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Molecular dynamics (MD) simulations were carried out in order to investigate the structure and transport
properties of boron oxide melt, as a function of pressure. The simulations show a rapid initial increase in the
diffusion coefficients of boron and oxygen ions to∼5-7 GPa, followed by a slower increase from 7 to 14
GPa. The increase in ion diffusivities is correlated with an increase in the proportion of BO4 to BO3 units.
These results can be used to help rationalize an increase in growth rate of boron suboxide (B6O) crystals,
observed from B2O3-B6O melts in the 0-4 GPa pressure range.

Introduction

The unusual rheology and thermodynamic properties of
molten and glassy B2O3 have been subject to study and
speculation as to their structural origin for over half a
century.11,19-21,26,27In particular, the viscosity, Arrhenian at low
temperature and above 800°C, is non-Arrhenian between 350
and 800°C.21,27 B2O3 is also anomalous in that crystallization
is so kinetically impeded that it has never been observed from
an anhydrous melt at atmospheric pressure,35 although, applica-
tion of a few GPa of pressure results in ready crystallization of
a phase containing connected BO3 units (R-B2O3) from the melt
or the glass, due to pressure effects on the growth rate.7,23,35At
pressures above 2-4 GPa (depending upon the temperature),
high-pressure treatment results in crystallization of aâ-B2O3

phase, containing distorted BO4 groups. Macedo et al.20 applied
a two-state model to rationalize the anomalous density behavior
of B2O3 liquid and glass in terms of open- and close-packed
arrangements of trigonal BO3 units. Their model was consistent
with high-temperature Raman data concerning the temperature
dependence of the concentration of boroxol units (closed B3O3

rings) in the melt and supercooled liquid, and also with the
viscosity behavior at 1 atm pressure and below 1 kbar (0.1
GPa).8 However, Macedo et al. also suggested the possibility
of a third structural state in the melt, involving dense four-
coordinated BO4 units, based on the existence of the high-
pressure crystalline form.

Koishi and Misawa19 used molecular dynamics simulations
employing a simple pair potential to study the changes in the
viscosity and structure of borate melts with the addition of the
network modifier Na2O. The results of their calculations agreed
well with experimental studies in reproducing both the radial
distribution function and the average coordination number of
the melt, even with the temperature difference between the
simulated and experimental conditions, demonstrating that a

simple ionic, two-body potential is adequate to model the
structure of a borate melt, at least to first order.33

Our study of B2O3 liquid at very high pressure (in the 1-140
kbar, or 0.1-14 GPa range) was initiated following synthesis
experiments on boronsuboxide (B6O1-x) at high pressure.12,17

Previous syntheses of this phase from mixtures of B+ B2O3 or
by oxidation of boron at or near ambient pressure typically
produced fine-grained (<1 µm) powders, often mixed with
amorphous material. The high pressure (3-10 GPa) syntheses
from mixtures of B and B2O3 yielded materials with a much
higher degree of crystallinity than obtained for the room pressure
syntheses. Euhedral grains up to 40µm in dimension were
recovered in some runs. Interestingly, near-perfecticosahedral
particles also up to 30-40µm across were obtained in syntheses
at 4-5.5 GPa.15,17The development of the unusual icosahedral
morphology (which results from multiple twinning and can be
described by Mackay icosahedral shell packing15,22) could be
rationalized in thermodynamic terms by development of close
to ideal stoichiometry (up to B6O0.96) under the high-pressure
synthesis conditions,24 as well as by considering the relative
surface energies and growth rates of B6O rhombohedral (R3hm)
{100} and{111} faces.15

The improved crystal growth at high pressure could also have
a kinetic origin related to the transport properties in the melt.
In Figure 1, we show the effect of pressure on the log growth
rate (V), estimated from the average dimension of the largest
crystals achieved in the high-pressure syntheses for a given run
time atT ∼ 1400-1700 °C.14,17 There is an increase inV by
approximately 2 log units between room pressure and ap-
proximately 6 GPa, with no observable further change in growth
rate in the 6-10 GPa range. This pattern is similar to that
observed by Aziz et al., who studied the effect of pressure upon
the growth rate of quartz from amorphous SiO2.5 They found
that the growth rate (V) increased by 1.5 log units between 0.4
and 3 GPa, followed by a slight decrease to higher pressure
(6-8 GPa). They assigned the initial increase in growth rate to
an enhancement of ion transport rate with applied pressure,
consistent with the predicted reduction in viscosity (or increase
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in diffusivity) observed in ion dynamics simulations for SiO2

