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We have performed non-equilibrium molecular dynamics simulations of various TiO2/water interfaces
at ambient temperature in presence of oscillating electric fields in frequency range 20–100 GHz and
RMS intensities 0.05–0.25 V/Å. Although the externally applied fields are by one order of magnitude
lower than the intrinsic electric field present on the interfaces (∼1.5–4.5 V/Å), significant non-thermal
coupling of rotational and translational motion of water molecules was clearly observed. Enhancement
of the motion, manifested by increase of diffusivity, was detected in the first hydration layer, which
is known to be heavily confined by adsorption to the TiO2 surface. Interestingly, the diffusivity
increases more rapidly on anatase than on rutile facets where the adsorbed water was found to be
more organized and restrained. We observed that the applied oscillating field reduces number of
hydrogen bonds on the interface. The remaining H-bonds are weaker than those detected under zero-
field conditions; however, their lifetime increases on most of the surfaces when the low-frequency
fields are applied. Reduction of adsorption interaction was observed also in IR spectra of interfacial
water where the directional patterns are smeared as the intensities of applied fields increase. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4967520]

INTRODUCTION

Owing to its attractive properties, non-toxicity, and abun-
dance in nature, titanium dioxide (titania, TiO2) has been
recognized by industry where it has been employed in many
important applications such as hydrogen production, degra-
dation of environmentally harmful organic compounds, or in
paints.1–5 From the three naturally occurring polymorphs of
TiO2—rutile, anatase, and brookite—it is anatase which is the
most active and often found in nanomaterials, while rutile is
the most thermodynamically stable.6,7 From a technological
perspective, rutile (110) and anatase (101) surface facets are
the most important8,9 and their properties and behavior have
been extensively studied during recent decades. On the other
hand, understanding of TiO2/water interfaces, although crucial
for fine-tuning of catalytic applications,10 is still rather limited
and research in this area is very active.

Accurate inelastic scattering experiments have shown that
interfacial layer of water, adsorbed on a surface of titania, is
heavily confined and its dynamical and vibrational features
exhibit behavior more redolent of ice than liquid water.11–14

This was later demonstrated computationally by classical
molecular dynamics (MD) simulations.15–22 Detail analyses
of hydrogen bonding confirmed the layered structure of water
on TiO2 interface observed in experiments.23–25 Structure of
electric double layer (EDL) formed in an electrolyte in con-
tact with the charged surface of titania was investigated by
standing X-ray waves measurements26 as well as by computer
simulations.27,28 Recently, a correlation between the depletion
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layer in TiO2 subsurface and EDL was shown by Sang et al.29

using classical MD.
Besides classical MD based on empirical potentials, den-

sity functional theory (DFT) proved to be very useful for
investigating electro-chemical changes occurring on the TiO2

surfaces.30 Protonation and hydroxylation of titania in contact
with water observed experimentally by STM,31–34 potentio-
metric,35 and spectroscopic measurements36 were studied by
many DFT studies which revealed important role of oxygen
vacancies for catalytic activity.37–40 While kinetics of these
processes was recently measured by Petrik and Kimmel,41

the influence of static electric field on oxygen vacancies at
anatase (101) surface was studied by Selcuk and Selloni.42

The extent of chemical adsorption of water on rutile (110)
surface, which naturally depends on temperature and cover-
age, was extensively discussed in the recent literature.43–45

Further, hydrogen bonds on the TiO2/water interfaces
have been studied by DFT-based MD,46,47 which provided
important insights into the vibrational modes of adsorbed
water.

