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Abstract

Titanium dioxide (TiO2) nanoclusters (NCs) and nanoparticles (NPs) have been the focus of intense research
in recent years since they play a prominent role in photocatalysis. In particular, the properties of their excited
states determine the photocatalytic activity. Among the requirements for photocatalytic activity, low excitation
energy and large separation of the charge carriers are crucial. While information regarding the first is
straightforward either from experiment or theory, the information regarding the second is scarce or missing.
In the present work we fill this gap through a topological analysis of the first singlet excited state of a series
of TiO2 NCs, anatase and rutile derived NPs containing up to 495 atoms. The excited states of all these systems
in vacuo has been obtained from time-dependent density functional theory (TDDFT) calculations using hybrid
functionals and the influence of water taken into account through a continuum model. Three different
topological descriptors are scrutinized that are derived from the attachment/detachment one-electron charge
density. These are to (i) charge transfer degree, (ii) charge density overlap, and (iii) distance between centroids
of charge. The present analysis shows that the charge separation in the excited state strongly depends on the
NP size and shape. The character of the electronic excitations, as arising from the analysis of the canonical
Kohn-Sham molecular orbitals (MOs) or from natural transition orbitals (NTOs) is also investigated. The
understanding and prediction of charge transfer and recombination in TiO> nanostructures may have

implications in the rational design of these systems to boost their photocatalytic potential.

1 Electronic supplementary information (ESI) available: Detailed equations that define the topological descriptors. TDDFT PBEO
topological descriptors for nanoclusters (Table S1), TDDFT optical gap for nanoclusters (Table S2), optical gaps, excited state
character, and weight of NTOs for nanoparticles at TDDFT PBEO level (Table S3), TDDFT NTOs for nanoclusters with PBEx
functional (Fig. S1) and with PBEO functional (Fig. S2), TDDFT NTOs for nanoparticles (Fig. S3), centroids for nanoclusters at
TDDFT PBEXx level (Fig. S4), and centroids for nanoparticles at TDDFT level (Fig. S5).
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1. Introduction

Since Fujishima and Honda first reported the overall photocatalytic water splitting by using a Titanium
dioxide (TiO,) electrode in 1972,! TiO, nanostructures have been the object of a large number of studies aimed
to better understand the intricacies of photocatalysis.?” ® In fact, the photocatalytic activity of TiO; results from
many factors involving, morphology, size and nature of charge carriers. Interestingly, the latter one is directly
associated to the formation of the photogenerated hole (4") and electron (") species under irradiation and plays
a key role in the photocatalytic process. The efficiency of a photocatalyst can be measured by the redox
reactions performed by such photogenerated carriers over adsorbed species on the photocatalyst surface, or
by their recombination.” Not surprisingly, the efficiency of a given photocatalyst could be highly improved
by suppressing the carrier recombination step and consequently prolonging the lifetime of the e—A" pair, which
is also called exciton.® Charge separation in TiO,, rather than charge transfer to reactants or intermediates,
seems to be the rate controlling step in photocatalytic processes.’ In fact, one of the reasons why the TiO>
anatase phase exhibits higher photocatalytic activity than the rutile TiO2 one is attributable to their larger
carrier lifetimes.!® However, the carrier lifetime is not the only factor responsible for the photocatalytic
activity, as mentioned earlier. Recent studies have suggested that the size and the shape of TiO2 nanostructures
directly influence their performance in the photocatalytic applications and hence they have a notable effect on

the generation, recombination, separation and diffusion rates of the exciton.'!~ 1

The valuable information that one can obtain from the localization and identification of the exciton
quasiparticle in molecules, nanoclusters (NCs) and nanoparticles (NPs) has motivated the development of
several theoretical approaches aimed at qualitatively and quantitatively describing the properties of the
relevant excited states and to provide appropriate chemical descriptors. These descriptors, based on excited
state quantum chemistry methods, such as time-dependent density functional theory (TDDFT), allow one to
characterize the topology of the electronic transition, particularly in what concerns its character as a local
valence or charge-transfer excitation. Excited states with long-range charge transfer are known to be
problematic to TDDFT,? and motivated the introduction of descriptors such as the A index proposed by Tozer
et al.*'** Essentially, this index is a weighted and normalized sum over all excitations of the spatial overlap
between the occupied and virtual orbitals participating in the excitation; a low A corresponds to a long-range
charge transfer excitation. Later, a number of measures of charge transfer based on the spatial extent of the
transition, derived either from the difference density between the excited and the ground state or from the

distance between orbital centroids, were proposed.”* 2’ Recently, Etienne et al.?%3!

