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Abstract

TiO2 nanoparticles (NPs) are intensively studied and widely used due to their huge potential in
numerous applications involving their interaction with ultraviolet light (e.g. photocatalysis,
sunscreens). Typically, these NPs are in water-containing environments and thus tend to be hydrated.
As such, there is a growing need to better understand the physicochemical properties of hydrated
TiO2 NPs in order to improve their performance in photochemical applications (e.g. photocatalytic
water splitting) and to minimise their environmental impact (e.g. potential biotoxicity). To help
address the need for reliable and detailed data on how nano-titania interacts with water, we present a
systematic experimental and theoretical study of surface hydroxyl (OH) groups on photoactive
anatase TiO2 NPs. Employing well-defined experimentally synthesised NPs and detailed realistic NP
models, we obtain the measured and computed infrared spectra of the surface hydroxyls, respectively.
By comparing the experimental and theoretical spectra we are able to identify the type and location
of different OH groups in these NP systems. Specifically, our study allows us to provide
unprecedented and detailed information about the coverage-dependent distribution of hydroxyl
groups on the surface of experimental titania NPs, the degree of their H-bonding interactions and their
associated assigned vibrational modes. Our work promises to lead to new routes for developing new
and safe nanotechnologies based on hydrated TiO2 NPs.

T Electronic supplementary information (ESI) available: Tables with the list of OH vibrational modes. Fig. S1 correspond to the
hydrated (TiO-)12 nanocluster. Finally, the atomic coordinated of all hydrated TiO, NPs are compiled in the xyz format. See DOI: .
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1. Introduction

Titania (TiO2) is a reducible oxide which, due to its role as a catalyst support and its many
applications in photocatalysis, has been the subject of thousands of scientific studies and numerous
reviews.!** From a fundamental perspective, the atomic and electronic structure of the most common
polymorphs of titania, namely rutile, anatase and brookite, have been studied by a wide range of
experimental and theoretical methods.>~" For the bulk solids, these investigations generally agree on
the electronic structure of the stoichiometric and reduced phases.*®-'* To control the catalytic and
photocatalytic activity of titania, it is particularly important to understand the physics and chemistry
of titania surfaces.*'#1* Single crystal samples with well-defined surfaces can be synthesized and
under well controlled conditions>1® and, thereby, the low Miller index surfaces of rutile and anatase
have been probed in detail by microscopy.’ These systems are often used as simplified models for
real titania catalysts in both experiment and theory. Through such studies, a reasonable consensus
regarding the surface chemistry of extended titania surfaces has been achieved.* In spite of the huge
effort in characterizing extended titania surfaces, real titania catalysts are made of nanoparticles
(NPs).28 Unlike clean extended surfaces, realistic titania NPs typically exhibit structurally complex
surface features (e.g. edges, corners), and, depending on the environment, are partially covered
absorbates (e.g. hydroxyl groups). In this work, we combine experiment and theory to provide
unprecedented detailed insights into the surface chemistry of realistic hydroxylated titania NPs.

Although commercial titania NP photocatalysts such as P25 have been intensively studied
with respect to better understanding their activity and composition,®-?! a detailed atomic level
description of their surface chemistry is still largely lacking. To reach a better understanding of these
systems, experimental protocols have been developed to synthesize titania NPs with controlled shape
and morphology.??> NPs of the most photoactive anatase polymorph typically show a slightly
truncated bipyramid shape formed by a majority of (101) facets and minority of (001) facets, as
predicted by the Wulff construction.?® Although the most stable (101) surface has attracted most
attention,?* recent studies have shown that it is possible to obtain anatase NPs with a large fraction of
exposed reactive (001) facets.?>252" Such results highlight the capacity of modern synthetic
techniques to deliberately engineer NP morphologies.?®?° From the modelling viewpoint, significant
advances have been made to rationalize the morphologies of titania NPs by consideration of surface
free energies.”2%3! Based on such considerations, realistic models of bare anatase NPs containing
more than 1000 atoms have been studied by means of state-of-the-art density functional theory (DFT)
based methods.3>-3* From such large scale electronic structure calculations it has been possible to
determine the energy level alignment between anatase and rutile NPs and how this depends on size.®

