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Interaction of liquid water with the rutile TiO, (110) surface

A. A. SKELTON* and T. R. WALSH

Department of Chemistry and Scientific Computing, University of Warwick, Coventry CV4 7AL, UK

(Received June 2006; in final form December 2006)

A force-field which describes the interaction between the TiO, (110) rutile surface and a modified TIP3P water [P. Mark and
L. Nilsson, J. Phys. Chem. A, 105, 9954, (2001)] is tested against periodic density functional theory (PDFT). Optimizations of
water on the non-hydroxylated and hydroxylated surfaces are performed using PDFT and the geometries are compared with
optimizations of modified TIP3P water on the TiO, surface using the force-field. The surface hydroxyl torsional profile is also
compared using PDFT and force-field calculations as well as molecular dynamics (MD) simulations of the surface. MD
simulations of liquid TIP3P water, containing dissolved Na* and Cl1~ ions, on six TiO, (110) surfaces at 298 K and 1 atm are
performed for neutral surfaces and negatively-charged surfaces. Axial density and angular distributions show good agreement
with results of Predota ef al. [J. Phys. Chem. B, 108, 12049 (2004)] and X-ray crystal truncation rod experiments [Z. Zhang

et al., Langmuir, 20, 4954 (2004)].
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1. Introduction

Mineral—aqueous interfaces are of great importance in
many aspects of technology and natural systems [1].
Titanium dioxide (TiO,) is commonly used as a model
system to study these interfaces but it also has applications
in biotechnology. Proteins adsorbed on TiO, can be used
as biosensors [2—4] or in the controlled placement and
assembly of materials [5] in electronic devices due to the
electronic conduction properties of titania.

Experimental controversy remains regarding the
dissociation state of TiO, under bulk water [6,7]. There
is a great deal of data on TiO, under ultra high vacuum
conditions (scanning tunnelling microscopy, STM) [8] and
temperature programmed desorption (TPD) [9] exper-
iments) but obtaining data for TiO, under bulk water is
more challenging.

Many ab initio studies have been performed to address
this problem [10—16]. Zhang and Lindan [15] examined
dissociation of water on the surface using density
functional theory (DFT) and concluded that there are
mixed dissociation states. A more recent study used DFT
to look at the energetics of rutile TiO, (110) under
different acidic and basic conditions by looking at surfaces
with a differing coverage of associative and dissociative
water [16].

*Corresponding author. Email: a.a.skeleton @warwick.ac.uk

The first force-field developed for TiO, was that of
Matsui and Akoagi [17]. It was used only for bulk TiO,
and the parameters were determined to reproduce
observed crystal structures of rutile, anatase and brookite.
Bandura et al. [18,19] performed PDFT and cluster
calculations and derived force-field parameters from them
[20] which could then describe the surface. Simulations
describing the interface between the TiO, (110) surface
and SPC/E water were performed using this force-field
[21]. Simulations of dipeptides on the bare TiO, surface
under aqueous conditions have been recently reported
[22]. The authors used TIP3P water in conjunction with
the AMBER force-field [23,24].

The emphasis for this study is that it is a precursor for
further studies of the interaction between rutile TiO, and
biological molecules, specifically peptides and proteins.
Since water is always present in such systems it is vital
that we adequately describe the interaction between TiO,
and water. In our future studies, we aim to use modified
TIP3P water [25,26]. The reason for this is that the
modified TIP3P water model [26] was developed with and
extensively tested against the CHARRM?27 force-field
[27] which we intend to use for simulations with peptides
and water. We therefore want to compare the modified
TIP3P model with the SPC/E model, which is the existing
water model used for aqueous/TiO, interfaces. It would
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not be possible to use a model, which incorporates the
dissociation of water because of the complexity and
therefore expense of such calculations at the large scale
used in this study. For this reason, a range of dissociation
states were considered and it is hoped that by putting the
information of all dissociation states together a picture of
the real system can be found. Some of these surfaces are
charged and this could prove useful because charged sites
have been identified as possible key sites for binding of
charged groups of biomolecules [28].