introduced a strategy to
retrieve crucial topological information related to charge transfer from the so-called detachment/attachment
density matrices>? and natural transition orbitals (NTOs),**** and suggested to use the detachment/attachment
densities, which also physically depict the electron/hole generated by electronic transition. Mewes et al.’
carried out a benchmarking on a series of excited states of different systems by exploiting the concept of
excitons and showing that the distance between the electron and hole centroids can be interpreted as the

average distance between the hole and the electron. The same authors also proposed a complementary measure



of the exciton size that is quantified by the root-mean-square electron-hole separation, a measure that includes
charge-resonance (or dynamic charge transfer).*®:3” Another density based descriptor defined as density
overlap region indicator (DORI) has been developed to visualize and to quantify the electronic and geometric
changes that molecular systems experience upon electronic excitations.*® A visualization tool in the form of
electron-hole maps, derived from the construction of transition density matrices, has also been proposed.*®-*°
Another recent density matrix based formalism has been developed where state density matrices give rise to
density plots, population analyses, and natural orbitals.*!*? In this formalism, the transition density matrices
are decomposed into NTOs (single-state and state-average) and used to define hole and electron densities.
Several applications have been reported where electron-hole correlations and exciton size, and charge
resonance effects were investigated, and difference density matrices used to define attachment/detachment
densities.****¢ In summary, these methods have opened a route for a rather automatic assignment of excited
state features based on the electronic density and/or orbital properties only, thus leading to a deep knowledge

that ultimately could lead to a rational improvement of photocatalytic materials.

To find out how the photogenerated e” and /" entities participate in photocatalytic reactions on TiO,
including water splitting for hydrogen production under sunlight, constitute a real challenge. Several
computational studies have investigated the active sites at the TiO surface and the TiO»/water interface.*’->!
Additionally, a set of studies has been performed by using TDDFT with different exchange-correlation
potentials to investigate the electronic structure of small (TiO,), NCs with n ranging from 2 to 10.°%>3 These
studies tackled some features of the excitation from the point of view of the ground and excited states, with
less details about exciton properties such as physical nature and/or localization. However, the later properties
are important because of their direct relation to the rates of generation and recombination of charge carriers.
As described earlier, it has been experimentally found that both size and shape affect the photocatalytic activity
of TiO2 NPs.!! In this regard, nonadiabatic molecular dynamics (NAMD) simulations combined with real-
time TDDFT have been employed to investigate the effect of size and shape on charge recombination in a
series of TiO, NPs.!> Here, the analysis of the electronic structure, nuclear dynamics, charge density, and
electron-phonon coupling proved to decrease recombination rates with increased isolated NP size. A very
recent report using the same methodology has shown that in reduced TiO> NPs there is a strong influence of
the location of oxygen vacancies on the nonradiative e—4" charge trapping and recombination level.'® Clearly,
descriptors providing this type of information without requiring to rely on computationally costly and non-
trivial NAMD simulations would be invaluable to classify sets of TiO> NPs in terms of their potential
photocatalytic performance. In the present work, we show how topological-chemical descriptors based on
detachment/attachment densities and NTOs can be used to gather important information of the excited state
properties of stoichiometric and reduced TiO2 NCs and NPs both in vacuo and in water. The results reported
hereinafter allow us to distinguish and to classify TiO> NCs and NPs with different size and morphology in
terms of their potential activity in photocatalysis and, hence, to provide a further step towards the rational

design of TiO: photocatalytic nanoparticles with tailored excited state properties.



2. Computational scheme

2.1 Models of TiO> NCs and NPs

In the present work, we perform an analysis of the excited states of a series of (TiO2), (n = 1-20)
NCs,>* with structures obtained by a global optimization algorithm.>>*>> Furthermore, to obtain information
about excited state properties of realistic NPs, we have also studied stoichiometric (Ti02), NPs with structures
derived from the anatase bulk phase, both bipyramidal with n =35, 84, and 165, and truncated octahedral with
n =78 and 97 NPs, and one NP derived from rutile bulk phase with » = 51. Bipyramidal TiO> NPs exhibit six
(101) facets, whereas truncated octahedral NPs expose simultaneously (101) and (001) facets.!” Further, the
rutile NP exhibits (110), (101), and (001) facets. Besides, we have studied one reduced NP with n = 84 with
an oxygen vacancy located inside the NP. Following previous work, the reduced (TiO2)s4 NP is labelled as
84 1-3-2.°° The starting geometry of the NPs was obtained from a Wulff construction®’ and then optimized

using the PBE density functional without symmetry constraints.
2.2 Methods

The calculations for the NCs and NPs in vacuo and in water have been carried out using the hybrid
PBEx’® and PBE0°%%° density functionals with 12.5% and 25% of Fock exchange, respectively. The standard
6-31G(d) basis sets has been used for titanium and oxygen atoms. In addition to the singlet ground state of
NCs and NPs, several singlet excited states have been calculated in the framework of the vertical excitation
approximation by using TDDFT. We recall that TDDFT is prone to yield spuriously low long-range charge
transfer states, especially when local density approximation (LDA) or generalized gradient approximation
(GGA) density functionals are employed.®!:%> The problem is ameliorated when a fraction of exact exchange
is introduced, either as in global hybrids or as in range-separated functionals. This is one of the reasons we
introduce here two different global hybrid functionals to try to gauge the influence of the Fock exchange on
the energy and character of the excited states investigated. To further explore this issue, we have chosen the
CAM-B3LYP long-range corrected density functional® for selected nanoparticles. We recall that CAM-
B3LYP contains 19% of Fock exchange at short range and 65% of Fock exchange at long range, with the

intermediate region being described by the standard error function.