However, contrary to the situation for bulk titania and its extended clean surfaces, where theoretical
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models are reliable representations of the experimental situation, the link between theoretical NP
models and experimental NPs is more complicated. One reason for the gap between theory and
experiment is that titania NPs are highly sensitive to hydroxylation, which is unavoidable in real
world environments. Given that one of the main applications of titania NPs is for the photocatalytic
splitting of water, such NPs are unavoidably in contact with water. Hydroxylation can significantly
affect the (photo)catalytic properties of titania NPs,*¢-3 and is also likely linked to the degree of bio-
toxicity of these NP species.*’ Indeed, the density and location of surface hydroxyl groups is thought
to play a fundamental role in biomolecule adsorption at titania surfaces.*!

Up to now, most theoretical models of titania NPs have been mainly focused on anhydrous
systems. Several computational investigations have been performed on extended rutile (110), and
anatase (101) and (001) surfaces to understand water adsorption structure and the equilibrium
between water adsorbed in molecular and dissociative form.*? - However, the use of extended
surface models does not allow for the realistic analysis of the properties of finite corner and edge
regions which are likely to have particular reactivities. A recent theoretical study reported that water
molecules bind strongly at the surface of anatase NPs with an exothermic hydration energy (Enya).
The largest Enya values were found for uncoordinated Ti atoms at NP corners and progressively
decreased for edges and then facet surface sites.>* More recently, the properties of very small hydrated
titania NPs (i.e., nanoclusters) were analysed using ab initio atomistic thermodynamics.®? Titania
nanoclusters have high surface to bulk ratios and possess many atoms with lower than bulk
coordination and were predicted to be significantly hydroxylated, even under ambient conditions.
These preliminary theoretical studies strongly suggest that nano-sized titania species are likely to be
highly hydroxylated, but, without comparison with detailed characterizations from experiment, these
predictions cannot be confirmed. Clearly, for a more detailed and deeper understanding of the
dissociation of water to form hydroxyls on titania NPs, the use of realistic NP models is essential.

To close the gap between experiment and theoretical models, we report a systematic study of
hydrated anatase NPs where, the coverage of hydroxyl groups was controlled in both the experiments
and the theoretical models. On the experimental side, we synthesized shape-controlled bipyramidal
NPs, with dominant (101) facets, and compared them with widely employed commercial titania NPs
by precisely tuning the hydroxylation degree. In the theoretical modelling we constructed, realistic
anatase faceted NPs covered by a different number of hydroxyl groups occupying well defined sites.
Careful comparison of the measured and computed infrared (IR) vibrational spectra allowed us to
directly determine the types and location of the hydroxyl groups on these anatase titania NPs. Our
work thus provides unprecedented and detailed insights into the interaction of this hugely important

photocatalytic nanomaterial with aqueous environments.



2. Methods

2.1 Materials and characterisation techniques

TiO2 nano-anatase NPs (BET specific surface area = 140 m?g) were purchased from Sigma-Aldrich.
TiO2 P25 NPs (specific BET surface area = 60 m?g™*, ~85 % anatase and ~15 % rutile) were purchased
from Evonik. Shape-controlled bipyramidal TiO2 anatase NPs (specific BET surface area = 40 m?g-
1), hereafter named TiO2 bipy, were obtained by forced hydrolysis of a 40 mM aqueous solution of
triethanolamine complex at pH 10, carried out by hydrothermal treatment at 453 K for 90 hours in
autoclave, as described in detail in previous publications.5*54 High resolution transmission electron
microscopy (HR-TEM) images of the NPs (powder grains “dry” dispersed on lacey carbon Cu grids)
were acquired using a JEOL 3010-UHR microscope operated at 300 kV. For Fourier-transform IR
(FTIR) spectroscopy, the samples were pressed in self-supporting pellets (“optical density” of ca. 10
mg-cm?) and placed in quartz cells equipped with KBr windows designed to carry out spectroscopic
measurements in controlled atmosphere. The cells were connected to a conventional vacuum line
(residual pressure: 1x10° mbar) allowing all thermal treatments and adsorption-desorption
experiments to be carried out in situ. After each thermal treatment, the samples were oxidized with
02 at 15 mbar to obtain stoichiometric TiO2. The thermal treatments performed on the NPs do not
induce phase transitions or any significant decrease in the specific BET surface area, as thoroughly
checked in previous studies.?2%5 A Bruker IFS 66 spectrometer, equipped with an MCT detector,

