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ulations. Chemical and physical adsorption of water on the TiO,-water interface was studied as
function of the water content, ranging from dry nanoparticles to wet nanoparticles with monolayer

coverage of water. The surface reactivity was shown to be a concave function of the water con-
tent and driven by surface defects. The local coordination number at the defect was identified
as the key factor to whether water adsorption proceeds through dissociation or physisorption on
the surface. A consistent picture of TiO, nanoparticle wetting at the microscopic level emerges,
that corroborate existing experimental data and gain further insight into the molecular mecha-
nisms behind nanoparticle wetting. These calculations will facilitate the engineering of metal
oxide nanoparticles with controlled catalytic water activity.

Introduction

Solids are often covered by thin water films which determine their
interactions with surrounding matter. Ever since the capability to
use titanium dioxide (TiO,) for hydrogen gas production from
water was discovered, ! and the efficiency boost provided by dye-
sensitized solar cells was revealed,? both dry and wet TiO, sur-
faces have drawn great interest from the scientific community. 3
Applications taking advantage of the nanoproperties of the TiO,-
water interface are numerous in modern technology (e.g., in so-
lar cells,* in self-cleaning materials,> during photocatalysis®7),
but concerns have also been raised over the potential health haz-
ards linked to the use of nano-Ti0, in consumer products. %2 TiO,
nanoparticles (NPs) of size 1 to 100nm are particularly interest-
ing for biomedical applications.'© Due to their small sizes, they
may reach previously inaccessible parts of the body (e.g. by cross-
ing the blood-brain barrier ') and be suitable for targeted drug
delivery 12 and medical implants, 1% since their high surface-to-
bulk ratio give them properties in remarkable contrast to their
bulk counterparts. Microscopic understanding of water reactivity
and wetting of nanosized TiO, is therefore crucial to understand
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1 Electronic Supplementary Information (ESI) available: Simulation data on equi-
libration of energies and structures (root-mean-square-deviations and coordination
numbers); radial distribution functions for all O—Ti pairs over the entire data do-
main; comparison of coordination number distributions for dry and wet nanoparti-
cles; dynamics of water reactivity; high-resolution electron density for the rutile NP.
A movie of the simulation trajectory for the rutile (TiO,),,-30H,0 system. See DOI:
10.1039/b000000x/
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nanotoxicity, # to control photocatalyticity, 15:1® and for using in-

terfacial water 17 to modulate adsorption of biomolecules such as
proteins, lipids and sugars'® to metal oxide nanoparticles.

Many aspects of the structure and dynamics of the TiO,-water
interface are still unclear. These include whether water disso-
ciates on defect-free TiO, surfaces, 19 the orientation and bond
lengths of adsorbed waters,20 indirect participation of subsurface
oxygen vacancies during water dissociation,?! and the roles of
particle morphology and size in photocatalytic activity of nano-
TiO, (see the references in Ref. 22). On flat surfaces, experi-
ments 20:23-26 27-31 suggest that in-
terfacial waters complete the coordination sphere of surface ti-
tanium atoms either by molecular adsorption or by dissociation
(the redundant proton hops to a neighbor “bridging” 2-fold co-
ordinated oxygen?®). Much less is known about the irregular
surfaces of wet nanoparticles, where the higher frequency of
surface defects may lead to higher reactivity.®%33 For example,
Zhang et al. 34 found low Ti coordination numbers (5.1 vs. 6
for bulk) for small-sized (2nm) amorphous nanoparticles using
synchrotron wide-angle x-ray scattering (WAXS) and molecular
modeling. To further complicate matters, TiO, exists in three
forms (polymorphs) with distinct properties: rutile, anatase and
brookite.®> The most stable bulk phase is rutile, followed by
anatase and then brookite. The stability chain is shuffled in the
nano world; anatase becomes more stable than rutile when the
particle size drops below ~ 140A.3 Overall, the polymorphic ba-
sis of hydrophobic/hydrophilic adsorption behavior3? and pho-
tocatalytic activity®® of nano-TiO, remains unsatisfactorily ob-
scured.

and theoretical calculations

Theoretical calculations have addressed some controversies of
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the TiO,—water interface of planar surfaces %40

cles?2 (and also the interface with organic molecules,
evant to solar cell applications*®). The majority of simulation
work on inorganic nanoparticles** have either employed classi-
cal molecular dynamics on larger nanoparticles #3546 or structure
optimizations of single configurations, 4 typically in the absence
of water. 454 Only recently has the increased availability of com-
puter power allowed ab initio simulations with realistic dynamics
computed from density functional theory.>° Liu et al. 2 provided
the first ab initio simulations of rutile slabs with full monolayer
coverage, showing that water dissociation is not favored (by the
small amount AE ~ 0.1eV) on defect-free TiO,(100) rutile.

To the best of our knowledge, the present work is the first
ab initio simulations of small-sized TiO, nanoparticles in contact
with water. For the first time, we can study the real-time dynamics
of the splitting of water molecules at the surface from first princi-
ples, and show how surface defects and their coordination num-
bers determine the equilibrium surface structure. Altogether, we
provide an atomistic description of the water adsorption mecha-
nism on nano-TiO, that explains experimental data.®? We simu-
late the TiO,—water interface up to monolayer wetting with re-
spect to the baseline case of dry nanoparticles. First, we describe
the nanoparticles’ structures and how they are influenced by wet-
ting, to what extent morphologies come into play, and relations
to their bulk counterparts. Then, we investigate the surface ener-
getics of the wet nanoparticles versus the dry nanoparticles. We
proceed by describing the surface structure in terms of surface
groups and use this analysis to identify adsorption sites from ra-
dial distribution functions. The water reactivity is quantified in
terms of coordination numbers and degree of dissociation. State-
of-the-art analysis of high-resolution electron densities confirm
the amount of charge transfer occurring at the surface. Finally,
an atomically detailed explanation of the hydration mechanisms
is given to explain recent XPS experimental data of wet nanopar-
ticles. 32

and nanoparti-

41,42 rel-

Results and discussion

The aim of this work is to clarify the interfacial structure dur-
ing wetting of small-sized TiO, nanoparticles. > Questions to an-
swer are: (1) What role does morphology play in wetting at the
nanoscale? (2) How reactive are small-sized TiO, nanoparticles
and how does the catalytic activity depend on water content?
(3) What are the major adsorption pathways when water adsorbs
on small-sized TiO, nanoparticles? (4) How much does the NP
surface atoms rearrange to accommodate for the solvation layer
and is charge transfer and polarization important to understand
the TiO, —water complex?

