This article was downloaded by:

On: 14 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation

Publication details, including instructions for authors and subscription information:

M 0 L EC U L A R http://www.informaworld.com/smpp/title~content=t713644482
SIMULATION

Molecular Dynamics Simulation of the Structural and Physical Properties
of the Four Polymorphs of TiO,
. 5K Bhura &1 Wan Masanori Matsui®; Masaki Akaogi®

2 Chemical Laboratory, Kanazawa Medical University, Ishikawa, Japan ® Department of Chemistry,
Faculty of Science, Gakushuin University, Tokyo, Japan

To cite this Article Matsui, Masanori and Akaogi, Masaki(1991) 'Molecular Dynamics Simulation of the Structural and
Physical Properties of the Four Polymorphs of TiO,', Molecular Simulation, 6: 4, 239 — 244

To link to this Article: DOI: 10.1080/08927029108022432
URL: http://dx.doi.org/10.1080/08927029108022432

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi |l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927029108022432
http://www.informaworld.com/terms-and-conditions-of-access.pdf

19: 47 14 January 2011

Downl oaded At:

Molecular Simulation, 1991, Vol. 6, pp. 239-244  © 1991 Gordon and Breach Science Publishers S.A.
Reprints available directly from the publisher Printed in Great Britain
Photocopying permitted by license only

MOLECULAR DYNAMICS SIMULATION OF THE
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THE FOUR POLYMORPHS OF TiO,
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The structural and physical properties of the four TiO, polymorphs [rutile, anatase, brookite and TiO, II
(2-PbO, structure)] bave been calculated by means of molecular dynamics simulation with quantum
corrections. The potential mode! used is composed of the pairwise additive Coulomb, dispersion and
repulsion interactions. Energy parameters were determined to reproduce the observed crystal structures of
rutile, anatase and brookite, and the measured elastic constants of rutile. Overall, the simulation is
successful in reproducing a wide range of properties of the four polymorphs, including the crystal
structures, volume compressibilities, volume thermal expansivities, and enthalpy relationships between
them.

KEY WORDS: Molecular dynamics, titanium (IV) oxide, polymorph, crystal structure, volume compres-
sibility, thermal expansivity.

INTRODUCTION

Titanium (IV) oxide naturally occurs in the three polymorphic forms: rutile, anatase
and brookite. Of these, rutile, most common in nature, is generally considered to be
the stable phase under the ambient conditions, with both anatase and brookite being
metastable with respect to rutile [1,2]. Under high pressure, each of the three phases
transforms to another dense phase (called TiO, II) with the «-PbO, structure [3,4].
Each transformation is the reconstructive type which allows TiO, II to exist metast-
ably at the ambient conditions. In addition, shock compression experiments suggest
that there exists a super-dense phase with the fluorite or the distorted fluorite structure
[3,5].

T]he purpose of this paper is to reproduce or to predict the structural and physical
properties of the four TiO, polymorphs (rutile, anatase, brookite, and TiO, II) by
means of the molecular dynamics (MD) simulation with quantum correction.

High pressure and high temperature behavior of TiO, has also been of considerable
interest to researchers in geophysics [6,7], since TiO, is a model relevant to stishovite
(Si0,) which is among the important mineral phases stable under the very high
pressures prevailing in the earth’s deep mantle.
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SIMULATION METHOD
Crystal Structures

Rutile and anatase are both tetragonal with space group P4,/mnm and I4,/amd,
respectively, and brookite and TiO, II are both orthorhombic with space group Pbca
and Pbcn, respectively. In each of the four structures Ti ions are coordinated by six
O ions, and O ions are surrounded by three Ti ions. Each TiO, octahedra shares four
edges in anatase, three edges in brookite, and two edges both in rutile and TiO, II;
the structural difference between rutile and TiO, II may be described such that the
edge sharing octahedra run vertically parallel to the c-axis in rutile, whereas form
zigzag chains along the c-axis in TiO, IT [8].