was employed for the FTIR spectra collection, averaging 128 scans at 2 cm™ resolution.
2.2 Computational methodology

Realistic anhydrous (TiO2)3s and (TiO2)sa NP models composed of 105 and 252 atoms, respectively
were first made employing the Wulff construction to cut the bulk anatase crystal following a top-
down approach.3? Both NPs are display octahedral symmetry and exhibit the most stable (101) surface
on all facets (see Fig. 1). These NPs were selected based on the increasing structural stability of such
faceted NP morphologies with increasing size, in comparison with other NP shapes (e.g. spherical).3*
Previous work provides compelling evidence that the largest (TiO2)ss NP is in the scalable size regime
in which properties linearly vary with size towards bulklike limit values.®>°® Water molecules were
added to each NP in a dissociative way following the progressively decreasing order of reactivity of
the surface regions (i.e. apical vertices, equatorial corners, edges and facets). Here, we assume that
the water interaction is dissociative and heterolytic thus involving H* and OH" groups, whereby the
proton interacts with under-coordinated O atoms and the hydroxyl bonds to under-coordinated Ti
atoms located on the NP surface. Hydrated TiO2 NPs were thereby constructed with ~38% and ~88%

water with respect to the total number of water molecules needed to totally cover the corresponding



anhydrous NP surface Specifically, NPs with 38% water coverage correspond to (TiO2)3s(H20)13 and
(Ti02)s4(H20)24 stoichiometries, and those with 88% coverage correspond to, (TiOz2)ss(H20)z0, and
(TiO2)s4(H20)ss stoichiometries.

The atomic structure of all NPs was relaxed using Density Functional Theory (DFT) based
calculations explicitly including all electrons as implemented in the Fritz Haber Institute ab initio
molecular simulations (FHI-aims) package,®” and employing the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation density functional.®® The electron density was described through a light grid
and tier-1 numerical atom-centered orbital (NAO) basis set, which ensures an accuracy comparable
to a TZVP Gaussian type orbital basis set.3? The convergence threshold for atomic forces during the
final relaxation of the structure was set to 10 eV A™* both for bare and hydrated TiO2 NPs.
Relativistic effects were also included through the zero-order regular approximation (ZORA).%

The harmonic vibrational frequencies and intensities were computed by diagonalizing the
mass-weighted Hessian matrix, obtained using a finite difference approach. To calculate the
vibrational frequencies, only the surface OH groups were considered, after confirming that they were
not significantly coupled to other bulk-like vibrational modes. We note that this approximation led to
differences of < 0.5 cm™ with respect to full frequency calculations involving also all the atoms of
the NP. This computational strategy allowed us to reduce the highly demanding computational cost
required to study these large systems. We determined a suitable factor (f = 0.9806) to scale the
theoretically computed frequencies to best match experimental values. This was done by comparing
the values of experimental and computed frequencies of water in gas phase, considering an average

between vasym and vsym modes, according to the following formula:

