11 and 12).
The LUMO shifts from the position at the site of the removed
water molecule (Figure 11, right) to the plane on the opposite
side of the cluster (Figure 12, right). The optimized cluster is
more stable by 0.91 eV. The band gaps are 3.72 eV in frozen
and 3.86 eV in optimized cluster, while ionization potentials
are 6.83 eV in the frozen and 6.90 eV in the optimized geometry.
The energy difference between the LUMO and LUMO+1 is
0.06 eV in the frozen and 0.18 eV in the optimized cluster.

IV. Discussion and Conclusion

The geometrical optimization energy change is much larger
in the anatase cluster (6.7 eV) than in the rutile cluster (0.9
eV). In addition, the differences in band gap energies and
ionization potentials of frozen and optimized clusters with a
missing water molecule are larger in the anatase cluster than in
the rutile cluster. Thus, the anatase-inspired cluster undergoes
a larger change in electronic structure during the geometry
optimization process than the rutile-inspired one. The two
different initial clusters evolve toward one common structure
mostly dominated by the surface passivated with -OH and
water ligands. At this small size, the difference between anatase
and rutile in electronic properties is nearly lost after optimization.
In this regard, recall that the anatase cluster is actually too small
to contain a complete anatase structural unit along the central
Ti atom axial bonds. The optimized surface structures of both
clusters are very similar, in the sense that their local bonding
resembles neither bulk anatase nor bulk rutile.

Around the central Ti atom, a remnant of the difference
between anatase and rutile remains. In the anatase cluster, the
central titanium atom local structure closely resembles bulk

anatase. In the rutile nanocrystal, however, the central atom local
structure is different than that of bulk rutile, with two short and
four long bonds, as opposed to two long and four short bonds
in the bulk structure. The fact that the distortions with respect
to bulk bonding decrease with introduction of artificial dielectric
around the nanocrystals suggests that the distortions of both
anatase and rutile clusters are probably the result of the system
trying to establish optimal covalent bonding around titanium
atoms, moving toward a more tetrahedral orientation of the
Ti-O covalent bonds. This is offset by the constraints of the
internal lattice of the respective crystal systems, resulting in a
balance between distortion on the surface and bulk-like three-
dimensional structure in the interior.

The results we have obtained in principle depend upon many
aspects of the calculations and physical model. Further explora-
tion of many of these factors will be necessary to establish the
key conclusions as robust. Some of the important directions to
explore include performing calculations with increased basis
set size (e.g., adding polarization functions to the oxygen),
systematically increasing the size of the cluster, and investigating
the effects of using a different DFT functional. Additionally,
an investigation of different types of surface structures would
be useful. For example, Rajh, Zapol, and co-workers have
suggested the importance of TidO surface groups. Such groups
are likely to react with water, and thus, we did not include them
in this present manuscript. The stability of such structures as
compared to passiviation by water-derived ligands, in an
environment where such ligands are present in significant
concentrations, could be addressed by suitable calculations. We
intend to pursue new calculations along these lines as a follow-
up to the present study.

The presence of a defect site (missing water molecule from
the coordination sphere) on the surface of both anatase and rutile
clusters causes changes to the LUMO in similar fashion: in both
clusters, in fully optimized geometry, the LUMO is localized
on the site on the opposite side of the cluster with respect to
the site of the defect. Calculation using the frozen structure of
the fully optimized, fully coordinated cluster reveals that this
localization is caused by the geometrical optimization of the
defect clusters: the LUMO is localized at the site of the defect
in frozen geometry and moves away when the optimization is
completed. This is very interesting, because it might indicate
that the surface defects relating to the coordination sphere of
the titanium atoms (molecules with donor-acceptor bonds to
titanium) in both anatase and rutile do not create surface traps
for injected electrons.

In conclusion, we have used the accumulated information to
construct two nanocrystals: anatase-inspired Ti21O70H54 and
rutile-inspired Ti23O80H68. We conducted geometrical optimiza-
tion of these clusters, and the analysis of the optimized geometry
has shown that, in terms of the short-range environment around
individual titanium centers on the surface, both clusters exhibit
similar structure, which is different from both bulk anatase and
rutile. This distortion appears to have little or no effect on the
interior titanium atom in anatase nanocrystal, while the interior
titanium atom in rutile nanocrystal shows significant distortion
from bulk structure. The cluster HOMOs and LUMOs cor-
respond well to the conduction and valence bands of the bulk
anatase and rutile.

These results leave open the question of the nature of the
trap states in TiO2 nanocrystals that are thought to be responsible
for slow electron diffusion in devices such as the Gratzel cell.
When the surface of our model cluster is fully passivated, no
localized states are observed. Removal of a water molecule can

Figure 11. HOMO (left) and LUMO (right) of the rutile cluster with
one water molecule removed calculated using the fixed geometry of
the fully coordinated cluster.

Figure 12. HOMO (left) and LUMO (right) of the rutile cluster with
one water molecule removed calculated with full geometrical optimization.
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lead to localization, but one has to question how likely this is
in an environment that has a significant ligand concentration.
Other types of structural defects are possible, but it is again not
obvious what their concentration or energetics would be.

A likely possibility suggested by these preliminary studies
is that the positive ions of the electrolyte are involved in
transport and trapping in an integral fashion. The involvement
in transport has already been suggested by a decade of
experimental results;28 among other observations, the Gratzel
cell requires a very high electrolyte concentration to function
at all. Recent work by Frank and co-workers29,30 suggests that
the trapping states lie on the surface of the particle. If this is
indeed the case, one can imagine an interaction of the positive
ions of the electrolyte with surface oxygens leading to a
temporarily stabilized structure which can accommodate the
centroid of the wave function of a negative charge. Such states
can be created transiently as the electron moves through the
material. Testing this hypothesis will require building models
that incorporate the ionic liquid environment, via either con-
tinuum models or explicit solvent simulations.
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