2. Methods

2.1 Force field

The water model used throughout this work was the
modified TIP3P [26] (table 1). The charges for the non-
hydroxylated TiO, surface were taken from Predota et al.
[21]. A different charge set was used for neutral and
negative surfaces so that removing a bridging hydrogen or
adding a terminal hydroxyl would resultin a — 1 charge on
the surface. These were also taken from Predota et al. [21].
The Lennard—Jones parameters for the surface hydrogens
and oxygens were taken from the TIP3P hydrogen and
oxygen, respectively. Lorentz—Berthelodt rules were used
in order to calculate van der Waals (VDW) interactions.
The TIP3P water parameters were taken from the
TINKER package [26,29] and have VDW parameters for
the hydrogens, which we recognise is not the standard
TIP3P force-field. A harmonic potential was used to
describe bonding between oxygens and hydrogens for the
bridging and terminal hydroxyls and the parameters are
given in table 2.

2.2 Validation of force field

In order to test the force field, periodic density functional
theory (PDFT) calculations were performed. All calcu-
lations used the CASTEP package [30] with four k-points
with a 400 eV cutoff energy using ultrasoft psuedopoten-
tials [31]. We used the revised Perdew—Burke—Ernzerhof
(RPBE) functional [32]. For the optimization of the
water on the hydroxylated surface using PDFT, a five
layer TiO, slab was used with cell dimensions of
6.499 X 6.1874 X 30.0 A. This corresponds to a 1 X 2
unit cell with a vacuum gap in the z-direction of about
20 A. The slab was generated by cleaving the experimental

Table 1. Atomic charges and Lennard—Jones parameters for water and
hydroxyl atoms where
Ej = J&#il(rm + rm/Q2ri)"* = 20rm + run/2r)°) + qiq; /4 e0ry.

Atom q(e) T (/&) g (kcalmolil)
H 0.417 0.2245 0.0460

(0] —-0.834 1.7682 0.1521

Ti (five-coordinated)—O - 3.7 0.032

(water) pair

Table 2. Bonding potential parameters where
Egonding = Y _ku(b — bo)*.

Bonding pair by (fi) ky (kcalmol™)
O—H (terminal) 0.9708 400.00
O—H (bridging) 0.9766 400.00
O—H (water) 0.9572 450.00

bulk structure and optimizing using the PDFT with the
above conditions.

PDFT single point energy calculations were made at
regular intervals of the dihedral angle corresponding to
rotation of one of the terminal hydrogens on the
hydroxylated surface. In this way, the change in potential
energy as the hydrogen was rotated was calculated. A
three layer TiO, structure was used with cell dimensions
of 6.499 x 6.1874 X 30.0 A. This process was repeated
using the force-field.

2.3 Car-Parinello molecular dynamics (CPMD)

A CPMD simulation was performed for 8 ps with a time
step of 0.01ps using the CASTEP package [29]. The
canonical (NVT) ensemble was used at a temperature of
300 K. one k-point was used with a cutoff of 400eV,
ultrasoft psuedopotentials [31] and using the RPBE
functional. A cell dimension of 6.499 X 6.1874 X 30.0 A
was used and all atoms were kept fixed except for bridging
and terminal hydroxyls. No water molecules were present
in these simulations.

2.4 Simulation details

The molecular dynamics (MD) simulations were
performed using the TINKER package [29]. For all
simulations, a five-layer slab was used. No vacuum layer
was used in between one surface layer and the other
because it has been shown to be unimportant for atom
density profiles [33]. The non-hydroxylated surface
(figure 1(b)) was a replica of the experimental unit cell
[34,35]. The negative non-hydroxylated surfaces were
then made by addition of the desired number of hydroxyls.
Here we followed the structural model of Predota et al.
[21]. The hydroxylated surface (figure 1(a)) was derived
by placing hydroxyls on all five-coordinated Ti sites and
placing protons on all bridging oxygen sites and fully
optimizing using PDFT under the conditions mentioned
previously. Negatively-charged hydroxylated surfaces
were then made by removing 25 and 12.5% of the
bridging hydroxyl protons and again, the structural models
of Predota et al. were followed. The non-hydroxylated
bridging oxygens in this case were fixed. Negative non-
hydroxylated surfaces were made by putting hydroxyls on
25 and 12.5% of the five-coordinated titanium sites as in
Predota et al. [21]. In order to balance the extra negative
charge in the cell, Na* ions were added to the water.
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(a) Terminal hydroxyl