The effects of applied electric/electromagnetic field on
TiO2/water interfaces are of key interest for electrochemical
applications of titania. The hydrogen-bonded water confined
on TiO2 surfaces might play an important role in stabilising
solute by solvent interaction. On the other hand, it can hinder
adsorption of molecules dissolved in an electrolyte that could
be desired in catalysis. Therefore, the application of oscillating
fields, which might potentially disrupt the interfacial hydrogen
bonding and affect diffusivity, could possibly be employed to
tune these properties. Recently, we investigated, using classi-
cal MD simulation techniques, how the first hydration layer of
TiO2 surfaces is influenced by external static electric fields.48

We have shown that very strong intrinsic field of magnitude up
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to 4.5 V/Å act on the adsorbed water, that the water is heavily
confined, and that the external field does not lead to a consid-
erable change in interfacial diffusivity. However, the response
of hydrogen-bond lifetime and changes in librational as well
as stretching band of IR spectra were also clearly observed.
Here, we explore effects of oscillating electric fields of various
intensities and frequencies, which were extensively studied
on liquid bulk water by English et al.49–56 We show that the
applied oscillating fields affect the hydrogen bonding on the
interface and leads to significant increases of diffusivity of
the first hydration layer.

COMPUTATIONAL DETAILS

To investigate properties of water on various surfaces of
titania, we built models of anatase (001), (101) and rutile
(001), (100), (101), and (110) facets. The surface geome-
tries were obtained by cutting bulk anatase (I41/amd space
group, tetragonal lattice, a = 3.785 Å, c = 9.514 Å) and
rutile (P42/mnm space group, tetragonal lattice, a = 4.593 Å,
c = 2.959 Å).57 Orthogonal supercells used in the simula-
tions contained a surface slab comprising of 224 TiO2 units
and liquid part represented by 2000 water molecules of total
density close to 1 g/cm3. Cell dimensions and snapshots of
the supercells are available in Ref. 48. The TiO2 slab was
described by empirical potential of Matsui and Akaogi58

with parameters optimized by Bandura and Kubicki59 and
Predota et al.15 The water molecules were described by
the flexible Simple Point Charge (SPC) model.60 To avoid
numerical instabilities in the simulations we applied quar-
tic potential 1

2 k2 (r − r0)2 + 1
3 k3 (r − r0)3 + 1

4 k4 (r − r0)4 form
of Hw–Ow bond stretch rather than the Morse potential
which we employed in the previous study.48 The parameters
k2 = 1122.669 kcal/mol/Å2, k3 = �2822.096 kcal/mol/Å2,
k4 = 1872.630 kcal/mol/Å2, and r0 = 1.0 Å were chosen to
model the potential with the same location and curvature of
the minimum as that of the previously used Morse curve (see
Fig. S1, Supplementary Material). The potential was validated
by calculating IR spectra of liquid water, which is shown in

Fig. S2 of the Supplementary Material. As we are investi-
gating non-dissociative structural and dynamical changes of
interfacial hydration layers, the position of TiO2 atoms was
fixed in the simulations.

Typical structures of the interfaces are shown in Fig. 1
where different types of adsorbed water molecules are
highlighted. Anatase (001) surface is flat with rows of
2-coordinated oxygen atoms (O2c) exposed above the sur-
face plane containing 5-coordinated titanium atoms (Ti5c). The
technologically more important anatase (101) has a terrace-
like structure formed also by Ti5c and O2c, which is in contrast
with anatase (001) located in different rows and therefore more
accessible to contact with water. Flat surface of rutile (001)
is characterized by presence of 4-coordinated Ti4c intercon-
nected with rows of O2c which are arranged to form a cor-
rugated, ridge-like structure. Rows of bridging oxygen atoms
(Ob) attached to Ti5c can be found on rutile (100) where the
Ti5c-Ob-Ti5c planes are inclined as on anatase (101). This tilted
pattern can be found also on the rutile (101) where the “chains”
of O2c are coordinated to surface Ti5c atoms. Finally, surface
plane formed by both Ti5c and Ti6c interconnected by O3c,
upon which characteristic rows of bridging Ob are exposed,
is typical for the thermodynamically most stable rutile (110)
facet. As indicated in Fig. 1, adsorbed water can be either coor-
dinated to Ti5c by Ow oxygen atoms or hydrogen-bonded to
one or two O2c/Ob by Hw hydrogen atoms, depending on the
surface geometry.