To answer these questions, we performed ab initio molecular
dynamics simulations (AIMD) of wet titanium dioxide nanopar-
ticles (TiO, NPs), with stoichiometry (TiOZ)24-nH20, at 37°C
(T = 310K). Here, n ={0,1,3,8,15,30} is the number of wa-
ter molecules. The role of morphology for wetting at the
nanoscale was determined by cutting NPs out of the unit cells
of the three bulk phases of TiO,; rutile (tetragonal with space
group P4, /mnm), anatase (tetragonal with space group Pcab) and
brookite (orthorhombic with space group /4, /amd). These model
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Fig. 1 The initial (top panels, ¢ = 0ps) and final {(middle panels, ¢t = 30 ps)
configurations of the systems with the highest degree of wetting (n = 30
water molecules). The labels over the top panels refer to the TiO,
polymorph corresponding to each initial structure. Ti and O atoms that
are at least 1-fold coordinated belong to the nanoparticle and are drawn
with surface representations. The color coding is based on coordination
numbers, and ranges from red (lowest, oxygens) via white
(intermediate) to blue (highest, titaniums). Water oxygens (0-fold
coordinated) and hydrogens are drawn with ball-and-stick
representations. Representative surface structures from the final
configurations are shown in the bottom panel: (1) 2-fold coordinated
oxygen bridges on the surface, (2) OH—group from dissociated water,
and (3) molecularly adsorbed water molecule. The last two occurs at
defects on the TiO, nanoparticle surface.

nanoparticles are approximately spherical, of sizes ~ 1 nm, and
represent the smallest particles with the features of the corre-
sponding bulk structures (as studied systematically in the rutile
case®17>3), The wetting in the simulations was varied from dry
NPs (n = 0) to monolayer surface coverage at 0.08 A2m= 30,
which is in practice slightly below monolayer coverage due to the
inhomogeneous distribution of adsorbed water molecules on the
NPs’ surfaces). Fig. 1 shows the initial crystalline structures (top
panels), and the final configurations (middle panels) after 30 ps of
simulation time of the systems with monolayer wetting. A movie
of the simulation trajectory of the rutile (TiO,),,-30H,0 system
is provided for reference as ESI. More details on how the simula-
tions were set up and performed are found in the Methods Sec-
tion and in the ESI. The NPs maintain their approximately spher-
ical shapes throughout the simulations (although the brookite
NP is slightly elongated) at all hydration levels. Visual inspec-
tion of the equilibrated configurations shows that surface defects
are more homogeneously distributed over the surface of the ru-
tile and anatase NPs compared to the brookite NP. At the high-
est wetting (comparable to monolayer coverage) this can be seen
from water molecules adsorbing more homogeneously on the ru-
tile and anatase NPs, but cluster on the brookite nanoparticle.

This journal is © The Royal Society of Chemistry [year]

Page 2 of 13



Page 3 of 13

We now present a careful analysis of our simulations to reveal
the atomic structure of the interfacial water on nanosized TiO,
NPs.

Atomic structure of wet TiO, nanoparticles

We quantify nanoparticle morphology by calculating root-mean-
square deviations (RMSDs), Ti—O—Ti and O—Ti—O angle dis-
tributions, radial distribution functions (RDFs) between ele-
ments, and coordination numbers (CNs) for each element in the
nanoparticles. The results from dry (n = 0) and wet (n = 30)
nanoparticles are compared to find the impact on hydration struc-
ture of small-sized nanoparticles based on morphology.

Fig. 2 shows the root-mean-square deviation (RMSD) in the
wet systems, which stabilize within 5ps of simulated time, af-
ter which no further increase is found. Each nanoparticle sim-
ulation is compared to its initial structure and to the other two
polymorphs. The RMSDs are a factor of three lower (5 to 5.5A
compared to 1.5 to 2A) for the same morphology as compared
to the others. Almost identical RMSDs were found at all levels
of wetting (see Fig. ?? in the ESI), which demonstrates that the
nanoparticles’ structures are retained independently of the wet-
ting, except for surface reorganization due to water reactivity as
discussed later. The curves in Fig. 2 can be grouped into one
low-RMSD and one high-RMSD set of curves. The first group cor-
responds to nanoparticles compared to their initial polymorph,
and the second group corresponds to nanoparticles compared to
the two other polymorphs. The RMSD differences within each
group are small (1.5 to 2A and 5 to 5.5 A, respectively) and shows
that no polymorph is closer to their ideal crystal structure than
the others. The equilibrium structure of the nanoparticle is in-
termediate between the bulk morphology (corresponding to zero
RMSD) and an amorphous phase (corresponding to RMSD inde-
pendent of starting structure). Clearly, morphology is less defined
at the nanoscale.

To further quantify the atomic structures, we calculated the
angle distributions of /Ti—O—Ti and /O—Ti—O within the dry
and wet nanoparticles and compared them to bulk crystals (wa-
ter oxygens were excluded from the calculations, as explained
in the Methods section). They are shown in Fig. 3, where the
bulk angles and corresponding intensities are drawn with vertical
lines. The angle distributions for dry and wet NPs are similar and
considerably broadened compared to the sharp lines found in the
crystal structures. The onset of bulk behavior in TiO, NPs is not
accurately known, but at least 1000 molecular TiO, units are re-
quired because of the covalent nature of the Ti—O bond.>* Such
system sizes are outside the reach of current ab initio molecu-
lar dynamics simulations. The (TiO,),,-nH,O cluster is therefore
too small to exhibit the true morphologies of bulk TiO,. Fig. 3
shows that /O—Ti—O is in fair agreement with the crystal struc-
tures but with a broad distribution. The 99°-peak is accentuated
while the 130°-peak is suppressed in the /Ti—O-Ti-distribution
of the anatase and brookite simulations. Overall, we find angle
distributions like the experimental crystal structures, although the
154°-peak of the O—Ti—O-distribution in the anatase simulation
is skewed to 135°.

