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The structural and bonding properties of liquid boron oxide are studied by ab initio molecular dynamics
simulations. It is seen that, even in the liquid state, boron atoms are predominantly threefold coordinated to
oxygen atoms, and most of oxygen atoms bridge two adjacent boron atoms. The neighboring atoms are
connected to each other with single covalent bonds, and there exist no homopolar bonds, as in the crystalline
and vitreous states. We find that a nonbridging oxygen double bonded to a twofold-coordinated boron is always
involved with atomic diffusion accompanied by the rearrangement of the covalent bonds. We discuss the
formation mechanism of such bond defects in detail by the population analysis.
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I. INTRODUCTION

Boron oxide �B2O3� has attracted considerable attention
not only as one of the most fundamental glass-forming ox-
ides but also as a potential material for technological and
environmental applications. It is well known that the struc-
tures of crystalline and vitreous B2O3 consist of planar BO3
units with threefold-coordinated boron atoms at the
centers.1,2 These triangular BO3 units form three-dimensional
networks by sharing corner oxygen atoms, i.e., each oxygen
atom bridges two adjacent boron atoms with single bonds.
There exist sheetlike layered structures, similar to graphite,
on an intermediate length scale in the networks.1 The struc-
ture of solid B2O3 is rather porous because of large empty
space between layers.

Although it is known experimentally that the local coor-
dination around each atom remains the same upon melting,3

details of the structural and transport properties of liquid
B2O3 are not well understood. In the liquid state, the rear-
rangement of the B-O covalent bonds with long-range
atomic diffusion must take place. It is, however, not obvious
how B-O bonds are exchanged because the chemical bonds
between boron and oxygen are rather strong and stable.

While the diffusion process in the liquid state has not
been clarified yet, several mechanisms of bond switching in
the relaxation process in B2O3 glass above the glass transi-
tion temperature were proposed.4,5 It is commonly empha-
sized that participation of hypervalent structures with
fourfold-coordinated borons and threefold-coordinated oxy-
gens is important in the initial stage of bond switching. In the
relaxation mechanism with the usual concerted reactions,5

two BO4 groups are generated as an intermediate by forming
two new B-O bonds between adjoining BO3 units. When the
original B-O bonds associated with the two three-
coordinated oxygens are broken simultaneously, two B-O
bonds are exchanged without undercoordinated atoms. On
the other hand, Zyubin et al.4 suggested from semiempirical
quantum-chemical calculations that the formation of frag-
ments, which involve nonbridging oxygens double bonded to
twofold-coordinated borons, is the most energetically favor-
able in the relaxation process after the hypervalent structures
with overcoordinated atoms are formed.

Since it would be difficult to clarify the diffusion mecha-
nism in liquid B2O3 experimentally, theoretical studies

would be needed. However, only a few papers have dealt
with atomic diffusion in liquid B2O3,6 and borate melts7

theoretically so far. Diefenbacher and McMillan6 used mo-
lecular dynamics �MD� simulations with empirical inter-
atomic potentials to investigate the transport properties in the
liquid state. They discussed the effects of pressure on the
diffusivity of atoms in relation to changes in the local struc-
ture. Although they proposed a model of the diffusion pro-
cess, it is unclear whether the appearance of undercoordi-
nated atoms, such as nonbridging oxygens, is crucial for the
transport properties in the liquid state.

In this paper, we report on a detailed investigation of
atomic diffusion in liquid B2O3 by ab initio MD simulations
with interatomic forces calculated quantum mechanically in
the framework of the density-functional theory �DFT�. While
there have been reported several density-functional or
Hartree-Fock studies for crystalline8–11 and vitreous12–14

B2O3 so far, the liquid properties have not been investigated
yet based on first-principles theories. The purpose of our
study is to clarify the microscopic mechanism of atomic dif-
fusion in the liquid state from first principles. We discuss
how B-O bonds are exchanged, accompanying the diffusion
of atoms in detail. Such findings are important not only for
understanding the equilibrium properties of liquid B2O3 but
also for considering the glass formation process in the super-
cooled liquid state, in addition to the relaxation process in
the vitreous state.