Non-equilibrium MD simulations based on velocity Ver-
let algorithm61 in the canonical (NVT) ensemble were per-
formed by DL POLY 4.07.62 The equations of motion were
propagated with a time step of 0.5 fs, while the temperature
300 K was imposed by a Nose-Hoover chain thermostat.63,64

The thermostating was necessary to avoid heating of the
system that would occur as a consequence of applied external
oscillating electric field.49 Long range electrostatic inter-
actions were evaluated under periodic boundary conditions
(PBCs) by the smooth particle-mesh Ewald (SPME) summa-
tion,65 with a precision of 10�8. The short-range van der Waals
interactions were evaluated within a 10 Å cutoff. Forces acting

FIG. 1. Snapshots of TiO2/water interfacial structures: (a) anatase (001), (b) anatase (101), (c) rutile (001), (d) rutile (100), (e) rutile (101), (f) rutile (110).
Titanium atoms are shown in brown, with oxygen atoms in red. Only the first hydration layer is shown. Water molecules adsorbed to Ti5c/Ti4c by Ow are
highlighted in cyan, molecules adsorbed to Ob/O2c by one Hw in green, and those adsorbed to oxygen atoms by both Hw in yellow color.
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on each charge site were affected by the oscillating electric
field according to

mi r̈i = f i + qiEmax cos (ωt) z, (1)

where qi is the charge, f i is the force on the site i, and z is unit
vector oriented in z direction of laboratory coordinate sys-
tem, which is perpendicular to the TiO2 surface. Effects of the
fields of RMS intensities Erms = 0.05 V/Å, 0.10 V/Å, 0.15 V/Å,
0.20 V/Å, and 0.25 V/Å (noting that Emax =

√
2Erms) and fre-

quencies ν = 20.0 GHz, 25.0 GHz, 33.3 GHz, 50.0 GHz, and
100 GHz in the microwave region of the electromagnetic
spectrum were explored. The field frequencies correspond to
oscillating periods τ = 50 ps, 40 ps, 30 ps, 20 ps, and 10 ps,
respectively. Although the applied intensities are higher than
those routinely applied in electrochemistry, field strengths up
to 0.5 V/Å may be obtained in experiments by applications
of potentials of 1-5 kV onto tips of radius of 10-100 nm.66

The production trajectories were 500 ps long, and therefore,
at least 10 field cycles were carried out during each simula-
tion, which was found sufficient for investigation of discussed
properties. The applied field intensities are by one-order of
magnitude lower than intrinsic electric fields found in bulk
water50,67 and on the TiO2/water interfaces.48 Note that the
non-polarizable SPC water model cannot describe water polar-
ization induced by the time-varying fields; however, it was
shown by English et al.49,50 that the influence of electro-
magnetic fields is described semi-quantitatively in this model
comparing to polarizable potentials. The structural changes
that could be induced by field intensities of 0.1 V/A and higher
cannot be simulated using the SPC water model due to electro-
dissociation (dielectric breakdown). The results presented for
this high-intensity range should be regarded as an extrapolation
of the non-dissociative regime.

To analyze structural properties of adsorbed water, we
calculated water Ow–Hw bond lengths, Hw–Ow–Hw valence
angles, and individual-water dipoles as mean values 〈x〉
= ∫ xP(x)dx of corresponding normalized histograms P(x)
collected from the simulations. Similarly, histograms of
hydrogen-bond lengths, angles, and average numbers of hydro-
gen bonds were computed. The hydrogen bonds were selected
on the basis of geometry criteria for arrangement of donor
(D), acceptor (A), and the hydrogen: the maximum allowed
A-D distance was 3.5 Å and the A-D-H angle could not
exceed 35◦. Dynamics of the hydrogen bonds was described
by Luzar-Chandler model68 used for prediction of average
hydrogen-bond lifetime. The self-diffusion constant of water
was obtained using Einstein relation as a limit of mean-square
displacement

D =
1
6

limt→∞
〈(r (t0 + t) − r (t0))〉

t
. (2)

Normalized autocorrelation functions (ACFs) C (t)
= 〈ai (t0) · ai (t0 + t)〉

/
〈ai (t0) · ai (t0)〉 of internal water-

molecule axes a1 = µ/|µ |, a2 = h/|h|, and a3 = a1 × a2
(where µ is a dipole-moment and h is Hw–Hw vector)
were computed on the basis of Wiener-Khintchine relations
employing fast Fourier transform (FFT) algorithm

〈 f (t0) f (t0 + t)〉 =
1

2π

∫ �����

∫
f
(
t ′
)

e−iωt′dt ′
�����

2

eiωtdω. (3)

Finally, the IR spectrum was computed as a power
spectrum of the system-collective-dipole auto-correlation
function,

I (ω) ∝ ω2
∫ 〈M (t0) M (t0 + t)〉 e−iωtdt, (4)

where M (t) can be written as sum of individual water dipoles
M (t) =

∑
i µ (t).