\ Bridging hydroxyl
g I ‘>‘ L ),
z i

L )

\_

(b) 5—coordinated titanium

Figure 1. Structure of hydroxylated (a) and non-hydroxylated surface (b) of rutile TiO, (110) surface.

18 Na™ ions and two Cl~ ions were added to the 25%
surfaces and 10 Na™ ions and two Cl~ ions to the 12.5%
surfaces. All simulations were done using the isobaric—
isothermal (NPT) ensemble at latm pressure and a
temperature of 298 K. The simulations were run for 1ns
with a time step of 1fs and the frames being saved every
500fs. The Verlet algorithm [36] and 12A cutoff were
used for all simulations. The initial cell dimension was
25.996 X 24.7496 x 75 A with z-typically compressing
to about 55 A. About 870 water molecules were simulated.

3. Results

3.1 PDFT calculations of torsion energy profile
for surface hydroxyls

PDFT single point energy calculations were made at
regular intervals of the dihedral angle corresponding to
rotation of one of the terminal hydrogens. In this way, the
change in potential energy as the hydrogen was rotated
was calculated. The same torsional profile was calculated
using the force-field and the comparison is shown in
figure 2. It can be seen that the energy profile follows a
similar shape with the highest energy occurring when the
hydrogens are closest to each other.

An optimization of the surface was made using an angle
bending potential like that used in Bandura and Kubicki
[20]. That is a k = 14.136 kcalmol ' rad > where Ej, =
(1/2)k(6 — 60)> for both the Ti—O—H angles. The
bridging hydrogens moved so that they were unphysically
close to the bridging titanium atoms upon optimization.
This should not happen because in reality there would be
repulsion between the bridging hydrogen and titanium
atoms. In order to overcome this problem without fixing
the angle, the 1-3 electrostatic interaction between the

surface titanium atoms and the hydroxyl hydrogen was
included.

These optimizations also gave information about the
bending potential between the terminal hydrogen, oxygen
and titanium. In the optimizations, it was obvious that our
original bending constant was not large enough because
the angle would decrease after optimization. For this
reason, it was increased from 14.136 kcal mol 'rad 2 to
100.0mol 'rad % The bridging hydroxyl Ti—-O-H
bending constant was also changed to 100.0 mol ' rad —*
(table 3).

3.2 CPMD calculations

It is assumed in the energy profile calculations that when
the terminal hydrogen is rotated and approaches another
one that this hydrogen will itself rotate in order to move

20 T T T T T T

— PDFT
— Force-field | T

15 + E

10 -

Potential Energy (Kcal/mol)

I . I . .
0 100 200 300 400
Angle of Rotation (Degrees)

Figure 2. Torsional energy profile of terminal hydroxyl using the force-
field and PDFT for the fully hydroxylated surface.
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Table 3. Parameters of the H-O—H and Ti—O—H angle bending where
E = (1/2)k(6 — 6p)°.

Bending mode 0y (deg) kealmol™ ! rad™?
H—O—H 104.52 55.00
Ti—O—H terminal 115.375 100.00
Ti—O—H bridging 111.557 100.00

away. For this reason, CPMD calculations were performed
to test this. The same simulations were then made using the
force-field. Figure 4 shows the torsion between a terminal
hydrogen (figure 3(a)), terminal oxygen (figure 3(b)),
terminal titanium (figure 3(c)) and a surface oxygen
(figure 3(c)) for two adjacent hydrogens as a function of
simulation time. Zero on the y-axis is set as the torsion at
the start of the simulation, given a hydrogen-bonded
pattern as shown in figure 1(a). It can be seen that there is
mostly an anti-correlation between adjacent hydrogens in
both PDFT and classical simulations. This shows that the
hydrogens will move away from each other in a periodic
manner. It also shows agreement between the force-field
and DFT.