II. METHOD OF CALCULATION

The electronic states are calculated using the projector
augmented wave �PAW� method15,16 within the framework of
the DFT in which the generalized gradient approximation
�GGA� �Ref. 17� is used for the exchange-correlation energy.
The plane-wave cut-off energies are 30 and 200 Ry for the
electronic pseudowave functions and the pseudocharge den-
sity, respectively. The energy functional is minimized using
an iterative scheme.18,19 The � point is used for the Brillouin-
zone sampling. As the valence electrons, we include the 2s
and 2p electrons of B and O. The 1s electrons in the lower-
energy electronic states of each atom are treated with the
frozen-core approximation. We use a system of 120 �48B
+72O� atoms in a cubic supercell under periodic boundary
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conditions. Using the Nosé-Hoover thermostat technique,20,21

the equations of motion are solved via an explicit reversible
integrator22 with a time step of �t=1.2 fs. To obtain a liquid
state, we begin by carrying out an ab initio MD simulation
for about 5 ps at a temperature of 5000 K starting from the
low-pressure crystalline polymorph B2O3-I.1 The tempera-
ture is selected to be high enough to make the system reach
a completely disordered state without the effects of the initial
configuration. Then, we decrease the temperature of the sys-
tem gradually to a target temperature of 2500 K. The number
density is taken from the extrapolation of the experimental
data23 obtained up to 1500 K. The target temperature we
have chosen is rather high in order to observe enough num-
ber of atomic-diffusion events to analyze the diffusion
mechanism in a statistically meaningful way within a limited
amount of simulation time. Note that the temperature depen-
dence of physical quantities is not discussed in this paper and
conclusions derived are independent of the selected tempera-
ture. The simulation time for averaging, 10.8 ps, is long
enough to achieve good statistics.

III. RESULTS

A. Structure factor

Figure 1 shows the structure factor S�k� of liquid B2O3,
which is calculated from the partial structure factors S���k�,
shown in Fig. 2, with the neutron-scattering lengths. To see
whether the structure of liquid B2O3 is correctly reproduced
or not, the structure factor S�k� obtained by our simulations
should be compared with experimental results. Unfortu-
nately, we are unaware of experimental S�k� for the liquid
state. In the inset of Fig. 1, the experimental data obtained by
neutron-diffraction measurements24 for vitreous B2O3 are
shown for comparison. Since the overall profile of the calcu-
lated S�k� of the liquid state is consistent with the experimen-
tal S�k� of the vitreous state, we believe that the structure of
liquid B2O3 is correctly simulated by our theoretical method.

It is seen that there are clear peaks at about k=1.6 and
6.0 Å−1 in the profile of S�k�. The peak at about k
=1.6 Å−1 indicates that an intermediate range correlation ex-
its in the liquid state as well as in the vitreous state, while the
peak at about k=6.0 Å−1 corresponds to the short-range cor-
relation between the nearest-neighbor atoms. Also, we see

that a hump is present at about k=2.7 Å−1 between these
two main peaks.

Figure 2 shows the Ashcroft-Langreth partial structure
factors S���k�. It is found that all three correlations, SBB�k�,
SOO�k�, and SBO�k�, have peaks at about k=1.6 and 6.0 Å−1

corresponding to the peaks of the total S�k�. We see that the
profile of S�k� for k�8.0 Å−1 is mainly formed by SBO�k�. It
is also found that the hump of S�k� at about k=2.4 Å−1 re-
sults from the cancellation between the peaks of SBB�k� and
SOO�k� and the negative dip of SBO�k�.

B. Pair distribution function

Figure 3 shows the partial pair distribution functions
g���r�. The sharp first peak of gBO�r� at about 1.4 Å corre-
sponds to the covalent bond between B and O atoms. It is
seen that there exist no homopolar bonds in liquid B2O3
because gBB�r� and gOO�r� are zero over the range of the first
peak of gBO�r�. The first-peak positions of gBB�r� and gOO�r�
are about 2.55 and 2.45 Å, respectively. This difference in
peak positions reflects the fact that there is a difference be-
tween the average B-O-B and O-B-O angles. Note that this
feature is also found in crystalline B2O3. In B2O3-I at ambi-
ent conditions, the average distances of B-B and O-O are
2.489 and 2.373 Å, respectively, and the average bond
angles of B-O-B and O-B-O are 130.71° and 119.97°,
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FIG. 1. Structure factor S�k� of liquid B2O3: in the inset, the
experimental S�k� of vitreous B2O3 �Ref. 24� is shown for
comparison.
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respectively.1 Although the atomic distances in the liquid
state are naturally longer than those in the crystalline state,
the trends in the relation between the atomic distances and
the bond angles are the same in both states. It is seen from
the integral of gBO�r� up to its first minimum at about 1.9 Å
that the coordination numbers for B and O atoms are 3 and 2,
respectively, which indicates that the triangular BO3 units
sharing corner O atoms are preserved in liquid B2O3.