RESULTS AND DISCUSSION

First, we investigated structural properties of the inter-
facial layer. As we showed previously in Ref. 48 by cal-
culating density profiles under zero-field conditions, water
in the interface region exhibits characteristic layered struc-
ture given by interaction with surface. Typical orientations of
adsorbed water molecules on the TiO2 surfaces are shown in
Fig. 1 where different types of interactions are distinguished
by colors. The first-hydration-layer water can be coordinated
to surface Ti4c/Ti5c atoms by Ow, which is a relatively strong
interaction because the Ti4c/Ti5c atoms are unsaturated and
positively charged. On the other hand, the water molecules
can be hydrogen bonded to exposed surface O2c/Ob atoms
by Hw. This type of molecules can be found on all the stud-
ied surfaces except rutile (001) where each surface Ti4c atom
can coordinate two water molecules which leads to full cov-
erage. However, even the Ti-adsorbed molecules can still be
co-adsorbed by H-bonding to surface oxygen atoms on most
of the surfaces enhancing their confinement. Finally, water
molecules H-bonded to two neighboring Ob surface atoms by
both their hydrogens Hw were found on anatase (101). These
three types give rise to characteristic triple-peak structure of
the first-hydration-layer density profile of anatase (101).48

While the position of the adsorbed water is found to
be affected by application of static electric field on the
system, where the H-bonded water molecules are pushed
towards/outwards the surface depending on the orientation of
the field with respect to the surface, no such effect was detected
in oscillating field. Of course, the water molecules still respond
to electric field by their dipole moments; however, the periodic
nature of the field leads to averaging to zero-field position of
the water layers when the system is detected for long enough
time (that is much longer than period of one field cycle). In a
similar way, we have not observed any changes in structural
properties of individual water molecules. Their bond lengths
(dOH), valence angles (ϕHOH), and dipole moments (µ) were
averaged to their zero-field values no matter what the intensity
and frequency of external field was. Typical values obtained in
the interface region near the TiO2 surface are dOH = 1.02–1.03
Å, ϕHOH = 102.9◦–105.3◦, and µ = 2.47–2.54 D comparing to
the bulk region dOH = 1.02 Å, ϕHOH = 105.4◦, and µ = 2.44 D
values.

Interestingly, the oscillating electric field has consid-
erable effect on diffusivity in the interface region, which
was not observed when the static fields were applied.
On all studied TiO2 surfaces, the diffusivity raises with
increasing field intensity and frequency, although the effect
is relatively minor on some of them. This is in agree-
ment with behavior of bulk water where the large increase
of mobility was detected earlier for non-polarizable water
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model in frequency range up to 100 GHz50—the same
increase of diffusivity was observed in the bulk region
of the models studied in this work. The most substantial
change was detected on anatase (001) where the zero-field
diffusion constant D = 7.59 × 10�10 m2/s grows to 2.21
× 10�9 m2/s value, which is practically zero-field diffusion
constant of bulk liquid water (2.8 × 10�9 m2/s in our model),
when the strong 0.25 V/Å of 100 GHz is applied on the sys-
tem, as can be seen in Fig. 2. The increase is less pronounced
at lower field frequencies, for example, D = 1.29 × 10�9 m2/s
was measured for the same field intensity but at the frequency
33.3 GHz. Similarly, diffusivity increased almost three-times
on anatase (101) from zero-field 4.04 × 10�10 m2/s to 1.14
× 10�9 m2/s. The field effect on rutile facets is a bit smaller
(increase by 170%–240% relative to the zero-field) though
still clearly observable on all studied surfaces. Specifically,
the diffusion constant of 3.70 × 10�10 m2/s rises to 7.71
× 10�10 m2/s when field of 0.25 V/Å intensity and frequency
100 GHz is applied on rutile (110).