Potential Model

Following our previous investigations [9,10}, the potential energy for a lattice con-
figuration is approximated to be the sum of pairwise interatomic interactions in the
form:

Vi = qx"]jrij—'] - Cic}ri,_'G + f(B, +B)) - exp {4, + 4; - ’ij)/(Bi + Bj)]s (1)

where the terms represent Coulomb, dispersion, and repulsion interactions, respec-
tively. Here r; is the interatomic distance between atoms i and j, and ¢;, 4;, B;, and
C,; are the effective charge, repulsive radius, softness parameter, and van der Waals
coefficient of the atom i, respectively. The quantity f'is a standard force of 4.184 kJ
A-' mol~". The effective charge g,( = — g¢r;/2) was transferred from the value
obtained by Traylor ef al. [11] using the observed phonon-dispersion relations of
rutile. The value of C, was fixed at that developed previously for the modeling of
magnesium silicates [9,10]. The remaining energy parameters were adjusted to re-
produce the observed elastic constants of rutile [12,13], as well as by using least-
squares fitting to the observed crystal structures of rutile [14,15], anatase [15,16], and
brookite [8). The observed structure of TiO, II was not included for the least-squares
fitting, since it was obtained based on powder X-ray data, with limited accuracy of
the atomic coordinates [4]. The optimized energy parameters, used for the present
simulation, are listed in Table 1.

MD Simulation with Quantum Correction

The MD simulations of the TiO, polymorphs were carried out using the constant-
temperature MD method proposed by Nosé [17] and the constant-pressure MD
technique described by Parrinello and Rahman [18], in a similar manner as our
previous investigations [10,19]. The parameters Q and W, which determine the time
scale of the temperature and volume fluctuations [17,18], were set at 10kJ mol~' (ps)?
and 80 g mol~', respectively, throughout. Periodic boundary conditions were used

Table 1 Energy parameters® used for the simulation

q A B C
Ti +2.196 1.1823 0.077 225
(0] - 1.098 1.6339 0.117 54.0

2Unit: q in |el. 4 and B in A, and C in A¥ kJf moi~1.
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with the MD basic cells composed of 96 (4a, x 4a, x 6¢, containing 576 atoms), 32
(4a, x 4a, x 2¢, 384 atoms), 18 (2a x 3b x 3¢, 432 atoms), and 48
(4a x 3b x 4c, 576 atoms) unit cells for rutile, anatase, brookite, and TiO, II,
respectively. The Newtonian equations of motion were solved by a fifth-order predic-
tor-corrector algorithm with a time increment of 1.0fs. In each MD run, after a
sufficient long period of aging, a 5000-steps (5 ps) MD run was carried out to simulate
time-averages of structural properties. Equilibrium structures were calculated directly
from such averages, while their pressure and temperature derivatives were obtained
by a numerical linear interpolation.

The classical mechanics description of atoms in solids is approximately valid only
at high temperature limit. We, therefore, included quantum correction terms to the
MD simulated properties, using the Wigner-Kirkwood expansion of the free energy
of Planck constant 4, with the same technique described in our recent paper [19]. We
included only the first nonvanishing term with the order 4% and neglected all the
higher-order terms (the second nonvanishing term is of the order 4%).

RESULTS AND DISCUSSION

In our MD simulation the basic cell is treated as a triclinic lattice (space group P1),
with all the atomic coordinates in the basic cell being treated as independent variables,
so that the simulation can examine the stability of crystal lattices. In all the MD
simulations studied here we found no significant deviations of the calculated struc-

Table 2 Observed and calculated structural data, volume compressibilities, and volume thermal expan-
sivities of the four TiO, polymorphs (P = 0 GPa). Calculated values include the quantum corrections
(quantum minus classical) which are given in square brackets.

rutile anatase brookite Tio, 11
Obs Calc Obs Cale Obs Calc Obs Calc
Cell parameters, molar volume, and mean Ti-Q distance at 300 K
ajA 4.59° 4.51 3.78% 3.78 9.17 9.19 4,524 4,55
{0.007] [0.005) [0.014) [0.007]
b 4.59 4,51 3.78 378 5.45 5.41 5.50 5.40
[0.007) [0.005] [0.008) [0.009]
c 2.96 3.02 9.51 9.65 5.14 5.17 4.94 4.96
[0.004] {0.033] {0.011] {0.008]
V/(cm® mol~')  18.80 18.50 20.51 20,75 19.33 19,35 18.45 18.31
[0.08] [0.12} [0.10} [0.09]
(Ti-0)/A 1.96 1.95 1.95 1.96 1.96 1.96 1.96 1.96
[0.003) [0.003] [0.003] [0.003]
Volume compressibility/TPa~' at 300K
B 4.7-4.8° 43 — 6.1 — 5.1 4.0f 4.5
[~ 0.08] [~0.15] [-0.11] [—0.09]
Volume thermal expansivity/(10~° K=') at 500 K
® 2.88 2.0 2.5 1.4 2.4t 1.9 — 1.9
[—0.6] [~0.8] [—0.6] [~0.6]

SRef[14]. "Ref[16]. “Ref[8]. IRef [4]. *Refs.[12,13,21]. ‘Ref[20]. BRef [15]. "Observed value between 298-898 K, Ref.[8].
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tural parameters from the corresponding observed structures of the four TiO, poly-
morphs.

