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We now present a careful analysis of our simulations to reveal
the atomic structure of the interfacial water on nanosized TiO2
NPs.

Atomic structure of wet TiO2 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 5 ps 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 5.5 Å
compared to 1.5 to 2 Å) 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 2 Å and 5 to 5.5 Å, 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 6 Ti−O−Ti and 6 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 TiO2 NPs is not
accurately known, but at least 1000 molecular TiO2 units are re-
quired because of the covalent nature of the Ti−O bond.54 Such
system sizes are outside the reach of current ab initio molecu-
lar dynamics simulations. The (TiO2)24·nH2O cluster is therefore
too small to exhibit the true morphologies of bulk TiO2. Fig. 3
shows that 6 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 6 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◦.

Fig. 4 shows the 6 H−O−H- and 6 Ti−O−H-distributions (wa-
ter and surface OH-groups). The average water angle is 105.3◦ in
excellent agreement to the experimental geometry.55 The aver-
age of the 6 Ti−O−H-distributions was (118.1±12.0)◦. No sig-
nificant difference was found between the polymorphs. The
broader 6 Ti−O−H-distribution (as compared to the 6 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)
(TiO2)24·nH2O nanoparticles. Fig. 5 shows the RDF for O−Ti
pairs in the range 1 to 3 Å. 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 1.87 Å in gOTi(r) between 1

to 3 Å for wet nanoparticles, but two peaks (at 1.65 Å and 1.87 Å)
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 gOnTim

(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 Ti4-contribution is dominant for the dry NPs while the
Ti5-contribution is prominent for the wet NPs. The O−Ti bond
is in the range 1.6 to 2.2 Å 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 1.65 Å is
due to 1-fold coordinated surface oxygens which are protonated
after wetting. The coordination number-based RDFs conclusively
show that the single O1−Tin 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). gO1Ti(r) in Fig. 7 further
reveals three distinct O−Ti bond distances depending on whether
O1 is coordinated to Ti4, Ti5, or Ti6.

Each peak corresponds to O1 having zero hydrogens (deproto-
nated Ti−O surface bond), one hydrogen (Ti−OH surface group)
or two hydrogens (Ti−OH2, adsorbed water molecule). The O−Ti
bond distance increases with the number of hydrogens, from
1.68 Å for Ti−O, to 1.83 Å for Ti−OH, and finally to 2.15 Å (2.2 Å
for brookite) for Ti−OH2. From the O−Ti coordination num-
ber distributions (see Fig. 9, and the following discussion in the
text) we find that 90 % of the O1 atoms are protonated by ei-
ther one or two hydrogens. Ti4 atoms are terminated with O1-
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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 TiO2 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, TiO2 films with
optimal number of defects and/or vacancies, and in the construc-
tion of empirical models for large-scale simulations of adsorption
to TiO2 nanoparticles under biological conditions.

Methods

Simulation protocol

The starting configuration for the (TiO2)24·nH2O 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
22 Å. 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,50 using an integration time step of 0.5 fs. The electronic
structure calculations were done with the QUICKSTEP81 module
using density functional theory (DFT) and the Becke-Lee-Yang-
Parr82,83 (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.85 This combination of functional and disper-
sion corrections have been shown to best reproduce the proper-
ties of liquid water at ambient conditions.86 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),87 we kept the tem-
perature at 310 K, i.e., slightly higher than room temperature, us-
ing the velocity rescaling thermostat of Bussi, Donadio and Par-
rinello88 (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 Hütter.89,90 Valence electrons were ex-
panded as a double-ζ Gaussian basis set with polarization func-
tions (DZVP).58 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

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

gAB(r) =
V

NANB

〈

NA,NB

∑
i 6= j

δ
(

r− rAB
i j

)

〉

, (3)

where the brackets denote an ensemble average, and rAB
i j is the

distance between atoms i (atom type A) and j (atom type B).
The δ -function is 1 if rAB

i j lies within the interval r + ∆r and 0

otherwise. The bin width was ∆r = 0.005Å. V is the volume of
the simulation box, while NA and NB 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 CNi

A-B. 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 = 2.5Å and RO−H = 1.3Å (no H atoms coordinated to Ti
atoms). Distributions were calculated by counting CNi

A-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, . . . ,xN) with respect to another set of (equally numbered)
reference coordinates xref is

RMSD(t) =

√

√

√

√

1

N

N

∑
i=1

||(R(t)xi(t)−xref,i)−b(t)||2 , (4)

where xi(t) are the i:th atom’s coordinates at time t, and xref,i
are the corresponding reference coordinates. The RMSD is cal-
culated by determining the rotation matrix R(t) and translation
vector b(t) 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
rAi−B j

and rAi−Ck
in each simulation frame, with A, B, C being

any of Ti, O, and H. The angle 6 B j−Ai−C
k

is calculated by

θ B−A−C
jik

= atan2(|rAi−Bj
× rAi−Ck

|,rAi−B j
· rAi−Ck

) (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.69–71 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 ∆r = 0.0586Å for the NAC analysis. The
electron density obtained from the 30 ps snapshot of the rutile
system is shown in Fig. ?? in the ESI.
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