To analyze the observed differences in diffusivities on the
various TiO2 surfaces, we evaluated auto-correlation functions
(ACFs) of water-molecule internal axes. We defined the axes
as a1 = µ/|µ |, a2 = h/|h|, and a3 = a1 × a2, where µ and h
are dipole-moment and Hw–Hw vectors, respectively. Since the
water molecules interact with the external field via their dipole
moments, rotation of the molecules as a response to the field
can be expected, as was observed in liquid water.54 Indeed,
this behavior is manifested by visible oscillations in ACF of
a1 shown in Fig. 3. Interestingly, only on anatase (001) does the
ACF decay to the limiting value of zero regardless of applied-
field intensity and frequency as is typical for liquid water (cf.
Fig. S3a, Supplementary Material). Water adsorbed on this
surface is not so heavily confined like on the other facets.

FIG. 2. Water self-diffusion coefficient D calculated for the first hydration
layer of TiO2 surfaces. The oscillating field of frequencies 20 GHz (dark blue),
25 GHz (light blue), 33 GHz (green), 50 GHz (orange), and 100 GHz (red)
was applied on the system. The zero-field diffusion constant in bulk water
region was found to be 2.8 × 10�9 m2/s.

FIG. 3. Autocorrelation function (ACF) of the water-molecule dipole direc-
tion calculated for the first hydration layer of TiO2 surfaces. The oscillating
field of intensity 0.25 V/Å and frequencies 20 GHz (dark blue), 25 GHz (light
blue), 33 GHz (green), 50 GHz (orange), and 100 GHz (red) were applied
on the system. ACF calculated under zero-field conditions is shown in solid
black line for comparison.

The reason lies in the configuration of the Ti5c surface atoms
which are located on the same row as the exposed O2c atoms
and therefore they are less accessible for water. Accordingly,
weaker adsorption interactions can be expected there which
results in the extraordinary increase of the diffusivity with
applied oscillating field discussed above. Completely opposite
situation can be seen on rutile (001). Water on this surface is
strongly adsorbed to Ti5c by Ow and the confinement is intensi-
fied by hydrogen bonding to neighboring O2c atoms. This fix-
ation is manifested by the relatively high correlation of dipoles
which simply “sway” near their zero-field positions as the
oscillating field is applied and they scarcely leave the adsorp-
tion site. Therefore the rise of diffusivity is minimal on this
surface.

Similar to rutile (001), the (100) surface of this polymorph
exhibits rather strong water confinement because of the suit-
able surface geometry allowing simultaneous adsorption of
water to Ti5c atoms and H-bonding to bridging oxygen atoms
Ob. However, small decrease of corresponding ACF mean
value can be seen in Fig. 3 indicating that the applied fields
help, at least partly, to release the water from their constrained
positions and thus increase the diffusivity. This effect is even
larger on the rutile (101) and (110) surfaces where the reduced
correlation is clearly visible. The greatest change of ACF was
detected on anatase (101) where the correlation is reduced by
50% when the strong fields of 0.25 V/Å intensity are applied.
The effects of the weaker fields are qualitatively the same as
those discussed here; however, oscillation magnitudes of ACF
and changes in their mean values with respect to zero-field
conditions are smaller. No visible effects of the external field
on the system dynamics were observed for intensities smaller
than 0.05 V/Å. This threshold RMS electric field intensity has

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-043643
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been also determined for pure bulk water in previous works of
English et al.50