For solvation, the self-consistent reaction field (SCRF) model, in which the solute is placed in a cavity
within the solvent reaction field, was applied using the integral equation formalism (IEF) in the polarizable
continuum model (PCM).** The IEFPCM method was applied both to the PBEx and PBEO ground state and

65,66 in its non-

to the excited states. For the latter, the default implementation of the linear response formalism
equilibrium variant was employed. The non-equilibrium approach assumes that only the electronic component
of the solvent dielectric can respond to the very fast transition from the ground to the excited states. Therefore,
the optical dielectric constant instead of the static dielectric constant was used in this case. For the calculations
in water, the static dielectric constant € = 78.3553 and the optical dielectric constant € = 1.7778 were

employed in the ground state and TDDFT calculations, respectively.



The Gaussian’09% electronic structure package was used for the DFT and TDDFT calculations, and
the NANCY EX-2.0 ® software was applied in the quantum chemical-topological analysis. The
NANCY_EX-2.0 program carries out the post-processing of Gaussian output files and allows one to obtain
topological descriptors of the excited states of a finite system such as molecules, clusters, or nanoparticles.
We report results for the first singlet excited state, but we compute at least the first two singlet excited states,
since in some cases the program requires that several excited states are computed. Due to Kasha’s rule,®’ the
first singlet excited state is expected to be the one most relevant to photocatalysis (e.g., in water splitting) in
TiO,. This is because, even if the photoexcitation accesses higher excited states, the latter are expected to

experience a fast nonradiative relaxation down to the first excited state.

In the framework of the present work, it is important to remark that we focus on a TDDFT description
of the excited state in the adiabatic approximation; i.e. the TDDFT coupling matrix is frequency independent,
and in the linear response formalism. This type of TDDFT excited state has an analogous structure to a
configuration interaction wave function including single excitations only (CIS).”® Hence, the excited state can
be represented by a weighted linear combination of singly-excited Slater determinants derived from a single-
reference Kohn-Sham ground-state determinant, expressed in the canonical molecular orbital (MO) basis.
Thus, an exciton wave function can be associated to a TDDFT excited state. One can then analyze, e.g., the
first excited singlet state and determine, in principle, the e—/" contributions in the occupied/virtual canonical
subspaces. Although in this way knowledge of the charge transfer features in a molecule or cluster can be
gained, the fact that in general there are several coefficients in the exciton wave function expansion in a
canonical MO basis makes it difficult to have a clear physical picture of the light-induced charge transfer

process.

Several methods have been devised to perform a topological analysis of the excited states, as detailed
previously. In the present study, we follow the formalism of Etienne et al?*3! Even though the whole
formalism has been presented in the latter works, for completeness, a description including the main equations
is detailed in ESI. Thus, only the topological descriptors and their meaning is presented in the following. The
@, descriptor is a measure of the overlap between the hole and the electron charge densities. The range of &g
runs from 0 to 1, the two limits corresponding to a full charge transfer transition and a completely local valence
transition with full overlap between the electron and the hole, respectively. The normalized displaced charge
labeled as @ varies between zero, for a local valence transition, and one, for the full charge transfer excitation,
i.e., for completely separated hole and electron densities. The intercentroid distance, i.e., the distance between
the centroids of charge of the hole and the electron, can also be regarded as a topological descriptor and can
also be related with @5 and @, as we will see later. Finally, natural transition orbitals (NTOs) are a type of
orbitals which derive from the transition density matrix and provide a concise representation of the electronic
excitations. As we will see, for many of the NCs and NPs studied here, and more in general, there is just one

dominant pair of NTOs. This contrasts with the expression of the exciton wave function in canonical MOs,



where two or more pairs of singly excited transitions are often present. Thus, in the NTO basis the exciton is

represented in a very compact form which is ideal for interpretative purposes.

3. Results and discussion

For a better understanding, results are reported in two separate subsections. We start discussing the
topological descriptors based on the degree of charge transfer (®), the charge transfer overlap (®s) and the
distance between centroids of charge (dc). Then, we continue with the description of the NTOs. All descriptors
are discussed simultaneously for the (Ti0z), (n =1-20) NCs, anatase (n = 35, 78, 84, 97, 165), reduced anatase
84 1-3-2 NP and rutile (TiO2)s1 NPs.

3.1 Topological descriptors

We start by analyzing the values of the ®, ®g, and d. topological descriptors for the abovementioned
TiO2 NCs and NPs. The PBEx calculated values of these descriptors for all NCs and NPs, in vacuo and in
water, are presented in Table 1 whereas PBEQ values are reported in Table S1 of the Electronic Supplementary
Information (ESI). For the ® descriptor, the calculated values are always larger than 0.85, pointing towards a
clear intracluster transfer of a large fraction of an electron. In particular, it is remarkable that the value of ®
is always equal or larger for particles in gas phase than in water. This tendency is represented in Fig. 1, that
shows the difference between these two sets of values for all the particles. Even though the difference is not
large in relative terms, it points to an interesting behavior, namely, when the NPs feel the electrostatic effect
of water as a solvent, the charge separation is less efficient. A complementary and perhaps further clear view
of the nature of the electronic excitation as well as of the effect of solvation is provided by the ®¢ descriptor.
The data collected in Table 1 show that, except for the n =2 NC and the n =84 1-3-2 NP, &5 is equal or larger
in water than in gas phase; a trend that is clearly shown in Fig. 2. Interestingly, the magnitude of ®g
corresponds to a relatively low overlap between the electron and the hole which, in turn, indicates a significant
charge separation. Finally, according to the values listed in Table 1, the d. value mostly decreases significantly
in water as compared to values for the gas phase NPs. Furthermore, whereas in gas phase it could be stated
that the first excited state is of long-range charge transfer character, in water the excitation would rather
correspond to a short-range charge transfer or local valence excitation. Note that d. for n =2 and for n = 8 is
zero. This is because these two NCs are centrosymmetric, and both electron and hole coincide with the
inversion center of the cluster. This points to an already reported difficulty of the d. descriptor for symmetric
cases.”’ Nevertheless, the other descriptors characterize the excited state of the NCs in a consistent way. In
order to relate the three descriptors, Fig. 3 shows the correlation between d. and ®g, and between d. and ®.
From the upper panel, it becomes clear that a low ®¢ (a low electron/hole overlap and, hence, a large charge
carrier separation) also indicated a large d; obviously large ®g correspond to low d.. Note how the solvated
NCs are mostly gathered in a narrow region of large @5 and small d. suggesting that such small NCs are not