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 shows the /H—O—H- and /Ti—O—H-distributions (wa-
ter and surface OH-groups). The average water angle is 105.3° in
excellent agreement to the experimental geometry.>> The aver-
age of the /Ti—O—H-distributions was (118.1+12.0)°. No sig-
nificant difference was found between the polymorphs. The
broader /Ti—O—H-distribution (as compared to the /H—O—H-
distribution) demonstrates pronounced fluctuations in orienta-
tion of surface hydroxyls while waters are less flexible. Oxygens
behaved in the same way when coordinated to one hydrogen
(OH—group) or two or more hydrogens (molecularly adsorbed,
data not shown). The Ti—O—H angle is independent of molecu-
lar adsorption or dissociation.

Radial distribution functions (RDFs) between differently coor-
dinated elements (see Methods section) were computed to de-
fine the local ordering in the dry (n = 0) and wet (n = 30)
(TiO,),,4-nH,0O nanoparticles. Fig. 5 shows the RDF for O—Ti
pairs in the range 1 to 3A. This first RDF peak corresponds to
the O—Ti bond distance and integrates to the nearest-neighbor
coordination number. The RDFs of all pairs of elements (between
Ti, O and H) over the entire r domain are given in the Fig. ?? in
the ESI. Fig. 5 shows a single peak at 1.87A in gori(r) between 1
to 3 A for wet nanoparticles, but two peaks (at 1.65 Aand 1.87A)
in the same range for dry nanoparticles. The additional peak is
most pronounced in the rutile and anatase simulations.

We performed an in-depth analysis based on coordination num-
ber O—Ti RDFs which gives a unique fingerprint of each surface
structure. Fig. 6 shows go 1;, (r): the RDF between n-fold coordi-
nated oxygens and m-fold coordinated titaniums. The top panels
in Fig. 6 correspond to dry nanoparticles and the bottom pan-
els correspond to wet nanoparticles. The major contribution to
these RDFs are from 2- and 3-fold coordinated oxygens to 4- (dry
nanoparticles) and 5-fold (wet nanoparticles) coordinated titani-
ums. The Ti,-contribution is dominant for the dry NPs while the
Tis-contribution is prominent for the wet NPs. The O—Ti bond
is in the range 1.6 to 2.2A and increases with the coordination
number (CN).

The distributions for 2- and 3-fold coordinated oxygens are
single-peaked and alike for dry and wet nanoparticles, since the
core structures of the NPs are intact during the simulations. Com-
paring Fig. 6 to Fig. 5 proves that the dry NP-peak at 1.65A is
due to 1-fold coordinated surface oxygens which are protonated
after wetting. The coordination number-based RDFs conclusively
show that the single O; —Ti, peak of the dry NPs (red lines in
upper panels of Fig. 6) is split to three peaks for the wet nanopar-
ticles (red lines in lower panels of Fig. 6). go, 1i(r) in Fig. 7 further
reveals three distinct O—Ti bond distances depending on whether
O, is coordinated to Tiy, Tis, or Tig.

Each peak corresponds to O; having zero hydrogens (deproto-
nated Ti—O surface bond), one hydrogen (Ti—OH surface group)
or two hydrogens (Ti—OH,, adsorbed water molecule). The O—Ti
bond distance increases with the number of hydrogens, from
1.68 A for Ti—O, to 1.83 A for Ti—OH, and finally to 2.15A (2.2A
for brookite) for Ti—OH,. From the O—Ti coordination num-
ber distributions (see Fig. 9, and the following discussion in the
text) we find that 90% of the O, atoms are protonated by ei-
ther one or two hydrogens. Ti, atoms are terminated with O;-
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Fig. 2 Root-mean-square deviations (RMSDs) for the simulated system with respect to the initial structures of the nanoclusters of the TiO,
polymorphs. The RMSDs stabilize after 5 ps of simulation time. The RMSDs are a factor of 3 lower when systems are compared to their starting
structures rather than to the other two polymorphs.

504 phase = rutile phase = anatase phase = brookite
0.03
= 0.02 Coverage [A~2?]
0.00 0.008
.08 0.021
0.03 — 0.039
= 0.02 — 0079
A
0.01
0.00

Fig. 3 Angle distributions for ZO—Ti—O (fop panels) and /Ti—O—Ti {bottom panels) in the simulated systems, comparing nanoparticles with different
coverages (0 10 0.08 A-2). The dotted vertical lines mark the unit cell angles of the respective TiO, morphologies and are scaled with the maximum of
the simulated distributions.
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Fig. 4 Angle distributions for /H—O—H (water) and /ZH—O-Ti {surface
OH—groups). The water angle was the same in all polymorph
simulations. The H—O—Ti angle distribution was averaged over the
polymorphs and different surface coverages, since the variations were
smaller than the statistical uncertainty of the simulations.

and O, H-groups but never with molecularly adsorbed water. Tig
is evenly distributed between either water dissociation in form
of OH-groups or molecularly adsorbed OH,-surface termination.
The Ti—OH, bond is 2.15 A. This longer distance implies a weaker
bond by physisorption and is in agreement with (2.2140.02) A,
which is the adsorption bond length identified by photoelectron
diffraction for molecularly adsorbed water on the rutile (110) sur-
face.20

Previous AIMD simulations of fully hydrated TiO,(110) slabs
unambiguously reported molecular adsorption on defect-free sur-
faces.2? The bond distance was calculated to be 2.14, i.e., 0.1A
smaller than the experimental value.?® We note that the extent
of water dissociation on rutile (110) is vividly debated in the
literature (see e.g. Refs. 24,27-29 and the references therein),
and theoretical results are sensitive to the exchange-correlation
functional employed at the generalized gradient approximation
(GGA) level of theory.%” The O, —Tig bond in Fig. 7 corresponds
to the molecular adsorption site “on top of 5-fold coordinated sur-
face titaniums on rutile (110) 7,20
atom in the total coordination number. We find this bond dis-
tance to be ~ 2.2A, in excellent agreement to the experimental
value (2.21 A).