3.3 PDFT calculations of water on the bare TiO; (110)
surface

Water was optimized on the bare surface using PDFT. An
optimization using the force-field yielded a different
structure as seen in figure 5. As a result, an extra VDW
term with a o; of 3.7 A and g; of —0.032kcal mol ', fitted
from the Buckingham potential interaction of Predota et al.
[21] was added between the five-coordinated titanium and
the water oxygen (table 1). Figure 5 shows the geometry
from the force-field optimization when the term has been
added in comparison to when it was not. It shows a much
better comparison to the PDFT structure.

Adjacent

Hydroxyl group

Figure 3. Plan view of the TiO, (110) surface showing the four atoms
which define the torsion (A—D) and adjacent hydroxyl.

The interaction energy was calculated using the
following equation

Eini = Ex,045uf — En,0 — Eurf ()

where the interaction energy is the energy difference
between the energy of the water on the surface and the
equivalent of the water molecule at infinite separation.

3.4 PDFT calculations of water on the fully
hydroxylated surface

Optimizations using three different adsorption geometries
were done using PDFT and interaction energies were
calculated. The interaction energies were then calculated
using the force-field allowing hydroxyl hydrogens to
move. In table 4, it can be seen that despite the energies
being different, the relative ordering is correct. Figure 6
shows the structures after the optimizations. For the first
minimum (figure 6(a)), calculations show both terminal
oxygen donors to the water hydrogens and water oxygen
donors to bridging hydrogens. The second set of minima
(figure 6(b)) are both terminal and bridging oxygen donors
to water hydrogens. However, it should be noted that
terminal bridging hydrogen also interacts with the water
oxygen when optimized using the force-field, causing a
flattening of the water on the surface. The third set
(figure 6(c)) are both terminal oxygen donors to water
hydrogens. In all three cases, the hydrogen-bonded pattern
of hydroxyls on the surface has stayed the same.

4. MD Simulations of the TiO,—water interface

Axial density profiles of water hydrogen and oxygen were
calculated for all kinds of surface considered here.
These give the average density over all configurations
as a function of distance from the surface plane. The
baseline for the surface was taken as the z-position of
the five-coordinated titanium in non-hydroxylated
surfaces and the saturated terminal titanium in hydroxyl-
ated surfaces. The results are summarised in figures 7
and 8 and table 5. The oxygen profile for the neutral
non-hydroxylated surface shows a peak at 1.4 A which
corresponds to the bridging oxygen, a peak at 2.6 A which
is the first layer oxygen and a peak at 3.9 A for the second
water layer. The defined peaks show that the water is very
ordered on this surface and the ordering propagates
far from the surface. The negative non-hydroxylated
surfaces show similar features with the addition of an extra
peak at 2 A which corresponds to the extra terminal
oxygens with the density being greater for the 25% surface
than 12.5% surface. The hydrogen profile shows a peak
at 3A corresponding to the first layer of adsorbed water
and peaks at 4.4 and 5.5A which are ascribed to the
two hydrogens of the second layer water. The negative
non-hydroxylated surfaces give similar features plus the
addition of an extra terminal hydroxyl peak at 2.2 A.
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Figure 4. Torsion for two adjacent terminal hydrogens (solid and dashed lines) as a function of simulation time using CPMD (a) and force-field

simulations (b).

The oxygen profile for the hydroxylated surface gives
two peaks at 1.4 and 1.9A which correspond to the
bridging and terminal oxygens, respectively. The peak at
35A corresponds to the next layer of water. The negative
surfaces give similar density profiles. The hydrogen
profile of the neutral hydroxylated surface shows the

(@) . ® g

2.196
2428 7N 23955

bridging and terminal hydrogens at 1.6 and 2.4 A. The
peak at 34A corresponds to the second layer water.
The neutral hydroxylated surfaces show similar features.