liquid.3,4 The growth rate is related to the ion diffusivity,D, in
the melt phase, by the following expression:

where f is the fraction of interfacial sites where growth can
occur, λ is the bond length,∆G is the change in Gibbs free
energy per molecular unit crystallized,k is the Boltzmann
constant,T is absolute temperature, andn is the number of units
crystallized per thermally produced defect at the interface before
defect annihilation.5

In the case of the B6O-B2O3 system, the B6O growth
experiments were carried out in the presence of a molten phase,
close to B2O3 in composition.24,25We have used the molecular
(rigid ion) dynamics method to simulate the diffusivities of B3+

and O2- ions in B2O3 liquid at pressures in the 0-14 GPa range,
to gain some insight into the effect of pressure on B3+ and O2-

ion diffusivities in the liquid. We previously used a similar
method with rigid ion potentials to simulate the effects of
pressure on Si4+ and O2- diffusivities in Na2Si4O9 liquid in the
same pressure range, which gave results in excellent agreement
with experiment.10 In that work, the simulation results were used
to rationalize the changes in ion transport with pressure, through
examination of the Si and O coordination environments, and
permitted us to understand the effects of pressure upon viscosity
through an understanding of the relative energetics of Si and O
coordination environments.

For the purposes of this study, our simulations are carried
out using two-body rigid ion potentials to simulate the ion-
ion interactions in the melt. Since we are mainly interested in
the ionic self-diffusivity of the liquid, the use of computationally
expensive methods, such as those used to reproduce the detailed
structures of crystalline and vitreous B2O3 were not used. For
example, the use of angle dependent, modified pair potential
interaction terms is essential for reproducing the presence of a
large proportion of boroxol rings (thought to be in best
agreement with experiment) within the vitreous structure, as
well as the measured density of these glasses.33,34,36However,

simple pairwise interaction potentials, comparable to those used
here, have been found to model well the principal features of
the radial distribution function, and also the coordination number
around B or O in the melt.19 Furthermore, good agreement with
the experimental results for diffusion coefficients was obtained.
To place such additional potential function terms in context,
we can examine the modification introduced by Takada et al.33

to account for bond bending. Their best fit potentials yield a
maximum force constant for O-B-O bending of 1500 kJ/rad2.
Using∆U(θ) ) 1/2K∆θ2 with K ∼ 1500 kJ/rad2 and∆θ ∼ 10°,
one obtains only∼5 kcal/mol. This value is negligible in
comparison with the mean energy per particle in the B2O3 melt
of ∼60 kcal/mol at our simulation temperature of 5000 K, and
inclusion of such terms is unnecessary.33

Method

The MD simulations were carried out using a rigid-ion Born-
Mayer-Huggins pair potential to model the interparticle
interactions. In this model, the potential between ions i and j
depends only on their separation,r, and is given (in cgs units)
by

The first term is the point-Coulomb interaction, wherezi and
zj are the full formal charges of the ions. The second term
describes short-range repulsive interactions, with potential
parameters listed in Table 1. This parameter set has been
developed over several years by Angell and co-workers.3,4,37

The molecular dynamics simulations were carried out in a
cubic box of fixed volume using periodic boundary conditions.
Each simulation was independently initiated using a random
configuration, and the dynamics were then integrated for 5000
time steps (∆t ) 2 fs) at 8000 K to ensure proper mixing of
the particles. The temperature was controlled via velocity scaling
according to Berendsen’s algorithm.1 Most calculations usedN
) 500 particles, which permitted a large number of simulations
to be performed within the capabilities of our available
computational resources (a Silicon Graphics Indy, R4000 SC,
at 100 MHz). Following the initial mixing period, the system
was cooled to the working temperature of 5000 K and
maintained in the canonical NVT ensemble for 20 000 time steps
in order to ensure full equilibration prior to analysis, including
mean square displacement calculations. The pressure was
calculated using the average virial from the NVT ensemble.