Finally, we remark that the distributions of 2- and 3-fold coor-
dinated oxygens in Fig. 6 are single-peaked but broad and some-
what skewed, which reflects the amorphous element to the atomic
structure. Then, we have the following classification of O—Ti
bonds in the NPs: (1) Deprotonated, 1-fold coordinated surface
oxygens at 1.68 A, (2) surface oxygens (OH-groups or oxygen
bridges) at 1.85A and (3) bulk-like oxygens broadly distributed
from 1.9 to 2.0A. The specific numbers 1.94A (rutile), 1.95A
(anatase) and 1.92A (brookite) are to be compared to the cor-
responding bonds in the crystal structure: 1.96 A (rutile), 1.946 A
(anatase), and the six different bond lengths in brookite between
1.87 to 2.04A, see Refs. 56,57. It suffices here to say that the
values computed from our simulations are in satisfactory agree-

since we include the adsorbed

This journal is © The Royal Society of Chemistry [year]
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ment with the experimental values given the distorted structures
of the small-sized nanoparticles compared to their bulk counter-
parts. The largest bond distance, 2.2 A is found for molecularly
adsorbed water molecules on the nanoparticle surface. Such wa-
ters adsorb to Ti defects (rather than dissociating) on the surface
in the absence of adjacent bridging oxygens.

Surface energetics of wet nanoparticles

We monitored the potential energy during the simulations, and
found that the nanoparticles relax towards structures described
partly as amorphous, and partly as bulk structures. The initial
atomic rearrangement takes place within the first 1 to 2 ps of sim-
ulation time (see Fig. ?? and ?? in the ESI). Next, the energies
of the wet nanoparticles slowly decrease as water adsorbs on the
surface before leveling off after 15 ps of simulated time, which co-
incides with the water reactivity equilibration time (see Fig. ?? in
the ESI). The dry nanoparticles are more difficult to equilibrate
than the wet nanoparticles since adsorbed water molecules lower
the surface energies of the wet NPs. The dry NPs need to rely on
surface reorganization which is slower.

The adsorption enthalpy Ah,4s(n) as a function of the » number
of water molecules on the surface is a measure of the NPs’ water
binding strength. It is calculated from simulations by

Ahads(”) = hags (”) - hgas
= (Hwet(n) *Hdry)/n*hgas (1)

where Hyet(n) is the enthalpy of the (TiO,),, nH,O cluster and
Hyry = Hyet(n = 0) is the enthalpy of the (TiO,),, NP alone. hgas
is the enthalpy of a gas water molecule, computed with the same
parameters employed in the cluster simulations (we use the terms
enthalpy and energy interchangeably since the pressure-volume
contribution can be neglected). This ideal gas approximation is
acceptable for water vapor but might prove less suitable for other
molecular gases. Each term in Eq. (1) is obtained from an in-
dependent simulation. The surface coverage in terms of number
of water molecules per area is determined by the surface area
A = 4m? for the nanoparticle radius r = 5.5A.

Fig. 8 shows the simulated curves of the (negative) adsorp-
tion enthalpies, Ah, 4, as functions of water coverage per area,
p =n/A. We have excluded the lowest wetting (corresponding
to n = 1) which is most prone to sampling errors. The calculated
Ah,qs is an average over several water molecules at higher surface
coverage, but the single-molecule value depends on whether the
molecule adsorb at a surface site that favors dissociation (or not).
This sampling deficiency can be overcome by longer simulations
or several independent simulations with random starting config-
urations for the water molecule. Either way is computationally
expensive. (Note that the basis set superposition errors for the
basis employed in our calculations are a few kJmol~!.%8)

The rutile and anatase NP curves are similar but shifted. The
adsorption enthalpies decrease sharply (Ah,4s becomes more neg-
ative) as p — 0, in agreement to experimental data.®” Ay,
should approach the water enthalpy of vaporization (Ahyap =
—44kJmol~!) when the surface coverage is increased beyond

Journal Name, [year], [vol.], 1-13 |5
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Fig. 5 The radial distribution function (RDF) for O—Ti pairs in the range 1 to 3A. The peak at 1.65 A for dry nanoparticles is due to 1-fold coordinated
surface oxygens (see detailed analysis in Fig. 6). Such oxygens are protonated in the wet (TiO,),,-Clusters with longer O—Ti bond distances of 1.8 A
Complete RDFs for all pairs of elements and ranges are found in Fig. ?? in the ESI.

dry rutile dry anatase dry brookite
40 35 30

30

— 25
& — 0,-Tiy
= .
3 - Ol—T15
S 05-Tiz
— 09-Tiy
— = O0,-Tis
-+ O,-Tig
— 03-Tiy
g — = O3—Ti5
=z = mm =Tl
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= = O4-Tis

1.6 1.8 2.0 22 24 1.6 1.8 2.0 22 24 1.6 1.8 2.0 22 24
r[A] r [A] r [A]

Fig. 6 Radial distribution functions (RDFs) computed for O—Ti pairs based on coordination numbers (CNs). The O—Ti bond distance is 1.6 10 2.2A
and increases with the CN to an average of 1.95 A for 3-fold coordinated bulk oxygens. Data corresponding to surface oxygens (one- and two-fold
coordinated) are shown in red and blue, and data corresponding to bulk oxygens (three- and four-fold coordinated) are shown in green and purple.
Differently coordinated titanium atoms are distinguished by line styles (4-fold = solid, 5-fold = dashed and 6-fold = dashed-dotted). Note the different
scales on the vertical axis in the panels.

. phase = rutile phase = anatase phase = brookite
6 -0 —OH 0 4+ _om
—~ 5
&y \ / —OH, ~OH, — 0,—Ti
I 3 ‘/ — e
& o 7 Oy T?5
1 — Ol_T16
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1.6 1.8 20 22 24 1.6 1.8 20 22 24 1.6 1.8 20 22 24
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Fig. 7 The radial distribution functions (RDFs) for 1-fold coordinated oxygens on wet nanoparticles (n = 30, corresponding to water coverage of

0.08 A-2). O, is coordinated to 4 to 6 titaniums. The peaks correspond to deprotonated oxygens (—O), OH—groups from dissociated waters (—OH),
and molecularly adsorbed waters (—OH,). The distinct peaks show that dissociation and/or molecular adsorption occur at all coordination numbers

(CNs), but dissociation is favored at lower CNs.
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Fig. 8 Calculated adsorption enthalpies (Eq. (1)) for the simulated
systems as functions of the surface water coverage. Monolayer
coverage corresponds to 0.08 A-2 if a water molecule is assumed to
cover the surface area of a disk of radius 2 A.

the saturation point. Ahggg is (—80=+5)kJmol~! at 0.08 A2, the
highest coverage in our simulations. The enthalpy of vapor-
ization of BLYP-simulated water with dispersion corrections is>?
(—61.9:3.3)kJmol ™! (Ahy,p of water with BLYP without disper-
sion corrections is (—36.9+2.0)kJmol~!, in considerably better
agreement to experimental data, but by fortuitous cancellation of
errors®). This value is 25% lower than the value of Al cal-
culated at 0.08 A2, showing that the properties of the adsorbed
water monolayer differs from bulk water.