In conjunction with the axial density profiles, the
angular distribution of water was measured. The average
angle between the water dipole and the surface normal

© %‘D 2.286

2563 =

Figure 5.  Geometries of water adsorbed on the non-hydroxylated surface of TiO, rutile (110) after optimization using PDFT (a) and the force field with

(c) and without (b) the extra VDW pairwise interaction. Distances are in A.
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Table 4. PDFT and force field interaction energies before and after
force-field optimization for three fully hydroxylated five-layer TiO,
surfaces.

PDFT Force field After optimization
Surface (kcalmol™") (kcalmol ™) (kcalmol ™)
Minl - 14.10 - 17.61 —19.24
Min2 —3.33 — 6.601 — 10.85
Min3 — 495 —8.12 —12.81

Minl—Min3 are shown in figure 6.

is plotted as a function of distance from the surface.
Figure 9(a) shows that for the neutral non-hydroxylated
surface the first layer of waters point their dipoles away
from the surface and hence the oxygen points toward the
titanium as in figure 5. This peak at 22A corresponds to

(a)

(b)

(©)

the first peak in the axial density profile. The second layer
water molecules face the opposite direction with the
hydrogens facing towards the surface and this is indicated
by the depletion at around 3.9 A. There is ordering out to
8 Awith depletions followed by peaks, getting less ordered
with increasing distance.

There is less ordering for the neutral hydroxylated
surface with second layer hydrogens facing towards the
bulk water as opposed to the surface in the non-
hydroxylated case and to a lesser extent (peak heights of
0.1 compared to 1.0). In the next layer of waters, the
hydrogens face towards the the surface on average.

The negative non-hydroxylated surfaces follow the
same pattern as the neutral hydroxylated surface except
they always have a greater tendency for the hydrogen to
face the surface, i.e. the distribution is shifted downwards.

Figure 6. Water on the hydroxylated surface of rutile TiO, (110) after optimization using PDFT (left) and the force field with (right) for minl (a), min2

(b) and min3 (c). Distances are in A.
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<«—< 12.5% non-hydroxylated
—— 25% non-hydroxylated
— neutral hydroxylated E

— neutral non-hydroxylated
«— 12.5% non-hydroxylated
— - 25% non-hydroxylated

z-distance (A)

Figure 7. Axial density profile (as a function of z-distance) of oxygen (top) and hydrogen (bottom) for the neutral non-hydroxylated and negative non-

hydroxylated surfaces.

This is because the positively charged hydrogens have an
affinity for the negatively charged surface.

The negative hydroxylated surfaces show a different
angular distribution to the neutral hydroxylated surface.
Firstly, the cosine remains below 0 until the distance from
the surface becomes large. On closer inspection, it can be
seen that the ordering is similar to the non-hydroxylated
surface, with peaks and depletions occurring at approxi-
mately the same distances.

This ordering is not so profound in the 12.5% surface as
in the 25% surface. This shows that removal of some of the
terminal hydroxyls will cause orientational preferences
more like the non-hydroxylated surface than for the
hydroxylated surface. The cosine distribution always stays
below zero because of the affinity of hydrogens to the
negative surface as in the negative non-hydroxylated
surfaces.

There is good agreement between the axial density and
angular distributions profiles and those of Predota et al.
[21] (tables 5 and 6) considering the structural model is
slightly different. This gives evidence that TIP3P water
can match SPC/E water for modelling the rutile—water
interface, especially given that the TIP3P model we use
here explicitly models VDW effects for the hydrogens on
water. There is also agreement between the simulations
and X-ray experiments [37] (table 5). Peaks in these
experiments show oxygen average distances from the
surface. Crystal truncation rod experiments by Zhang et al.
[37] show a peak at 12A corresponding to the bridging
oxygen which is 1.4A in this study. A peak at 2.12A
corresponds to the terminal oxygen which is at 1.9 A for
the fully hydroxylated surface or first layer water oxygen
which is at 2.6 A for the non-hydroxylated surface. There
are peaks from 3.5 to 4.0 A which correspond to the third
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—— Neutral hydroxylated
<+— 12.5% hydroxylated
—— 25% hydroxylated

&x

+—< 12.5% hydroxylated
—— 25 % hydroxylated
— neutral hydroxylated

z-distance (A)

Figure 8. Axial density profile (as a function of z-distance) of oxygen (top) and hydrogen (bottom) for the neutral hydroxylated and negative

hydroxylated surfaces.