Mean square displacements were obtained by averaging over
50 000 time steps (100 ps). Over this time interval, the particles
diffuse, on average, a minimum distance equal to the length of
a box side. Linear least-squares fits were performed on the mean
squared displacement plots to determine the ionic diffusivities
(Di), obtained using Einstein’s equation:

The subscript i labels the ionic species andui is the total

Figure 1. Effect of pressure on the log growth rate (V), estimated from
the average dimension of the largest crystals achieved in the experi-
mental high-pressure syntheses for a given run time atT ∼ 1400-
1700°C.

V ) f[Dλ ][1 - exp(n∆G
kT )]

TABLE 1: Born -Mayer Parameters Used in These
Simulationsa

species mass (amu) Zi σ (Å)

B 10.8100 +3 0.0900
O 15.9994 -2 0.1420

a b ) 0.190× 10-12 ergs,F ) 0.290 Å.
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displacement of a particular ion over the time interval,t. In all
cases, the mean squared displacements were examined before
the data were fit to verify that a linear behavior, representing
true liquidlike diffusion, was achieved, rather than the ballistic
trajectories that can appear in the onset of simulations.29 For
the same reason, the initial 500 steps of each run were ignored
in the calculation of the diffusion profiles.

Melt shear viscosities (η) can be estimated from the O2-

diffusivity using the Stokes-Einstein relation:

whereT is the absolute temperature,kB is Boltzmann’s constant,
andλ is an appropriate atomic jump distance, taken to be 2.5
Å for O2- diffusion.32 This equation is found to be appropriate
for relating viscosity and diffusivity in highly fluid systems,
such as that studied here, in which the diffusive motion of the
particle in question is well coupled to the viscous relaxation of
its environment.4,32

Results and Discussion

Equation of State.Figure 2 shows the results from a series
of simulations carried out on the model liquid in the canonical
(NVT) ensemble with differing volumes (densities) in order to
obtain the pressure volume (P-V) relation of the melt. The solid
line shows the result of a third-order Birch-Murnaghan
equation:

fit to the simulated data points. The equation gives a good fit
(ø2 ) 12.2) over nearly the entire range and returns values of
K0 ) 1.9(2) GPa andK0′ ) 4.0(1) for the bulk modulus and
compressibility, which compares favorably with the value of
K0 ) 1.5 GPa found experimentally.20 At lower densities, the
slope of the Birch-Murnaghan fit (which does not account in
the pressure-density relation in this region) approaches zero
at a pressure near zero. This observation would indicate the
approach to an underlying mechanical instability in a slightly

negative pressure regime in the simulated, and perhaps even
the real, liquid system.

Transport Properties. Figure 3 shows the calculated ionic
self-diffusivities,Di, for B3+ and O2- in the simulated liquid as
a function of pressure at 5000 K. Although in an early study,
Dane and Birch8 demonstrated that the viscosity of B2O3 melt
increased from room pressure to a pressure of 0.1 GPa (and
therefore, ionic diffusivity mustdecrease), the calculated
diffusivities of the two species in the simulated high-temperature
melt increaserapidly with increasing pressure in the range
studied. Our finding, however, does not necessarily contradict
the experimental results of Dane and Birch, since their work
was carried out in a narrow pressure range that cannot be
examined with the present type of simulations. No experimental
data on viscosity or diffusivity in B2O3 melt to higher pressure
exists, but it is quite probable that the diffusivity first decreases,
then increases, similar to measurements carried out on alumi-
nosilicate liquids.28

In the simulated liquid, the self-diffusivity of both ions has
increased by almost 1 log unit by a pressure of 5 GPa. Initially,
the diffusivity of the two ions remains well coupled; however,
by 4 GPa, they begin to separate, with the diffusivities showing
smaller rates of change between 4 and 8 GPa. Boron diffusivity
shows only a slight increase between 4 and 8 GPa, while the
oxygen shows only a slight increase between 6 and 12 GPa. It
is interesting to note that the trend in boron and oxygen
diffusivities mimics the effect of pressure in observed growth
rate of B6O1-x particles from B2O3-rich melts (Figure 1).