The adsorption curve shapes are in qualitative agreement to ex-
perimental data but with more negative Ah,4, (up to a factor of
2). This is in line with the known underestimation (overestima-
tion) of the binding energy of water molecules of BLYP without
(with) dispersion corrections, due to limitations in the electronic
structure model and the neglect of nuclear quantum effects. 39-62
A further limitation in comparing simulated and experimental
data is the differing system sizes (10A vs. 100 to 300A) which
makes Ah, 4, highly sensitive to the surface defects that are com-
mon on the surfaces of the small-sized simulation NPs. The ex-
perimental trend of anatase being a stronger water binder than
rutile®7 is reproduced by the simulations with a gap between the
polymorphs that is similar to the experimental data. The adsorp-
tion enthalpy for brookite is practically independent of the water
content. We are not aware of any experimental adsorption en-
thalpy curve for brookite but our simulation data suggest weaker
water binding on brookite TiO, than the other two polymorphs.
The photocatalytic activity of brookite has been reported to be
similar to, or even higher than, the other polymorphs. 5324 How-
ever, a direct link to experimental adsorption enthalpy is diffi-
cult to draw, considering the heterogeneous surface structure of
the small-sized nanoparticles studied in the present work and the
contribution of chemisorption.

We calculated the heat of immersion, Akjy,,,, of the monolayer-
covered wet nanoparticles, to gain further understanding of the
energetics involved in surface wetting. Ak, is the enthalpy dif-
ference per unit area for being adsorbed to the surface compared

This journal is © The Royal Society of Chemistry [year]
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to being immersed in the bulk, and is calculated using the for-
mula *°

Ahim = (Hdry + Hyater — Hwet)/A (2)

where Hy, is the enthalpy of the dry nanoparticle, Hier is
the enthalpy of the wet nanoparticle (with n = 30), and Hwater
is the total enthalpy of n interacting water molecules. A
is the nanoparticle’s surface area. We calculated Ak, =
0.64, 0.55 and 0.46Jm~2 for the anatase, rutile and brookite
nanoparticles, i.e., the same trend as found for the adsorption en-
thalpies. Experimentally, Ak;y,,, depends strongly on the surface
treatment and the amount of water remaining on the dry sur-
faces® but was reported to fall within the range 0.3 to 0.6Jm 2.
The less amount of water present on the dry surfaces, the larger
the immersion enthalpies grow. The calculated Ak, are there-
fore best compared to the upper end of the experimental inter-
val since our “dry” nanoparticle are completely absent of wa-
ter molecules. The agreement to experimental values is quite
good given the uncertainties. Summarizing, the surface energet-
ics shows that the simulation models describe realistic wetting
scenarios for ultra-fine TiO, NPs.

Water reactivity on small-sized TiO, nanoparticles

We measured water reactivity in the simulated systems by calcu-
lating coordination numbers (CNs) between elements and then
deducing the fraction of dissociated water molecules. Coordi-
nated atoms are within a sphere of radius R from atom i. The
number of type B atoms coordinated to atom i of type A is
denoted CN} ;. Choosing the CN cutoffs to coincide with the
first minimum of grio(r) and gom(r) corresponds to Ry = 2.5A
and Rog = 1.3A. We then calculated the distributions and mo-
ments of CNZ_B as described in the Methods section. Fig. ?? in
the ESI shows that Ti—O and O—H are the only element pairs that
come closer than 2.5 A (maximum distance for covalent or strong
bonding). Ti atoms are then 4- to 6-fold coordinated by oxygens
(and denoted Ti, with n = {4,5,6}), O atoms are 0- to 3-fold co-
ordinated by titaniums (and denoted O, with n ={0,1,2,3}), and
H atoms are 1- to 2-fold coordinated by oxygens but never to
titaniums. With this terminology, free water molecules are de-
noted H,O4H, — the oxygen is 0-fold coordinated to titanium and
the hydrogens are 2-fold coordinated to oxygen. Molecularly ad-
sorbed waters are subsequently denoted H,O,H,, and so on. The
TiO,, bulk coordinations are 3 (oxygen) and 6 (titanium), exactly
as in the crystal structures.

Fig. 9 shows the distributions of CN,p; and CNp, in
(TiOy)4,-30H,0. The mean of the distributions are 2.24-0.1 and
4.4+0.1 for oxygen and titanium of the dry NPs. The correspond-
ing numbers for the wet NPs are 1.9+ 0.1 and 4.9 +0.1 for oxygen
and titanium, respectively. Water oxygens (0-fold coordinated
to titanium) were excluded from the calculations of the average
CNs of the wet NPs. The decreased O-coordination on wetting
is explained by the larger number of O, surface atoms — disso-
ciated and molecularly adsorbed waters. Simultaneously, the Ti-
coordination is increased from 4.4 to 4.9 because water molecules
primarily adsorb at Ti, defects (which are then converted to Tis-
atoms). Zhang et al. 3* employed atomistic modeling to interpret

Journal Name, [year], [vol.], 1-13 |7
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Fig. 9 Coordination number (CN) distributions for O (top panels) and Ti (bottom panels) in the simulated systems, categorized by the accompanying
number of coordinated hydrogens. Oxygens that are 0-fold coordinated by titaniums are always 2-fold coordinated by hydrogens, i.e., water
molecules. As expected, neither titanium atoms nor bulk oxygens are protonated.

wide-angle x-ray scattering (WAXS) data of amorphous ultrafine
titania (dry NPs of sizes 20 to 30 A) and found anatase-like cores
and on average CN;_, = 5.3 and CN,_; = 2.6. Similarly, Chen
et al. %% reported CNp,_o = 5.3 for 19A TiO, NPs. Our smaller
value (4.4) is expected due to the higher surface-to-bulk ratio in
the smaller nanoparticles studied in the present work. There are
two major differences between the CN distributions of the dry and
the wet nanoparticles (Fig. ?? in the ESI). First, there is a larger
proportion of 1-fold coordinated oxygens in the wet nanoparticles
due to adsorbed water molecules. Second and more importantly,
the proportion of Ti, atoms is significantly higher (~ 60 %) in the
dry nanoparticles than in the wet nanoparticles (259%). At the
same time, Ti; increases from 20 to 60% in the wet NPs, while
Tig increases from 5 to 20 %.