good candidates for photocatalysis. In the lower panel, a complementary view is obtained since a low @ (a



low intracluster electron transfer) corresponds to a low dc, and a large @ corresponds to large d.. Now the

solvated NCs are confined in a reduced area of low @ and also small d..

Next, the PBEX results just presented can be compared with PBEO results in Table S1 of ESI. Focusing
first on the @ descriptor, one can observe that PBEx predicts a larger degree of charge separation than PBEO.
Also, the effect of solvation on charge separation is lower for PBEO than for PBEx. The &g descriptor
evidences a significantly larger electron/hole overlap for PBEQ, and again a smaller effect of water solvation.
As for the intercentroid distance d., it is also smaller for PBEQ, in consistency with the values of @ and @y,
but the effect of solvation on d. is relatively large, with values in solvent being around and below 1.0 A. In
general, it seems that PBEQ, with a larger contribution of Fock exchange produces a picture where electron
and hole are closer together and show larger overlap and smaller charge transfer. Note that, in general, a larger
amount of Fock exchange usually decreases the delocalization of the MOs. This is well-known for magnetic
systems with localized spins,’' a larger amount of Fock exchange decreases the overlap between the magnetic
orbitals. For the nanoclusters the MOs change not only their shape but also their location, producing instead
a larger overlap and a smaller charge transfer degree. In any case, for both PBEx and PBEO, the larger overlap
between electron and hole in solvated clusters, along with the smaller charge transfer character and the smaller
dc, could indicate an increased difficulty of charge separation in condensed phase, and a concomitantly lower
photocatalytic activity. Hence, even if the PBEx and PBEO calculated descriptors differ quantitatively, they
provide a consistent picture concerning the character of the excited states and the effect of water solvation.
Note also that the solvation effect is much more evident for the NCs, which do not necessarily represent the
situation in larger NPs of experimental relevance. Also, as an implicit solvation model for water has been
applied here, we have not accounted for specific solvation effects such as hydrogen bonds, and neither have

we considered the possible hydroxylation of the NP surface.
3.2. Optical gaps and natural transition orbital based analysis

The optical gap corresponds to the excitation energy to the first excited singlet and here it is estimated
through TDDFT. The PBEx calculated values along with the excited state character in both canonical Kohn-
Sham MO and NTO basis, are shown in Table 2 for the NPs with the corresponding results for the NCs
reported in Table S2. From Table 2, it appears that the gas phase NPs exhibit excitation energies mostly around
3.1-3.2 eV, which is only higher than the optical gap for bulk anatase (~3.0 eV); in most cases these values
increase mildly in water. An exceptional behavior is noted for the rutile » = 51 NP, for which the optical gap
is much lower than for the other NPs and near the visible part of the spectrum. The PBEO excitation energies
are considerably higher than the PBEx ones (see Table S3), with values in general around 3.8-4.0 eV both in
gas phase and in water although for the latter they tend to be slightly higher. The case of the rutile n =51 NP
is different, for which the calculated values are around 3.0 eV. Both PBEx and PBEO sets of values seem
reasonable in view of the anatase bulk optical gap, which means that the first excited singlet does not
correspond to a spurious long-range charge transfer state. However, the rutile n = 51 NP presents a different

behavior, with the optical gap at the PBEx level being significantly lower than the rutile bulk limit of about
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3.0 eV due to the surface effects.”” The increase of excitation energies with the amount of Fock exchange is

commonly found for TDDFT in singlet excitation calculations.

In Table S2, one can see that the values of TDDFT excitation energies for the NCs are larger than for
the NPs, due to the quantum confinement effect as expected. In fact, values between 3.0 and 4.0 eV are found
at the PBEx level, increasing up to 4.3 eV in water solvation but in many cases being around 4.0 eV. For the
PBEO density functional, the gas phase values for the NCs are mostly between 4.0 and 4.6 eV, with water
solvation tending to homogenize the energies, which cluster around 4.5-4.7 eV. It is noticeable the larger effect
of the solvent for the NCs than for the NPs, which can be explained by the former having many of their atoms

on the surface.