f _ l( Vasym,exp + Vsym,exp )
2

Vasym,comp Vsym,comp

In addition, a small hydrated (Ti02)12(H20)s nanocluster (NC) taken from ref. 52 (see Fig S1
in ESI) was considered to analyse the effect of the choice of the basis set and computational
parameters in the calculation of the frequencies. Only very small differences (< 5 cm™) were observed
in all test calculations, thus confirming that the tier 1 light basis set was suitable to perform the
frequency analysis for our larger TiO2 NPs. The (TiO2)12(H20)s NC also possesses hydroxylated
tetrahedrally coordinated Ti atoms that are not found in our bulk-like faceted TiO2 NPs models. The
relatively high frequencies of these specific hydroxyls on the NC were also found to be useful for
rationalising one of the experimental IR peaks, as discussed below

3. Results and discussion

In the following, we start with a detailed discussion of the results of the FTIR experiments in

controlled atmosphere. In the second subsection, the water dissociation energetics and the simulated



IR spectra based on DFT calculations are analysed. Finally, we compare our experimental findings
with our theoretical predictions.

3.1 FTIR spectroscopy

Starting with the experiments, three different TiO2 NPs were investigated in the present study. Two
of them, Aldrich nano-anatase and Evonik P25 TiO2 NPs, were selected since they are widely
employed in practical applications and because they do not show the presence of species trapped in
internal cavities or strongly bound surface chemical impurities, which are often present in NPs
prepared from wet chemistry synthesis.®® The third one, a shaped-controlled TiO2 bipy sample, was
synthetized by some of us as described in previous studies.>*** Note that this latter sample, showing
a truncated bipyramid shape (see TEM image in Fig. 2) dominated by {101} facets (> 90%),> is the
most straightforwardly comparable with the computational models (see Fig. 1). However, the Aldrich
nano-anatase and Evonik P25 TiO2 NPs, although showing a more heterogeneous distribution of the
NPs size and shape, as visible in the TEM images reported in the right part of Fig. 2, also mainly
expose {101} facets. This feature is also clearly highlighted by previous high-resolution TEM
investigations combined with IR studies employing CO as probe molecule.?*252 The chemical and
phase purity, the high specific surface area and the predominance of {101} facets make Aldrich nano-
anatase a very suitable system to be compared with our computational predictions as shown later.
Since our study is focused on hydroxyl groups, before acquiring the IR spectra, we outgassed
the samples at high temperature (see Methods section for further details) to selectively remove
molecular water and all other adsorbed contaminants. The FTIR spectra of all TiO2 NPs after the
thermal treatments are shown in Fig. 2. Interestingly, all samples show four main common IR bands,
associated to the hydroxyl v(OH) stretching mode, centred at 3737-3735 (as a shoulder for the P25
sample), 3718-3715, 3696-3689 (this wide range could be also due to the presence of a small
contribution of OH groups in the rutile fraction of P25)%! and 3671 cm™. A low frequency component
at 3643-3642 cm™ is also present in the nano-anatase and P25 spectra. The experimental assignments
of these signals reported in the literature are often based on the interpretation proposed in pioneering
studies dating back to the 1970s that indicated that terminal hydroxyls vibrate at higher frequencies
than bridging hydroxy!.5263 Therefore, bands above 3700 cm are generally ascribed to terminal OHs,
while those at lower frequencies are associated to bridging OHs.®*% However, more recent DFT
studies®1-%6-9 employing periodic models have provided new insights and some of them questioned
the previous assignments, showing that the frequencies of terminal OHs could be in some cases lower
than those of bridging OHs.5%-%¢: We note that, although extended periodic surface models can describe
the facets found in TiO2 NPs, important adsorption sites like edges, corners and apical sites are not

represented at all. In contrast, the intrinsically finite and morphologically realistic NP models include
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all adsorption sites. The comparison of our experimental data with the DFT results obtained by using
realistic NPs models (Fig. 1) is expected to contribute to clarify the controversial issue of where

water preferentially adsorbs on these nano-TiOz2 species, as we discuss below.