The increased Ti coordination in wet TiO,, is due to adsorption,
which occurs both at Ti, and Tis defects. But the much larger
increase in Ti; compared to Tig (after wetting) shows that wa-
ter molecules adsorb primarily at Ti, defects, which are highly
reactive compared to Tis sites (see Fig. 7 and the earlier discus-
sion in the text). Fig. 9 shows the number of hydrogens coor-
dination to oxygens that in turn are n-fold coordinated to titani-
ums. As seen from Fig. 9, titaniums are never protonated. Water
oxygens (0-fold coordinated to titaniums) are always associated
to exactly two hydrogens. 1-fold coordinated oxygens are only
deprotonated in about 10% of the cases. The rest of the times
they are divided more or less evenly between having one hydro-
gen (OH-group from dissociated water) or two hydrogens (OH,-
group, molecularly adsorbed water). Interestingly, 2-fold coordi-
nated oxygens (Ti—O—Ti bridges on the NP surface) are rarely
protonated: 0% in the rutile simulations, 1.5% in the brookite
simulations, and 8.5% in the anatase simulations. Their filled

8| Journal Name, [year], [vol.],1-13

electron shells make them inert to protonation, which explains
the low reactivity on surfaces with such bridges and low numbers
of defects, e.g., rutile (110). We note the fraction of Ti; atoms
to be lower in wet brookite compared to wet anatase and rutile,
even though the distributions are similar in the dry nanoparticles.
Water adsorb more frequently on brookite Ti; atoms compared to
more reactive Ti, sites, which are the preferred adsorption sites
on the other polymorphs (see Fig. 8).

Fig. 10 shows the water reactivity in the simulated systems, de-
fined as the fraction of dissociated waters compared to the initial
number of waters. Fig. ?? in the ESI shows the time evolution of
the water reactivity during the course of the simulations. With
this definition, the reactivity goes to zero with increasing water
content (when bulk waters outweigh surface-adsorbed waters).
The reactivity in the n» = 1-simulations is binary; the single wa-
ter molecule either splits or stays molecularly adsorbed. Assess-
ing whether this number is zero or one is fraught with the same
sampling problems as the adsorption enthalpy at low coverages:
the water molecule needs to be sampled homogeneously over the
available surface adsorption sites. In any case, the water reactiv-
ity differs between the polymorphs. Intriguingly, the reactivity is
found to be a concave function of the water content for rutile and
anatase, while decreasing monotonously for brookite. The maxi-
mum of the function is found at intermediate water contents (8 to
15 water molecules, or 0.02 to 0.04 A=2), which is comparable to
the number of available Ti, sites (about 12 to 14) on the NPs’ sur-
faces. This level of water coverage would optimize the catalytic
reactivity of small-sized nanoparticles used in applications.

This journal is © The Royal Society of Chemistry [year]
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Fig. 10 Water reactivity in the simulated systems (averaged from 15 ps
onwards, see Fig. ?? in the ESI), defined as the fraction of dissociated
water molecules. The reactivity is maximized when the water coverage
is 0.02 to 0.04 A~2 for rutile and anatase, but decreases monotonically
with coverage for brookite.

Net atomic charge analysis

Charge transfer (CT) at the TiO,—water surface could potentially
change its catalytic activity and interfacial structure (a fact that is
exploited in many biocompatible electronic devices®7:8), We as-
sessed the role of CT at the TiO,, NP-water interface by partition-
ing high-resolution electron densities of the systems according to
the net atomic charge (NAC) analysis of Manz and Sholl. 69-71
This state-of-the-art NAC analysis is based on an improved atoms-
in-molecules description of the electron density with the aim to
assign chemically meaningful fractional charges to each atom in
the material. The method optimizes the partial charge distribu-
tion to simultaneously reproduce the electrostatic potential and
chemical states. The method can be applied both to isolated
molecules and to periodic materials; see the Methods Section for
more details.

Fig. 11 shows the NAC distributions for titanium and oxygens
based on coordination numbers. Each point is a simulation snap-
shot taken 3 ps apart. We found no discernible differences be-
tween the NAC distributions (and consequently in CT) with re-
spect to polymorph. The electron distribution in nano-TiO, is
insensitive to the long-range repetitions of the ordered structure,
but depends on the local coordination (i.e., number of neighbors).
The distributions were fitted to Gaussians (solid lines in Fig. 11),
and the mean values and standard deviations are summarized in
Table 1. Hydrogens were always 1-fold coordinated to oxygens
according to a Gaussian NAC distribution (data not shown) with
mean and standard deviation gy = (0.397 +£0.020)e. In Fig. 11,
0-fold coordinated oxygen are waters, 1-fold coordinated oxy-
gens are dissociated OH—groups or molecularly adsorbed O—H,,
groups (and occasional deprotonated, protruding surface oxy-

This journal is © The Royal Society of Chemistry [year]

ums are 6-fold coordinated. There is little CT at the surface for
titanium atoms and the NAC distributions are overlapping. In
contrast, oxygen CT is substantial, and the NAC distributions for
oxygens are comprised of four clearly separated peaks. The par-
tial charge gow = (—0.770 +0.162) ¢ found for water oxygens (and
the corresponding gyw = (0.39 4+ 0.02) ¢ for hydrogens) is in excel-
lent agreement to the typical partial charges employed in simple
point charge water models, e.g., the SPC7? (gow = —0.82¢) or
TIP3P7? (gow = —0.8340¢) water models. The partial charge be-
comes more negative with roughly 0.1 to 0.15 e per CN increase.
The oxygen charge is 50 % stronger in the metal oxide bulk com-
pared to water. A double peak can be hinted in the NAC distribu-
tion of 1-fold coordinated oxygens with splitting due to OH- and
OH,-groups. We ignore this effect in the analysis since the charge
difference is rather small (—0.85¢e vs. —0.95¢).