It is interesting to analyze the character of the first excited state as expressed in the canonical Kohn-
Sham MO basis as well as the differences when the excitation is expressed in terms of the NTOs. Let us focus
first on the canonical MO basis. Many of TiO> NPs present a HOMO-LUMO single excitation as the main
character of the electronic transition as compiled in Table 2, but the » = 78 NP is sometimes an exception,
showing a HOMO-1-LUMO predominant character in the gas phase. Among the stoichiometric NPs, the one
with n = 165 is particularly interesting since several single excitations contribute to the transition in the
canonical MO basis. Also, for the gas phase reduced 84 I-3-2 NP, even though the HOMO-LUMO transition
is the most important one, its contribution at the PBEO level is as low as 25%. However, the weight of the first
pair of NTOs in the first excited state is always larger than 80%, and in many cases, it is close to 100%. This
fact evinces the much more compact expression of the excited state in terms of NTOs than in the canonical

MO basis, which facilitates the understanding of the electronic structure changes in the transition.

The character of the electronic transition for the NCs is more varied, especially at the PBEO level
(Table S3). Indeed, at the PBEx level (Table S2), many NCs show a very predominant HOMO-LUMO single
excitation, but some of them present transitions with participation of HOMO-1 and LUMO+1 canonical MOs.
However, in most cases, the first pair of NTOs has an almost 100% weight but note the cases of n = 12 and
18 for gas phase, and of those two plus n = 20 for water solvation. Here, the electronic transition is split
between two dominant NTO pairs, which means that even in the NTO basis the transition cannot be further
simplified. It is noteworthy that PBEO yields a very different character for the transition in canonical MOs as
compared to PBEx, with many MOs between HOMO-5 and LUMO+4 contributing and a quite disperse
character in general. For most NCs there is a single pair of dominant NTOs for PBEO, but for the n =4, 8, 12,
18, 19, and 20 NCs there are two dominant pairs of NTOs.

The charge separation in the excited state can be made evident by plotting NTOs and centroids in real
space. In what follows we analyze the different behavior of particular NCs and NPs focusing especially on the
effect of solvation. In Fig. 4, NTOs and centroids are represented for n =5, 11, 16, and 20 at the PBEx level.
The PBEx and PBEO NTOs for all NCs are presented in Fig. S1 and S2, respectively and the PBEx centroids
are presented in Fig. S4. For the n = 5 NC, the hole NTO is different in the gas phase and in water, whereas



the electron NTO is almost identical in both cases. Note the corresponding change in the hole centroid. This
can be considered a case with a local excitation character, in agreement with the values of the descriptors in
Table 1. The n = 11 NC differs in both NTOs when one changes from gas phase to water, and both of them
shift from one side of the cluster to the other one for what is a moderately long-range charge transfer. Note
that it would not be possible to differentiate the transition by invoking the descriptors only, as they are quite
similar in gas phase and in water. The n = 16 NC is a case where a long-range charge transfer in gas phase
turns into a local excitation in water. For the former, the centroids are on opposite sides of the cluster, and for
the latter they almost coincide. This is reflected on the value of ®g, changing from 0.13 in gas phase to 0.32
in water (see Table 1). Finally, for the n = 20 NC the first excitation corresponds to a local transition with a
large electron/hole overlap and very close centroids in gas phase and water, with almost identical NTOs. This

is the largest NC and the influence of the surface atoms is quite small.

Next, we focus on Fig. 5 to analyze the PBEx derived NTOs and centroids for the n = 78, 84, 97, and
84 1-3-2 NPs. The PBEx and PBEO derived NTOs for all NPs are reported in Fig. S3, and the centroids in
Fig. S5. The bipyramidal n = 84 NP presents hole and electron NTOs which are concentrated in layers of
atoms in the equatorial region, and do not vary significantly between gas phase and water. The centroids are
also close to the center of the NP. Interestingly, the character of the exciton is quite similar to that of the bulk
anatase exciton, where it was found experimentally that it has a quasi-2D electron density with the electron
density in a layer of atoms.” The n = 78 NP has a truncated octahedral shape exposing both (101) and (001)
surfaces, hence it is not unexpected that the hole NTOs is quite different to the one observed for the n = 84
NP and in fact, it is located on the nanoparticle surface. The anatase bipyramidal » = 35 and 84 NPs show an
interesting electronic effect. For these NPs, there are two energetically close isomers that differ essentially in
having straight or tilted apical Ti-O bonds. In the present work we have studied the isomers with straight Ti-
O bonds and, for both of them, the exciton is qualitatively similar to the anatase bulk one, as just explained.
However, in a recent nonadiabatic molecular dynamics (NAMD) study by Prezhdo et al.,' the authors
investigated the tilted apical » = 35 and 84 isomers with the PBE density functional and a plane-wave basis
set. They found that the first excited state has a HOMO-LUMO character and the HOMO has its electron
density centered on the apical oxygen atom, different to the quasi-2D HOMO found here. On the other hand,
the LUMO for both isomers reported by Prezhdo et al.'” has a quasi-2D shape as in the present work involving
the NPs with straight Ti-O apical bonds. For the two other NPs in common between the present study and that
of Prezhdo et al.,'” namely, the cuboctahedral n = 78 and 97 NPs, results in both studies are qualitatively

similar.