3.2 DFT calculations

Our (TiO2)ss and (TiO2)sa NP models all show the same octahedral morphology and, hence,
expose analogous surface zones (i.e. apical vertices, corners in the equatorial region, edges connecting
apical and corner regions, and (101) surface facets). To assess NP reactivity with respect to
dissociative water addition, we calculated the incremental hydration energy (AEnyd):

AEnyd = Enyd[(Ti102)n(H20)m] — Enyd[(TiO2)n(H20)m+1]

and

Enyd = E[(TiO2)n(H20)m] — E[(TiO2)n] — m Enya[(H20)]

where m is the number of progressively added water molecules and n the number of TiOz units in the
NP model (n =35 or 84 in our case).

It is reasonable to assume that AEnya will be largest for low water coverage where the first
water molecules can bind to the most reactive sites available. Conversely, when the water coverage
starts to reach its upper saturating limit only the least reactive sites remain and AEnyd is expected to
be lowest. For both (TiO2)ss and (TiOz2)ss based NP models similar tendencies are found for the
evolution of AEnyd with respect to the hydroxylation degree (see Fig. 3). For the initial dissociative
adsorption of water on apical vertices we find AEnyd to be highest with an associated energy gain of
between 1.5 and 2.0 eV. Progressive hydroxylation of the equatorial corner sites leads to a slightly
smaller energy gain of between 1.0-1.5 eV. The following hydroxylation of edge sites corresponds to
average AEnyd values around 0.5 eV. We note that few facet sites are also hydrated in case of the
largest (TiO2)sa NP, with associated AEnyd values being slightly above 0.5 eV. These results suggest
that the magnitude of AEnyd can be a used as an approximate descriptor of the location of any particular
hydroxyl. As AEnyd tends to converge to its minimum value with increasing coverage, we can also
use the magnitude of AEnyd to indicate the degree of hydration. This convergence is most clearly
observed with the larger (TiOz2)ss based NP model (see Fig. 3). In summary, our analysis confirms
that the hydroxylation of vertices is the most exothermic followed by corners, and edges in agreement
with previous studies.

In Fig. 4a we summarise the scaled OH frequencies of our (TiO2)3s(H20)13 NP model, which
possesses 26 OH groups. We observe that the majority of the scaled OH frequencies are grouped in
the 3710-3650 cm™* spectral range, which is in good agreement with the experimental IR vibrational

spectra measured after outgassing the samples at 773 K (see Fig. 2). However, we also find a few
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vibrations around 3500 and 3300 cm™, corresponding to hydroxyls interacting with neighbouring
hydroxyls via strong hydrogen bonds. Increasing the number of OH groups from 26 to 60 to reach
88% coverage in the (TiO2)3s5(H20)30 NP model (see Fig. 4b), the possibilities for inter-hydroxyl
hydrogen bonding also increase with a concomitant increase in the number of vibrational peaks in the
frequency range between 3600-3100 cm™. As the (TiO2)3s(H20)30 model is already close to full
coverage, it is limited in the extent to which it can capture a broad range of different OH
sites/interactions potentially present in the experimental NPs.

To overcome the limitations of the (TiOz2)ss NP model, we consider the considerably larger
(Ti02)sa model and consider coverages close to 38% and 88%, corresponding to the dissociative
addition of 24 and 55 water molecules respectively. The simulated IR spectrum of the (Ti02)s4(H20)24
NP exhibits peaks of free and weakly hydrogen bonded OH groups, but does not provide a basis for
the assignment of the experimentally observed features below 3400 cm™. In stark contrast, the higher
coverage (TiOz2)ss(H20)ss NP model shows an almost continuous series of vibrational peaks in the
range 3000-3600 cm™ (see Fig. 4d). We find that this larger NP with high water coverage is the most
satisfactory model to interpret the present experimental results as we discuss in detail below. We note
that the full list of computed IR vibrations depicted in Fig. 4 are listed in the ESI.