Melt Structure. The coordination number of a given cation
is determined by first determining the radial distribution
function, i.e., the typical probability functiong(r) of finding
O2- ions at a distancer from any particular B3+ ion. The
minimum found after the first peak in the radial distribution
function is used as the cutoff distance for determining the
coordination of one ion about the other, as described elsewhere.10

Using this distance as the radial cutoff for the first coordination
sphere, the coordination number is calculated by integrating over
the cell sample for 1000 time steps.

As expected, Figure 4 shows the initial room pressure melt
to be composed nearly entirely of 3-coordinated boron species,
which is consistent with MD simulations of supercooled liquids

Figure 2. Equation of state of B2O3 liquid at 5000 K. Simulations
were performed in the canonical (NVT) ensemble, with the pressure
obtained by the virial equation. The solid line represents a third-order
Birch-Murnaghan fit to the simulated liquid.
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Figure 3. Calculated self-diffusivity of B3+ and O2- ions in B2O3 liquid
at 5000 K as a function of increasing pressure. The boron and oxygen
diffusivities are well coupled at high and low pressure, although there
is a slight separation between the region of 4 and 8 GPa.

Self-Diffusion of Ions in B2O3 Melt J. Phys. Chem. A, Vol. 105, No. 34, 20017975



with a typical cooling rate of 1012 deg/s, that typically show a
random network of 3-coordinated boron.36 However, as pressure
increases, a smooth increase in average coordination is observed,
with an increase of 4-coordinated boron species, at the expense
of the 3-coordinated species, as the liquid densifies. By 14 GPa,
4-coordinated boron accounts for almost 40% of the melt
species.

Similarly, the coordination of boron about oxygen has been
calculated for the melt and is presented in Figure 5. At low
pressure, the melt contains essentially only 2-coordinated
bridging oxygens, consistent with the experimental finding of
Chason and Spaepen.6 However, as the pressure is increased,
there is a slow increase in the proportion of 3-coordinated
species, at the expense of 2-coordinated oxygens. The initial

conversion of oxygen ions into 3-fold coordination is slightly
faster than that observed after 6 GPa, indicating that there might
be a slight difference in compression mechanisms in these two
regions. A similar trend is observed in the boron coordination.
These results are consistent with recent experimental work by
Grimsditch et al.,13 which showed the elimination of the boroxol
symmetric stretching Raman peak during in situ compression
experiments in the diamond anvil cell at a pressure of 16 GPa
for vitreous B2O3, since statistically one of each of the borons
in a boroxol ring will have been transformed into a 4-coordinated
species, thus disrupting the ring structure. Our result supports
their speculation of the formation of 4-coordinated boron species
at elevated pressure, although they had no direct method of
detecting such species in their work.

Discussion.The results of these simulations give important
insights into the high-pressure behavior of the B2O3 melt. These
simulations predict a smooth change in the coordination of boron
from its typical 3-coordinated state to 4-coordinated as the
system is compressed. The conversion of boron to 4-coordinated
species is more than one-third completed by 16 GPa, at which
point there are essentially no planar boroxol rings remaining in
the melt structure. At this stage, approximately one out of every
4 B3+ ions and one of every 6 O2- ions are in their higher
coordination state. The oxygen atoms show a concomitant
change to 3-coordinated species over this pressure range. The
rate of coordination increase is most marked over the initial
pressure range: beyond approximately 10 GPa, the rate of
change is noticeably less (Figures 4 and 5).

The change in average coordination number is accompanied
by a rapid increase in self-diffusion rates for both the boron
and oxygen ions during the initial stage of pressurization. This
behavior is reminiscent of that for network forming ions in
previous simulations and high-pressure experiments on alumi-
nosilicate liquids.2-4,10,28,31In those systems, the diffusivities
do not continue to increase steadily with pressure; instead, the
rate of increase slows down and reaches a maximum in some
cases, once a critical pressure range is reached. The same
behavior is apparent for simulated B2O3 liquid. Initial pres-
surization to∼5-7 GPa causes a large increase in the ionic
diffusivities. Further pressurization has a smaller effect, with
only a 0.1-0.2 log unit increase up to 15 GPa, and this may
even indicate that the liquid is nearing a maximum in the
variation of its ionic diffusivity with pressure.2-4,10,28,31