Since the discrepancies found for the isomers with » = 35 and 84 would lead, in principle, to quite
different charge separation and recombination, we have further investigated the origin of the discrepancy. To
this end, additional TDDFT calculations were carried out for the smaller, » =35 NP in straight and tilted apical
configurations, using the PBE, PBEx and PBEOQ density functionals with the 6-31G* basis set. For the PBE

density functional, as also employed by Prezhdo et al.'>, we found that the MO centered on the apical oxygen



corresponds to LUMO+7 and to HOMO-2 canonical MOs in the straight and the tilted apical configuration,
respectively. For the PBEx and PBEO density functionals, the apical oxygen MO corresponds to LUMO+9
and LUMO+11 for the straight bond isomer, respectively, and to HOMO-2 for the tilted apical MO for both
density functionals. Thus, even for the tilted apical configuration, it seems that the electronic structure is quite
sensitive to the method, in particular to the basis set, and that the character of the first excited state depends

on the detailed parameters employed.

The cases of the anatase cuboctahedral n = 97 and the rutile n = 51 NPs deserve separate analysis. For
the n = 97 NP, the (101) and (001) facets have a more similar surface area than for the other NPs, and for the
n = 51 NP, the three different (101), (110), and (100) surfaces are present. For n = 97, in the gas phase the
hole NTO is located on the top (001) NP surface, whereas the electron NTO has its maximum density towards
the inner atoms. The situation changes in water, with the hole NTO acquiring an inner particle character and
the electron transition being now more similar to the ones for the n = 78 and 84 NPs. For n = 51, both in the
gas phase and in water, the NTOs are also quite different, with the hole NTO located on the surface and the
electron NTO inside the NP. Finally, for the 84 I-3-2 reduced NP, the hole NTO is strongly located around
the oxygen vacancy atom, with the electron NTO again peaking around the central atoms of the NP. Thus, we
can conclude that the n = 97 NP in the gas phase, and especially the n = 51 NP both in the gas phase and in
water (because of its low optical gap, see above), seem to be the most interesting from the point of view of
charge separation and could be good candidate NPs for further study related to photocatalysis. In contrast, the

first excitation in bipyramidal NPs appears to be essentially anatase bulk-like.

The above discussion can be related to some recent experiments on photocatalysis in truncated NPs,’*
6 whereby it has been shown that coexposed (001) and (101) facets of anatase NPs lead to enhanced
photocatalytic activity. This finding has also been the subject of recent theoretical work on the interface
between those facets.””-’® It has also been shown that upon photoexcitation, holes tend to concentrate on the
top (001) facet, whereas electrons migrate to the (101) facet. This gives rise to oxidation on the (001) facet
with concomitant reduction on the (101) facet, but the largest activity is observed in edges and corners of the
NP.”® Altogether, these studies suggest that NPs such as the anatase n = 97 and rutile n = 51 NPs presented
here should give rise to especially strong photocatalysis. Although these NPs are still small from an
experimental point of view, their first singlet excited state character seems appropriate to yield the same effect
observed experimentally. In our view, this tends to corroborate the present theoretical study as to the

methodology employed.

As mentioned above, in some cases the expansion of the excited state wave function in a canonical
Kohn-Sham MO basis is quite different to the expansion in an NTO basis. Therefore, the MOs participating
in the transition are also expected to be different from the NTOs. For the n = 16 NC in water (Fig. 6), we
compare the HOMO and LUMO MGOs, which participate in the main single excitation for the excited state,
with the first pair of NTOs. The corresponding MO and NTO coefficients in the present basis set expansion
are reported in Table S2. Here, the HOMO is essentially identical to NTO1, but the LUMO is quite different
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to NTO2. This can be understood from the coefficients listed in Table S2, as the contribution of the HOMO-
LUMO single excitation to the excited state has a weight of 48% only whereas the second transition involves
HOMO again but also LUMO+1. The n = 97 NP in water can also be analyzed in a similar way and the
HOMO, LUMO, NTO1 and NTO2 are shown in Fig. 6. In this case, the LUMO and NTO?2 are similar but the
HOMO and NTOI are different, with NTO1 having an electron density located towards the geometric center
of the NP and HOMO having a density located more towards the edges. In this case, LUMO participates in
both main excitations, but HOMO only participates in one of them, with HOMO-3 being excited in the other

one.

The discussion above shows that the calculation of NTOs leads sometimes to a drastic simplification
of the electronic transition character, which facilitates the analysis concerning the regions of a particular
molecule or cluster involved in charge transfer. This effect is quite remarkable in the case of PBEO calculations
for the NCs, which have a very disperse nature when they are expressed in the canonical MO basis but in
general, a simple expression in terms of a single pair of NTOs. Thus, in many cases NTOs offer an
electron/hole picture of the excitations which, along with the topological descriptors, should facilitate a first

assessment of the potential of a NP for long-range charge separation and photocatalysis.
3.3. Long-range corrected CAM-B3LYP versus global hybrids