Further, we investigated rotation of water molecules
around their main axis (dipole-moment direction, a1) by cal-
culating the auto-correlation functions of the a2 axis (H–H
direction, shown in Fig. 4) and the a3 axis (perpendicular to
a1 and a2, plotted in Fig. S4 of the Supplementary Material).
These two ACFs look rather similar when they are calculated
for liquid water under the influence of oscillating electric fields
(compare Figs. S3b and S3c of the Supplementary Material).
They decrease to zero quickly during first ∼20 ps in case of
a2 and even more rapidly in case of a3 (∼15 ps). Increasing
intensities and frequencies of the applied fields lead to shorter
correlations times, which was detected also for liquid water
by Reale et al.55 This behavior was also observed in hydration
layers of anatase (001), rutile (001), and rutile (100) surfaces,
although the decay time (∼40 ps) under zero-field conditions is
longer than in liquid water case because the water orientation is
confined by adsorption. Much longer correlation time exhibits
rutile (110) and especially rutile (101) interfaces where the
rotations are apparently more hindered. Finally, anatase (101)
surface is rather atypical, exhibiting large correlation of rota-
tional movements under zero-field conditions; however, these
are rapidly reduced when the oscillating field is applied on the
system. It suggests that the well-organized layered structure
of this interface, maintained by hydrogen bonding of water to
the surface as well as lateral H-bonding within the hydration
layer, is considerably affected by the oscillating fields which
promote the water rotations.

The hydrogen bonds are characterized by their bond
lengths, angles, and lifetimes. We evaluated these quantities
for the H-bonds between water Hw atoms and surface O2c/Ob

FIG. 4. Autocorrelation function (ACF) of water-molecule H–H direction
calculated for the first hydration layer of TiO2 surfaces. The oscillating field
of intensity 0.25 V/Å and frequencies 20 GHz (dark blue), 25 GHz (light blue),
33 GHz (green), 50 GHz (orange), and 100 GHz (red) were applied on the
system. ACF calculated under zero-field conditions is shown in solid black
line for comparison.

atoms to elucidate changes in adsorption of the first hydra-
tion layer. Field effects on the bond lengths, which can be
directly correlated with H-bond strengths, are plotted in Fig. S5
(Supplementary Material) while the effects on the H-bond
angles are shown in Fig. S6 of the Supplementary Material.
The shortest, and therefore strongest, H-bonds can be found
on rutile (101) with lengths ∼1.56 Å, while the weakest inter-
action is on anatase (001) surface where the bonds are ∼1.80
Å long (compare with 1.95 Å calculated for the bulk water).
Considerable field effects were detected practically only on
anatase (101) where the lengths of H-bonds increase from
zero-field value of 1.66 to 1.78 Å when 100 GHz field of 0.25
V/Å intensity is applied to the interface. This is in accordance
with enhanced rotations and larger diffusivity observed on the
(101) surface. It also correlates with average number of hydro-
gen bonds per water molecule that is reduced from 2.72 to 1.82
on this interface (see Fig. S7 of the Supplementary Material
for details).

Next, we investigated dynamical behavior of the hydrogen
bonds by calculating their average lifetime using the Luzar-
Chandler model.68 As we already observed when we studied
effect of static electric fields, the response of the H-bond
lifetimes is somewhat unique for each of the explored TiO2

surfaces. Effects of the oscillating fields are shown in Fig. 5,
noting that the average lifetime of 2.64 ps was obtained for liq-
uid bulk water under zero-field conditions. In general, the inter-
face hydrogen-bond lifetime increases with the applied fields
on all the interfaces except anatase (001) where a decrease was
observed. Low-frequency fields with long oscillating periods
(20 GHz–50 ps) lead to longer lifetimes than those observed
at high-frequencies as the water molecule movement is rela-
tively slow and the hydrogen bonds kinetics of breakage and
reformation is not accelerated by faster field rotations.

FIG. 5. Average hydrogen-bond (HB) lifetime calculated for the first hydra-
tion layer of TiO2 surfaces. The oscillating field of frequencies 20 GHz
(dark blue), 25 GHz (light blue), 33 GHz (green), 50 GHz (orange), and
100 GHz (red) was applied on the system. The lifetime was obtained from the
Luzar-Chandler model of HB kinetics.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-043643
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-043643
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-043643
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-043643
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-043643
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FIG. 6. Effect of oscillating electric fields on libration band (left-side panels)
and vibration band (right-side panels) of IR spectra calculated on anatase (101)
interface.