3.3 Comparison between experimental and computational results

To facilitate the comparison between experimental and computational results, Fig. 5 reports
the simulated IR spectra for the largest NP model, (Ti02)s4(H20)ss, and two experimental spectra of
TiO2 nano-anatase, outgassed at different temperatures. The sample treated in vacuum at 773 K (red
spectrum in Fig. 5), as already mentioned in the discussion of Fig. 1, has only IR signals in the 3750-
3600 cm™ range, ascribed to free OH groups. On the contrary, the NPs outgassed at 673 K (black
spectrum in Fig. 5) show also a broad absorption band extending down to 3000 cm™, due to hydrogen
bonded hydroxyls. The absence of the bending mode at 1620 cm™ excludes the presence of
undissociated water molecules in the latter sample. We note that the intensity of the OH vibrations
above 3700 cm™ is not significantly affected by the increase of the outgassing temperature from 673
to 773 K, suggesting that these IR signals are related to strongly bound OH groups. These hydroxyls
are likely located on vertices and corners, which show the highest AEnya (see Section 3.2). This
hypothesis is further confirmed by the analysis of the IR vibrations in the (TiO2)s4(H20)s5s NP shown
in Fig. 5. Indeed, the computed frequencies above 3700 cm™ correspond to isolated OH groups
localized in the apical region of the NPs. In addition, two more modes in this range, correspond to
OH groups located in the edge regions close to the apical vertices vibrating in a cooperative and
symmetrical manner. The higher frequency component ~3735 cm™ (marked by a blue star in the

experimental spectrum in Fig. 5) could not be identified in the vibrational spectrum of the
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(Ti02)s4(H20)s5 NP. Interestingly, however, this mode is well matched by a mode in the computed
vibrational spectrum of the small hydrated (TiO2)12(H20)s nanocluster model (Fig. S1 in the ESI).
We find that this mode corresponds to a particular type of isolated OH group linked to a tetrahedrally
coordinated Ti atom. The larger NP models are based on clean bulk cuts of anatase, and do not exhibit
such sites. This implies that the surfaces of the anatase NPs in experiments possess some
coordination-lowering surface defects which are not captured by our ideal bulk-cut NPs models. The
region between 3700 and 3600 cm™ correspond to free OH groups located on the edges of the NPs.
The weakly and strongly H-bonded OH groups located simultaneously in the equatorial and edge
regions are responsible for modes in the 3600-3300 and 3300-3000 cm™ ranges (see assignment in
the upper left of Fig. 5). To rationalize these computational finding with respect to the experiment
spectra, we assume that the weakly and strongly H-bonded OH groups confirmed to be present by the
FTIR at 673 K can diffuse to form water molecules that desorb from the NP at 773 K, leading to the
significant decrease of the intensity broad band from 3500-3000 cm™. At this higher temperature,
isolated OH groups in apical and edge regions remain anchored to the NP and give rise to the
remaining experimental signal in this region, in broad agreement with our computational results (see
comparison of experimental and computational spectra to the left in Fig. 5). Our interpretation
provides an overview of how and where water dissociatively interacts with realistic TiO2 NPs,which
promotes the covering of the NP surface by OH groups. However, further analysis is needed to better
investigate the molecular mechanism of this process. In summary, the present joint computational
and experimental study provides new detailed insights into the nature of OH species on hydrated
titania NPs. Specifically, through a detailed comparison of experimental FTIR spectra and accurately
computed IR spectra, we are able to identify the likely location and degree of H-bonding interactions
of OH groups on realistic synthesised anatase NPs.