To further assess the effect of introducing a long-range correction in the density functional, we have
performed additional TDDFT calculations with the CAM-B3LYP functional which was designed to properly
handle charge-transfer excitations. In particular, we have chosen the (TiOz), NPs with n =35 and 97 because,
according to the TDDFT PBEx and PBEO calculations presented above and to the NTOs shown in Fig. S3,
they represent one case with a small charge separation (n = 35) and one with a large charge separation (n =
97). First, the optical gap obtained with TDDFT CAM-B3LYP for these NPs is 4.10 and 4.37 eV for the n =
35 NP, for gas phase and water, respectively, and 4.40 and 4.41 eV for the n = 97 NP, again for gas phase and
water. One can compare these values with those obtained with PBEx (Table 2), namely, 3.12 and 3.19 eV for
the n =35 NP, and 3.08 and 3.29 eV for the n = 97 NP, and with those obtained with PBEQ (Table S3): 3.77
and 3.85 eV for the n = 35 NP, and 3.91 and 3.96 eV for the n = 97 NP. Overall, this seems to reflect the
tendency of TDDFT calculations to yield larger optical gaps when the percent of Fock exchange increases, as
noted above and since CAM-B3LYP has a 65% of Fock exchange in the long range. On the other hand, the
NTOs obtained at the CAM-B3LYP level are presented in Fig. 7. Comparing with the NTOs in Fig. S3, one
can observe that the former is qualitatively different to the ones obtained with the global hybrids in the gas
phase, whereas they are similar if the calculations are carried out in water solvent. In our view, this does not
necessarily mean that the first singlet excited state obtained by global hybrids is spurious, as the precise
character of that electronic state could depend sensitively on the density functional. Furthermore, the above
discussion on the anatase n = 97 and rutile n = 51 NPs suggests that the character of the first singlet excited
state as found in TDDFT global hybrid calculations is qualitatively correct. In the absence of a thorough study

of this issue, we remark that the main aim of the present work is to explore the information provided by
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topological descriptor-based approach so as to assess the character of the electronically excited states of TiO2
NPs. The final goal being orient the search of the most (and least) promising NPs in photocatalysis. We hope

that our work can inspire further theoretical research into this very important topic.
4. Conclusions

In the present work we have characterized the first excited state of a series of TiO2 NCs and NPs with
the help of three topological descriptors (indicating charge transfer degree, charge density overlap, and
distance between centroids of charge) and with an expansion of the electronic transition in terms of natural

transition orbitals (NTOs).

For the (TiOz2),, n = 1-20 NCs, topological descriptors reveal an important reduction in charge transfer
character of the exciton with water solvation, at least for the continuum solvation model employed here. A
feature also encountered in the larger NPs although in a lesser extent. In most cases, a single pair of NTOs is
able to describe the electronic transition, which in some cases, especially for the PBEO density functional,

affords a drastic simplification and a better view of the displacement of charge density.

For the NPs, different types of excitation have been found. For the anatase bipyramidal » =35, 84, and
165 NPs, the exciton is located as quasi-2D layers close to the equator of the bipyramid. Thus, a rather local
excitation far from the surface of the NPs can be predicted. The fact that, for a different isomer than the one
studied here for the n =35 and 84 NPs, previous work based on NAMD found a rather large charge separation
may indicate that a tiny structural difference may have a very large impact in the nature of the first excited
state. Additional TDDFT calculations performed here for n = 35 reveal that the exciton character is very
sensitive to the density functional and basis sets employed. Therefore, charge separation and recombination
in these particular NPs possibly warrants further study. The cases of the anatase cuboctadedral n» = 97 and the
rutile n = 51 NPs are particularly interesting since the hole is clearly located on the surface of the NPs and the
electron is located inside the NPs which may have strong implications to their photocatalytic activity. Recent
experimental work on truncated NPs agree with this finding. From additional calculations for the n = 35 and
n = 97 nanoparticles we have shown that CAM-B3LYP provides qualitatively different NTOs compared to
the global hybrids. Clearly, the dependence of the character of electronic excited states of TiO2 nanoparticles
on the density functional, as described by TDDFT, and, in particular, on the percent of Fock exchange,

warrants further study.

The present work provides evidence that the analysis of topological descriptors and NTOs offer
important information on the nature of the excited states. This information together to the calculated excitation
energies may provide indications to the experimentalists aimed at the rational synthesis of photocatalytic TiO:
NPs. Here, it is important to recognize that the tools in the present work allow one to discriminate NPs in
terms of excitation energy and character of the excited state. However, a large hole-electron separation is a
necessary but not sufficient condition for efficient photocatalysis. In this sense, the NAMD studies reported

by Prezhdo et al.!® constitute one more step to assess the potential of TiO2 NPs is in photocatalysis.
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Finally, note that even if the present study focused on TiO2 NPs, the reported computational strategy
and analysis tools can be applied to other semiconducting oxide nanoparticles with potential photocatalytic
activity although it is advised to control the quality of the basis set chosen and make sure that the density
functional selected provides a qualitatively correct description of the electronic structure of the systems to be

investigated.
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Table 1. Topological descriptors for (TiO2),, n = 1-20 NCs and n = 35, 78, 84, 84_1-3-2, 97, and 165
(anatase), and n = 51 (rutile) NPs as obtained from hybrid TDDFT PBEx density functional calculations.