Finally, we show field effects on the librational and vibra-
tional bands of IR spectra calculated for interfacial water
region on anatase (101) surface (Fig. 6) and rutile (110) sur-
face (Fig. 7). In the anatase case, only minor changes can be
observed on the main librational peak at 530 cm�1, which is
in accordance with bulk water behavior.55 The latter peak near
1000 cm�1 originates from water movement along the sur-
face ridges on that anatase (101) surface, as we have shown in
Ref. 48, and this directional preference is clearly decreasing
as the external-field intensity increases. As for the vibrational
band, the peak located around 3500 cm�1 is slightly blue-
shifted although any more significant changes are not visible.
Similar changes are observable on rutile (110) interface. As in
the anatase case, the directional preference in the librational
band, where the 1000 cm�1 peak indicates movement along the
surface Ob chains, becomes less important as the field intensi-
ties increase. Similar trend can be seen on 3150 cm�1 peak in
the vibrational band, which stems exclusively from stretches

FIG. 7. Effect of oscillating electric fields on libration band (left-side panels)
and vibration band (right-side panels) of IR spectra calculated on rutile (110)
interface.

in z direction perpendicular to the surface. The observed oscil-
lating field effects on the IR spectra are qualitatively similar to
the effects of static field applied in the surface-parallel direc-
tion, which was shown to decrease adsorption interaction of
the first hydration layer.48 We can therefore conclude that the
application of oscillating electric fields on the TiO2/water
interfaces reduces the adsorption by disrupting hydrogen-bond
network, as a result of torques acting on the water molecules,
and it thus lowers the water confinement and increases its
mobility.

CONCLUSIONS

We have carried out non-equilibrium MD simulations
of TiO2 anatase (001), (101) and rutile (001), (100), (101),
and (110) interfaces influenced by external oscillating elec-
tric fields of intensities 0.05 V/Å, 0.10 V/Å, 0.15 V/Å, 0.20
V/Å, and 0.25 V/Å and frequencies 20.0 GHz, 25.0 GHz, 33.3
GHz, 50.0 GHz, and 100 GHz. We have found out that in
contrast to static electric field, the external oscillating fields
considerably affect diffusivity in the interface region. The
diffusivity raised by 280%–290% from the zero-field value
on anatase facets and by 170%–240% on the rutile surfaces.
By analyzing the auto-correlation functions of internal water-
molecule axes, we demonstrated that the hydration layer is
more confined and organized on the rutile interfaces than on
the anatase ones. The correlation of water dipole-direction
is high under zero-field conditions and only partly reduced
when the oscillating field is applied on rutile structures. This
contrasts with anatase surfaces, where the water molecules
are practically freely rotating on the (001) facet even under
zero-free conditions, whilst the regular structure arrange-
ment is rather easily disrupted by applied field on the (101)
surface.

Analyses of hydrogen bonding between the first hydra-
tion layer and TiO2 surfaces have indicated that, as the applied
fields interact with the water-molecule dipole moments and
induce their movements, the average number of H-bond per
molecule decreases. The remaining bonds are longer, and
therefore weaker, on anatase (101) and rutile (110) compared
to their zero-field lengths. The kinetics of the hydrogen bonds
was found rather complex, and affected not only by applied
field, but also by molecular arrangement on each surface. In
general, the hydrogen-bond lifetime gets longer with increas-
ing intensity of the field—except for anatase (001) where the
opposite trend was observed. However, higher frequencies
inducing more rapid rotations of water molecules in the inter-
face region have tendency to lower the H-bond lifetime. The
rotational movement of adsorbed water also smears the direc-
tional patterns in IR spectra calculated on TiO2 interfaces.
The oscillating electric field therefore reduces the TiO2/water
interaction and thus increases the water mobility on the
interface.

SUPPLEMENTARY MATERIAL

See Supplementary Material for profile of Hw–Hw stretch-
ing potential, IR spectrum of bulk water, autocorrelation
function of internal water-molecule axes in bulk water,
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autocorrelation function of water-molecule axis perpendic-
ular to its dipole moment and H–H direction for hydra-
tion layers, mean values of hydrogen bond lengths, angles,
and number as function of external field intensity and
frequency.
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