Fig. ?? in the ESI shows that once the water reactivity equili-
brates and the surface structure is relaxed, the TiO, NP can be
described with fixed coordination numbers with respect to the
water. To provide a feeling on the charge transfer and polariza-
tion in the systems, Fig. ?? in the ESI shows isosurfaces of the
electron density plotted on top of the atoms of the equilibrated
wet rutile NP. The electron density is depleted around the hy-
drogens with a corresponding enhancement around the oxygens.
The electron density around titanium is less easily disturbed and
remains spherical. The polarization contribution of the oxygens is
most prevalent. There is a substantial covalent contribution to the
Ti—O bond, which is most easily seen by comparing the formal Ti
charge (+4 ¢) to that found in the NPs (+2.1¢).

The NAC analysis shows the profound impact of charge trans-
fer at the TiO,—water interface. The accompanying polarization
difference between the bulk material and the interface will deter-
mine the water dipole orientation and hydrogen bonding struc-
ture of the surface layer, which in turn modulate the adsorption
properties of many biomolecules. The charge fluctuations are
about 5% on hydrogen, 10% on titanium, and 25 % on oxygen.
The Gaussian NAC distributions indicate that fluctuating charge
7480 can be advantageous to describe the water interface
of TiO, NPs in classical models. However, also models with fixed
(but CN-dependent) partial charges combined with a predeter-
mined surface structure (number of OH-groups) can yield a good

models
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description of small-sized TiO, NPs.

Microscopic description of TiO, wetting

Recently, X-ray Photoelectron Spectroscopy (XPS) experiments
were performed on hydrated TiO, NPs in the size range 20 to
120nm.>? Spectra were collected and dry and hydrated NPs
were compared. Four water adsorption pathways were suggested
based on the collected data: (1) Water dissociation at oxygen va-
cancies (i.e., surface defects which expose titanium atoms with
lower coordination numbers) yields a chemisorbed OH—group
and an increasingly hydrophilic NP surface. (2) Molecularly ad-
sorbed waters at bridging, 2-fold coordinated, oxygens. The
bridging oxygens could possibly be protonated (e.g., by picking
up a proton from another dissociated water molecule). (3) Wa-
ter physisorbed on OH anchor sites. (4) Water dissociation at Tig
atoms which yields Ti—OH surface groups.

Our ab initio simulation data can be used to test the adsorption
mechanisms proposed by Benkoula et al. 2 First, Fig. 7 shows
that reactivity is strongly linked to the coordination number. This
leads to dissociation in half of the cases (mechanism 1 above) and
to strongly adsorbed waters in the other half (resembling mech-
anism 2). Dissociation yields an increasingly hydrophilic surface.
Pure physisorption (mechanism 3) will play a larger role as the
water content increases above monolayer coverage. Second, dis-
sociation and molecular adsorption occur to the same extent at
surface defects, while at Ti; atoms strong physisorption is dom-
inating, which rules out mechanism 4 to have a major role in
photocatalytic activity. Ti, is more reactive and the main source
of dissociation. The NPs studied by Benkoula et. al®2 were signifi-
cantly larger (20 to 120 nm) than those investigated in the present
study (~ 1nm). Tis sites are more frequent than Ti, sites at the
lower surface-to-volume ratio of the larger NPs, while the oppo-
site applies to the small-sized NPs studied here. The accumulated
contribution to the experimental signal from Tis dissociation may
then dominate the contribution from the more reactive, but fewer
in numbers, Ti, sites. Further, Fig. 9 shows that bridging oxygens
are rarely protonated. Partly this could be to the low water cov-

10| Journal Name, [year], [vol.], 1-13

erage used in the simulations (below and up to monolayer cov-
erage), but also that the 2-fold coordinated oxygen bridges have
filled electron shells and are therefore to a larger extent chem-
ically inert. We conclude that the major part of dissociation on
TiO, NPs occurs at surface defects, and 5-fold coordinated tita-
nium atoms are anchor sites for strong physisorption of water
molecules.

Conclusions

We have reported the first ab initio calculations on the wetting
of small-sized TiO, NPs, including thermal fluctuations and real-
time water reactivity. We compared structures (RMSDs, RDFs, an-
gle distributions and coordination numbers) and energetics (ad-
sorption and immersion enthalpies) of dry and wet nanoparticles,
and assessed the water reactivity and charge transfer at the TiO,
NP-water interface from first principles.

Our investigations reveal nanosized TiO, to be partly amor-
phous but with remaining features of the bulk morphologies. The
high surface-to-volume ratio of small-sized TiO.,, NPs leads to sub-
stantial surface relaxation, and the Ti—O bond distance is shown
to contract at the surface where the Ti coordination number is
lower. Surface oxygens are either 1-fold protonated (OH—group)
or 2-fold protonated (OH,—group, molecularly adsorbed water),
and we have shown that water dissociation occurs mainly on sur-
face defects (Ti, sites), while molecular adsorption is preferred on
Tis sites. Water reactivity was identified to be a concave function
of water content on rutile and anatase NPs, while monotonically
decreasing on brookite NPs. A maximum was found for interme-
diate water contents, about 0.02 to 0.04 molecules /A2. This is
crucial information for controlled engineering of nanosized TiO,
with optimal water reactivity. Net atomic charge (NAC) analysis
showed substantial charge transfer occurring at the water inter-
face, with a clear chemical distinction between water oxygens,
surface oxygens, oxygen bridges and bulk TiO, oxygens. This
data will be central when constructing empirical models of sol-
vated TiO, NPs for large-scale simulations of biomolecular ad-
sorption on inorganic nanoparticles. Our simulation data was

This journal is © The Royal Society of Chemistry [year]
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used to interpret the XPS experimental data of Benkoula et al. 32
We confirmed that surface defects are the primary source of disso-
ciation on TiO, NPs, and that 5-fold coordinated titanium atoms
play a lesser role for dissociation but instead provide molecular
adsorption sites. Further, we ruled out bridging oxygens picking
up protons from dissociated waters. It is much more likely that 1-
fold coordinated oxygens will be proton acceptors in the presence
of surface defects.