Table 5. z-distances of oxygen from terminal titanium for this work, Predota et al. [21] and X-ray experiments [37] (values for X-ray experiments are
shown in hydroxylated rows for convenience only).

Oxygen type z-distance O (fi ) Predota O (fi ) Experiment
Bridging bare 1.3 1.3 -
Bridging, hydroxylated 1.4 14 1.2
Terminal hydroxylated 1.9 2.00 2.1
First layer non-hydroxylated 2.5 2.5 -
Second layer non-hydroxylated 4.0 3.8 -
Second layer hydroxylated 3.6 3.7 3.5




17:52 14 January 2011

Downl oaded At:

Interaction of liquid water with the rutile 387

T T T T T T T T I T T T T I T T I T T I T T
0.6 - ]
—— Neutral hydroxylated
r +«— 12.5 % hydroxylated | 7
04 - —— 25 % hydroxylated |_|
02— ]
s o0
02
-04 -
-0.6 -
1 1 I 1 1 I 1
0 1 2
T T TN T T T T T T T 1T T T
B —— Neutral non-hydroxylated 7
«+«— 0.125% non-hydroxylated
05 ——0.25% non-hydroxylated
=Y
o 0
05+
L . ¢ v 17 T I AT N T N
0 1 2 3 4 5 6 7 8 9 10

z-distance (A)

Figure 9. Angular distribution of water (as a function of z-distance) for the non-hydroxylated surfaces (top) and hydroxylated surface (bottom).

water layer which is 4.0A for the non-hydroxylated
surface and 3.6 A for the hydroxylated surface.

5. Conclusion

A force-field which describes the interaction between the
rutile TiO, (110) surface and TIP3P water was tested for
three different water—surface adsorption geometries and
minor modifications have been made to the existing force-
field of Predota ef al. [21]. The optimization of water on
the non-hydroxylated surface using the force-field showed
good agreement of the final structure with the PDFT
optimized structure, especially for the bond distances.
Three structures were examined for water adsorbed on

the hydroxylated surface. They showed the same binding
geometries and ordering of interaction energies for the
force-field and PDFT optimizations. The torsional profile
for terminal hydrogens showed good agreement between
force-field and PDFT calculations also. The force-field

Table 6. z-distances of hydrogen from terminal titanium for this work
and that Predota et al. [21].

Hydrogen type z-distance H (fi ) Predota H (fi )

Bridging hyd 1.8 2.1
Terminal hyd 2.4 2.5
First layer non-hydroxylated 3.0 2.9
Second layer non-hydroxylated 44,55 42,53
Second layer hydroxylated 32 3.2
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parameters were altered so that optimization of the
hydroxylated surface yielded a structure similar to that of
the structure optimized with PDFT.

Simulations of water on six different surfaces were
performed. Neutral non-hydroxylated, neutral hydroxy-
lated, negative non-hydroxylated and negative hydroxy-
lated (with the negative surfaces each having two different
surfaces of differing charge density) were simulated. The
structure of water at the surfaces was analyzed by
examining the axial density and angular distribution of
water. The axial density profiles showed that both non-
hydroxylated and hydroxylated surfaces give similar
results. They yield the first layer oxygens at 1.9-2.5 Aand
second layer oxygens 3.6—4.0 A. The results are also in
agreement with X-ray truncation rod studies [37] and
simulations using SPC/E water [21]. The angular
distribution shows that the second layer waters for the
neutral hydroxylated surfaces are orientated differently
than second layer water on non-hydroxylated surfaces.
This seems to alter when terminal hydroxyls are removed
as in the negative hydroxylated surfaces. The results are in
agreement with simulations using SPC/E water [21]. This
work shows that TIP3P water can be used for modelling
aqueous TiO; interfaces and it is therefore viable for use in
future studies of biological systems with TiO, in water.
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