In the case of silicate and aluminosilicate liquids, the
increased diffusivity of network-forming ions (Si4+, Al3+, O2-)
at high pressure can be related to the lowered barrier to
formation of high-coordinate (SiO5, AlO5 units) species that act
as intermediates in the diffusive process and in structural
relaxation of the liquid. The same is true for B2O3 liquid. Here,
the high-coordinate BO4 groups act as an intermediate for the
transfer of O2- from one B3+ to another (Figure 6). The
adjoining boron becomes 4-coordinated when an already bridg-
ing oxygen is forced into a 3-fold coordinated state. The newly
formed, 4-coordinated boron then breaks one bond to the
3-coordinated oxygen, permitting ready O2- transport between
adjacent B3+ centers. This mechanism is enhanced, with a
smaller activation barrier and a greater proportion of OIII and
BIV species, in the densified melt. There is a second factor
affecting the rheology of the compressed B2O3 liquid. The
presence of a wider range of variously coordinated species in
the melt increases the configurational entropy, which is related
to the viscosity via the Adam-Gibbs configurational model for
structural relaxation. As the number of coordination states in

Figure 4. Pressure dependence of the boron coordination (by oxygen.)
At room temperature, the melt consists entirely of 3-coordinated species;
however, as the pressure is increased, the melt begins to compress via
increased boron coordination. By 14 GPa, the melt is composed of
almost 40% 4-coordinated species.

Figure 5. Pressure dependence of the oxygen coordination (by boron).
The room pressure melt contains virtually no 3-coordinated oxygen
ions; however, the coordination increases with increasing pressure,
slowly converting from 2- to 3-coordinated species. A full third of the
oxygen ions are 3-coordinated by 14 GPa.
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the melt is increased at high pressure, the configurational entropy
is increased, and the viscosity is lowered.9,30

The results of these simulations can be correlated with the
observed effects of pressure on the crystal growth of B6O.14,16,18

In that case, available thermodynamic data indicate that the B6O
materials grew from a borate rich melt close to B2O3 in
composition. Despite the presence of a liquid phase, no large
particles were observed to grow below∼4 GPa. It was noted
in the original work that, in this pressure range, the B2O3 crystal
undergoes a phase change to a dense form containing 4-coor-
dinated boron, and it was speculated that some coordination
change may occur in the liquid. This idea is supported by the
present simulation results. The plot of diffusivity with increasing
pressure does mimic the variation in B6O growth rate with
synthesis pressure (Figure 1), with a rapid initial rate of increase
at low pressure, and a marked slow rate beyond∼4 GPa. Part
of the increased crystal growth at elevated pressure could be
attributed to kinetic origins, as has recently been described for
quartz.5 One factor limiting the growth of B6O from the borate
melt is transport of O2- ions to the growing crystal surface,
which we have calculated to show an increase with increasing
pressure (Figure 3). Obviously, covalently linked B atoms or
clusters must also be transported to the growth site, and these
cannot be modeled by the present simulation. However, there
does appear to be good qualitative agreement between the
simulated O2- diffusivity and the observed crystal growth rate.

Conclusions

Molecular dynamics simulations were performed on B2O3

liquid to investigate the effects of pressure on the transport
properties and structure of the melt. The simulated liquid shows
a rapid increase in the diffusivity of B3+ and O2- ions in the
liquid with increasing pressure up to∼5 GPa, followed by a
much slower increase above this pressure, suggesting that the
ionic diffusivity might be reaching a maximum. This increase
is well correlated with an increase in average coordination for

the boron and oxygen ions, with an increased proportion of
4-fold coordinated B3+ and 3-fold coordinated O2- in the high-
pressure liquid. The increase in coordination is correlated with
the trend in the diffusivity, with both ions exhibiting a rapid
change up to∼5 GPa, followed by a smaller rate of change at
higher pressure. This can be rationalized in terms of the relative
ease of formation of high-coordinate (IVB, IIIO) species that
provide intermediates for cation and anion exchange between
structural units in the melt. The results of these simulations aid
in the interpretation of the enhanced growth rate of icosahedral
boron suboxide, grown from a boron oxide rich melt, at high
pressure, which shows an increase in crystal growth rate up to
4 GPa.
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