Table 2 summarizes the simulated structural and physical properties of the four
TiQ, polymorphs, together with the measured values for comparison. In Table 2 we
also list the contributions of the quantum corrections to the simulated properties. The
quantum correction to the volume thermal expensivity is very important except at
very high temperatures; at 500K for example, the magnitudes of the quantum
corrections to the classical MD values reach 23%, 36%, 24%, and 24% for rutile,
anatase, brookite, and TiO, I1, respectively, as can be seen in Table 2. In contrast, the
quantum effect is found to have a very small influence on the volume compressibility,
with the correction being only 2% at 300 K for each of the four polymorphs (Table
2). More detailed discussion on the quantum contributions to the structural and
physical properties of crystals is given in our recent investigations [19].

In each of the four polymorphs, the simulated structure at 300K and 0 GPa
reproduces the observed one quite accurately. The largest error in the cell parameters
is within 2% for each polymorph. The mean Ti-O distance { Ti-O } is correct within
0.01 A for each polymorphs, with the absolute deviations in the individual Ti-O
distance being less than 0.05A, 0.02A, 0.06 A, and 0.06 A, for rutile, anatase, broo-
kite, and TiO, I, respectively (note that the observed atomic coordinates in TiO, II
are determined using powder X-ray data [4], so they are not very certain). The
measured molar volumes are in the order of TiO, I < rutile < brookite < antase;
the same is true for our calculated values.

Quite recently we have obtained the volume compressibility of TiO, II at room
temperature by means of volume compression experiment using synchrotron X-ray
data [20], and accurate experimental data are presented for the volume compressibility
of rutile at room temperature [12,13,21], while no measured compressibility data are
available either for anatase or for brookite. As can be seen in Table 2, the errors of
our calculated volume compressibilities at 300 K and 0 GPa are about 10% for rutile,
and 12% for TiO, II; similar magnitudes of error might be expected in the predicted
volume compressibilities for anatase and brookite, listed in Table 2.

The volume thermal expansivities have been measured for rutile [8,15], anatase [15],
and brookite [8], while no experimental data is reported for TiO, II. The simulated
volume thermal expansivities at SO0K and 0 GPa are 2.0, 1.4, and 1.9 x 107°K™!
for rutile, anatase, and brookite, respectively, which are significantly too small when
compared with the experimental values at 500K of 2.8, 2.5, and 2.4 x 107° K™,
Additional investigations are required to improve the potential model for TiO,.

By calorimetric experiments, Navrotsky and coworkers [1,22] have reported the
transformation enthalpies of TiO, IT and anatase to rutile at room temperature to be
—3.2(7) and —5.2kJ mol ', respectively; so the enthalpies are measured to increase
in the order rutile < TiO, Il < anatase at room temperature. At 971 K, the enthalp-
ies of transformation of brookite and anatase to rutile have been determined using
solution calorimetry by Mitsuhashi and Kleppa {23] as —0.7(4) and —3.3(8) kJ
mol ™!, respectively. Since specific heat differences among polymorphs are usually
small, the enthalpy trend measured at 971 K, rutile < brookite < anatase, may be
expected to be same as that at room temperature. Our simulated transformation
enthalpies of anatase, brookite, and TiO, II to rutile at 300K are —29.1, —17.3, and
- 3.5kJ mol ™', respectively; the quantum correction to the enthalpy is estimated to
be 0.4kJ mol~' for each of the four polymorphs. The simulated enthalpy relationship
among the four polymorphs at 300K, rutile < TiO, II < brookite < anatase, is
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consistent with the two measured enthalpy sequences remarked above, i.e. rutile
< TiO, II < anatase by Navrotsky and coworkers {1,22], and rutile < brooki-
te < anatase by Mitsuhashi and Kieppa [23]. The simulation has predicted the
enthalpy of TiO, II smaller than that of brookite. Hopefully, further experiments to
establish the enthalpy relation between brookite and TiO, II will be undertaken.
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