(TiO2)n units 0] ON dc/ A

Gas phase Water Gas phase Water Gas phase Water
1 0.92 0.89 0.25 0.30 1.67 0.87
2 0.88 0.88 0.33 0.32 0.00 0.00
3 0.98 0.92 0.12 0.29 3.58 1.56
4 0.92 0.90 0.27 0.30 1.19 0.63
5 0.89 0.83 0.31 0.43 1.29 0.80
6 0.89 0.86 0.29 0.36 2.43 1.23
7 0.92 0.84 0.23 0.38 3.18 0.39
8 0.91 0.84 0.29 0.40 0.00 0.00
9 0.92 0.87 0.25 0.35 3.74 1.10
10 0.86 0.86 0.37 0.37 0.06 0.33
11 0.90 0.89 0.29 0.29 3.76 3.01
12 0.94 0.87 0.22 0.36 3.29 0.08
13 0.93 0.90 0.23 0.29 4.32 0.46
14 0.94 0.91 0.19 0.28 3.97 1.03
15 0.95 0.95 0.18 0.18 4.71 4.49
16 0.97 0.89 0.13 0.32 9.09 0.68
17 0.96 0.91 0.16 0.26 4.89 2.02
18 0.93 0.89 0.23 0.29 2.77 0.05
19 0.88 0.88 0.32 0.34 1.83 0.76
20 0.86 0.86 0.39 0.40 0.06 0.30
35 0.92 0.92 0.28 0.29 0.85 0.86
78 0.88 0.88 0.38 0.38 0.59 0.57
84 0.91 0.91 0.33 0.33 1.11 1.10
97 0.96 0.89 0.21 0.36 4.61 0.75
165 0.89 0.89 0.37 0.38 0.51 0.71
84 1-3-2 0.89 0.89 0.34 0.32 2.61 2.74
51 0.96 0.95 0.14 0.16 0.03 0.07
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Table 2. TDDFT PBEx/6-31G(d) optical gaps, excited state character, and weight of NTOs for the (TiO2),, n
=35, 78, 84, 97, 165, and 84 1-3-2 (anatase) and n = 51 (rutile) NPs.

Optical gap / eV Excited state character Weight of NTOs

1 and 2
Gas phase
35 3.12 HOMO - LUMO 93% 97%
78 3.19 HOMO-1 - LUMO 79% 97%
84 3.14 HOMO - LUMO 92% 97%
97 3.08 HOMO - LUMO 95% 98%
165 3.18 HOMO - LUMO 18% 95%
HOMO-2 - LUMO 30%
HOMO-4 — LUMO 37%
84-1-3-2 0.64 HOMO - LUMO 80% 100%
51 2.29 HOMO - LUMO 87% 95%
Water
35 3.19 HOMO - LUMO 93% 97%
78 3.21 HOMO - LUMO 91% 97%
84 3.17 HOMO - LUMO 92% 97%
97 3.29 HOMO - LUMO 50% 95%
HOMO-3 - LUMO 30%
165 3.16 HOMO - LUMO 23% 95%
HOMO-2 - LUMO 27%
HOMO-4 — LUMO 27%
84-1-3-2 0.31 HOMO - LUMO 77% 100%
51 2.43 HOMO - LUMO 74% 96%
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Fig. 1. Difference between ® values for gas phase and water solvated NCs, (TiO2),, n = 1-20 for TDDFT

PBEx calculations.
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Fig. 2. Difference between ®s values for gas phase and water solvated NCs, (TiO2),, n = 1-20 for TDDFT

PBEXx calculations.
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Fig. 3. Centroid distance versus ®sand ® for gas phase and water solvated NCs, (TiO2)s, n = 1-20 for the
TDDFT PBEx calculations.

10 - .

» isolated n = 1-20
€ solvated n=1-20

dc (A)

0.8 0.9 1.0



Fig. 4. NTOs and centroids for n = 5, 11, 16, and 20 corresponding to the hybrid TDDFT PBEx density
functional, in gas phase and water. Left upper panel: n = 5; right upper panel: n = 11; left lower panel: n = 16;
right lower panel: n = 20. For all panels, gas-phase NTOs and centroids are presented above and solvent ones
below. The blue and pink spheres represent the positive (hole) and negative (electron) centroids, respectively.
For NTOs, the grey and red spheres represent titanium and oxygen atoms, respectively, and for centroids, they

are represented as green and red sticks, respectively.
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Fig. 5. NTOs and centroids for n = 84, 78, 97, and 84 1-3-2 (anatase) and n = 51 (rutile) in the gas phase and
water, as predicted from the hybrid TDDFT PBEx calculations. Left upper panel: n = 84; right upper panel: n
= 78; left central panel: n = 97; right central panel: n = 84 1-3-2; lower panel: n = 51. The blue and pink
spheres represent the positive (hole) and negative (electron) centroids, respectively. For all panels, gas-phase
NTOs and centroids are presented above and solvent ones below. For NTOs, the grey and red spheres represent
titanium and oxygen atoms, respectively, and for centroids, they are represented as green and red sticks,

respectively.
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Fig. 6. HOMO and LUMO Kohn-Sham MOs and first pair of NTOs for the n = 16 NC in water, and for the n
=97 NP in water as predicted from the hybrid TDDFT PBEx calculations. Upper panel: n = 16; lower panel:

n =97. The grey and red spheres represent titanium and oxygen atoms, respectively.
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Fig. 7. First pair of NTOs for the n = 35 and n = 97 NPs in gas phase and in water as predicted from the long-
range corrected TDDFT CAM-B3LYP calculations. Upper panel: n = 35; lower panel: n = 97. In both cases,
gas phases NTOs are on the left and solvent NTOs are on the right. The grey and red spheres represent titanium

and oxygen atoms, respectively.
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