4. Conclusions

We have carried out a combined theoretical and experimental study to investigate the location,
chemical environment and vibrational modes of hydroxyl (OH) groups bound to the surface of titania
NPs. We compared experimental IR spectra of three different anatase-based TiO2 NP samples
(namely nano-anatase, P25, and shaped controlled bypiramidal NPs) with the simulated IR spectra of
hydrated bypiramidal anatase NP models possessing ~38 and ~88% water coverages. We thus show
that a (Ti02)ss(H20)ss NP model with a high hydroxyl coverage allows us to rationalize the
frequencies observed in the experimental FTIR spectra and to relate these modes to types of OH
species at localized regions of the NP. We also find that the broad IR signals between 3600 and 3000
cm can be ascribed to weakly and strongly H-bonded OH groups, which tend to form water

molecules that desorb upon increasing the outgassing temperature to 773 K. The resulting outgassed
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NPs show a well-defined FTIR spectrum in the 3750-3600 cm™* spectral region, corresponding to free
OH groups. The components above 3700 cm™ are related to hydroxyl groups located in the apical
regions of the bypiramidal (TiO2)s4(H20)ss NP and to Ti-OH sites in which Ti is tetrahedrally
coordinated. This assignment agrees with the fact that such regions have relatively higher reactivity
and, thus, water dissociation is more favourable (corresponding to their higher AEnyd values),
generating strongly bound OH groups. Finally, the signals between 3700 and 3600 cm™ are mainly
due to isolated hydroxyls located on edges.

Overall, our collaborative study demonstrates how experiment and theory can provide
unprecedented quantitative insights in the detailed surface chemistry of complex inorganic
nanosystems. Specifically, we provide otherwise unobtainable information about the distribution of
the surface hydroxyl groups on the surface of titania NPs, the degree of their H-bonding interactions
and their vibrational modes. There is a burgeoning need to better understand the physicochemical
properties of widely used hydrated nano-TiO2 NPs with respect to improving their performance in
photochemical applications (e.g. photocatalytic water splitting), safe usage in products (e.g.
sunscreens) and reducing their possible environmental impact (e.g. potential biotoxicity of titania
NPs). Our study could pave the way for new routes for improved control and development of new
and safe TiO2 NP-based nanotechnologies.
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Fig. 1 Anhydrous bipyramidal (TiO2)ss and (TiO2)sa NPs and their hydrated counterparts
(Ti02)35(H20)13, (Ti02)35(H20)30, (Ti02)84(H20)24, and (TiOz2)ss(H20)ss employed in this study.
Horizontal and vertical arrows indicate the NP hydration and size, respectively. Blue, red and white

spheres correspond to Ti, O, and H atoms, respectively.
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Fig. 2 Left: FTIR spectra of the TiO2 nano-anatase (blue), TiO2 bipy (black) and TiO2 P25 NPs (red)
after outgassing at 773 K. Right: TEM images of the respective samples.
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Fig. 3 Evolution of AEnya with the number of water molecules (m) for increasingly hydrated
(Ti02)35(H20)m and (TiO2)sa(H20)m NPs. Coverages of different types of NP surface regions for
different ranges of m are separated by vertical dashed lines.
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Fig. 4 Simulated IR spectra of (a) (TiO2)35(H20)13, (b) (Ti02)35(H20)s30, (C) (Ti02)s4(H20)24, and (d)
(T102)s4(H20)s5 NPs. The red line represents the resulting IR spectra, whereas the vertical black lines

indicate the computed harmonic frequencies.
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Fig. 5 Calculated IR frequencies (top left panel) obtained from the (TiO2)s4(H20)ss NP model (right
— note that two orientations of the NP are shown) compared to the FTIR spectra of the TiO2 nano-
anatase NPs (bottom left panel) after outgassing at 773 K (red curve) or 673 K (black curve).
Vibration modes are distinguished by a colour scale, where the highest frequencies are found towards
the purple end of the scale and and the lowest frequencies are identified by colours towards the red
end of the scale. The same colour scale is used to correlate the OH groups ss in the (TiO2)s4(H20)ss
NP model with their respective frequencies. Note that the Ti and O atoms that form the core of the
NP are depicted with light and dark grey colours, respectively. The blue star on the FTIR spectra of
the TiO2 nano-anatase NPs indicates the frequency of a single tetrahedrally coordinated OH (see IR
spectrum of the (TiO2)12 NP in the SI).
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