We see utmost importance of our results in the construction of
small-sized NPs with controlled water reactivity, TiO, films with
optimal number of defects and/or vacancies, and in the construc-
tion of empirical models for large-scale simulations of adsorption
to TiO, nanoparticles under biological conditions.

Methods

Simulation protocol

The starting configuration for the (TiO,),,-nH,O nanoclusters
were cut out of spheres of the respective polymorph crystal struc-
tures — rutile, anatase and brookite. Surface atoms were removed
randomly to yield 1:2 stoichiometry for Ti and O atoms. The nan-
oclusters were placed in the center of a vacuum box with side
2A. n= {0,1,3,8,15,30} water molecules randomly filled this
simulation box. The resulting systems were used as starting con-
figurations for the simulations. The n = 30 cases are shown in the
top panels of Fig. 1.

Born-Oppenheimer ab initio molecular dynamics (AIMD) sim-
ulations were performed on the 18 systems with the mixed Gaus-
sian and plane wave (GPW) method as implemented in the CP2K
code, %0 using an integration time step of 0.5fs. The electronic
structure calculations were done with the QUICKSTEP®! module
using density functional theory (DFT) and the Becke-Lee-Yang-
Parr8283 (BLYP) generalized gradient approximation (GGA) to
the exchange-correlation functional. GGA functionals fail to ac-
count for long-range dispersion contributions to the energy.84
This is particularly troublesome when simulating hydrogen bond-
ing liquids such as water. Therefore, the BLYP functional was
augmented with the dispersion corrections (DFT-D3) developed
by Grimme et al. 8> This combination of functional and disper-
sion corrections have been shown to best reproduce the proper-
ties of liquid water at ambient conditions.8¢ Since the melting
point of DFT ab initio simulated water within the GGA approx-
imation is higher than the experimentally measured value (sug-
gesting an overstructured liquid structure),” we kept the tem-
perature at 310K, i.e., slightly higher than room temperature, us-
ing the velocity rescaling thermostat of Bussi, Donadio and Par-
rinello® (BDP) and a relaxation time of 0.1 ps. The tempera-
ture equilibrated within 1 ps in all simulated systems. Core elec-
trons were described with the norm-conserving pseudopotentials
of Goedecker, Teter and Hiitter.8%90 Valence electrons were ex-
panded as a double-{ Gaussian basis set with polarization func-
tions (DZVP).>8 A plane wave cutoff at 400 Ry was employed in
the calculations, with periodic boundaries in all directions. Each
system was simulated for 30 to 35 ps while monitoring the poten-
tial energy. Equilibrium was achieved within the first 10 ps (see
Fig. ?? in the ESI), and this data was subsequently discarded from
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further analysis, where not stated otherwise. No appreciable drift
was found in the “conserved quantity” of the BDP thermostat.

Numerical analysis

Radial distribution functions. The radial distribution function
(RDF) between atom types A and B is defined by

NAVNB <Nf35 (r’lAfB>> ’ ®

i#]j

gaB(r) =

where the brackets denote an ensemble average, and r;f}B is the
distance between atoms i (atom type A) and j (atom type B).
The §-function is 1 if {}? lies within the interval r+ Ar and 0
otherwise. The bin width was Ar = 0.005A. V is the volume of
the simulation box, while Ny and Ny are the total number of the
A and B atom types, respectively.

Coordination numbers. We denote the coordination number
(CN) of atom i (of atom type A) to atoms of type B as CNY, . This
quantity is calculated by counting the number of B-type atoms
within a cutoff radius R of atom i. The cutoff is chosen to co-
incide with the first minimum in the RDF for the corresponding
A—B atom types (see Figs. 5, Fig. 6 and Fig. ??), in particular
Ro_ti = 2.5A and Ro_yg = 1.3A (no H atoms coordinated to Ti
atoms). Distributions were calculated by counting CN.’)\_B over the
simulated trajectories (Fig. 9 and Fig. 10).

Root-mean-square-deviation. The root-mean-square-
deviation (RMSD) of a set of 3N atomic coordinates
x = (x1,...,Xy) with respect to another set of (equally numbered)
reference coordinates X¢f is

N
RMSD() = | 7 LIRONE —xe) DO, ()

where x;(¢) are the i:th atom’s coordinates at time ¢, and Xf;
are the corresponding reference coordinates. The RMSD is cal-
culated by determining the rotation matrix R(¢) and translation
vector b(r) that optimally maps the structure onto the reference
coordinates, in the least square sense. The RMSD measures how
close the coordinates adhere to the reference structure over the
course of the simulation. The RMSD calculation only included
atoms that were in the nanoclusters at the start of the simulations
(i.e. no waters).

Angles. We use angle distributions to quantify the nanoparti-
cles’ structures. Angles were calculated by specifying atom type
pairs based on cutoffs (identical to the pair cutoffs used to deter-
mine CNs) for atom types Ti, O, and H. We calculated the vectors
TA-B, and ra—c, in each simulation frame, with A, B, C being
any of Ti, O, and H. The angle /B ;—A,;—C, is calculated by

05 ¢ =aan2(jra B, xra—c,|;ra-B, TA-C,) (5)
The function atan2(y,x) is the arctangent of y/x such that the re-
turned value is in the proper range (0° to 180° ). The triplet angles
were accumulated (for distributions) or averaged (for averages
and moments) over the simulation trajectories.
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Net atomic charges. Net atomic charges (NACs) were calcu-
lated using the improved atoms-in-molecule charge partitioning
scheme of Manz and Scholl.®*71 Simulation frames were gath-
ered every 3 ps for each polymorph, which sums up to 30 simu-
lation snapshots. The snapshots were energy minimized with a
high cutoff of 800 Ry, to generate high-resolution electron den-
sities with grid spacing Ar = 0.0586A for the NAC analysis. The
electron density obtained from the 30ps snapshot of the rutile
system is shown in Fig. ?? in the ESI.
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