C. Electronic density of states

Figure 4 shows the total electronic density of states
�DOS�, D�E�, and the angular momentum–dependent partial
DOS, D�

l �E�, for �-type atoms in liquid B2O3. Note that
D�E�=��c��lD�

l �E�, where c� is the number concentration
of �-type atoms. In D�E�, there are two segments below the
Fermi level �E=0� with the energy ranges of −24�
−18 eV and −12�−1 eV. The overall profile of D�E� in the
liquid state is similar to those in crystals9 although the latter
have spiky peaks as well as a gap at about −7 eV. It is clear
from DB

l �E� that the 2s and 2p states of B atoms hybridize
with each other within both segments. On the other hand,
almost no s-p hybridization occurs around O atoms. In the
lower-energy segment, the 2s electrons of O atoms interact
with both 2s and 2p orbitals of B atoms. Since the B-O
covalent bonds are retained in the liquid state as seen from
g���r�, we consider that, around each O atom, the 2p orbitals
form two �-type covalent bonds with neighboring B atoms
and one lone-pair �LP� nonbonding state. The large peak of
DO

2p�E� at about −4 eV originates from the LP states because
there is no corresponding peak in DB

l �E�. The shoulder in
DO

2p�E� at around −10 eV comes from the hybridized state
with the 2s and 2p orbitals of B atoms to form the �-type
covalent bonds.

D. Mean-square displacement

The mean-square displacements �MSDs� are shown in
Fig. 5, where the solid and dashed lines show MSDs for B

and O atoms, respectively. We see that both MSDs have
finite slopes, which clearly indicates that a liquid state is
reproduced by our simulation. It is found that O atoms dif-
fuse faster than B atoms for short time t�1 ps, the reason of
which is that the number of atoms bonded to one O atom is
smaller than that bonded to one B atom, and therefore O
atoms are more mobile in a short range. On the other hand,
the long-range diffusivities are almost the same for both at-
oms.

E. Mechanism of atomic diffusion

As seen in Secs. III A and III D, B atoms are mainly
coordinated to three O atoms, and almost all O atoms bridge
two adjacent B atoms as in the crystalline phase even though
atoms diffuse in the liquid state. It is obvious from the sharp
first peak of gBO�r� and the profile of D�

l �E� that the covalent
bonds between B and O atoms are preserved in liquid B2O3.
These results are in good agreement with the recent experi-
mental observations.3 However, it is unclear how B-O bonds
are exchanged with the diffusion of atoms in the liquid state
while retaining the covalent bonds. To clarify the mechanism
of atomic diffusion, we investigate the time evolution of
bonding nature by utilizing the population analysis.25,26 The
bond-overlap populations, which give a semiquantitative es-
timate of the strength of the covalentlike bonding between
atoms, are calculated as a function of time.

We find that one nonbridging O atom double bonded to a
twofold-coordinated B atom is always involved with atomic
diffusion accompanied by the B-O bond switching. A typical
example of the generation of a nonbridging oxygen is shown
in Fig. 6, where the time evolution of the bond-overlap popu-
lations associated with the B and O atoms of interest is dis-
played with snapshots of atomic configurations. In the
atomic configuration at 0.01 ps �the bottom panel of Fig. 6�,
all B and O atoms displayed are threefold- and twofold-
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coordinated, respectively, to heteroatoms, i.e., there is no
bond defect. As shown in the top panel of Fig. 6, OB2-O2�t�
begins to increase at about 0.04 ps, which means that a co-
valent bond is formed between B2 and O2. We can see this
new B2-O2 bond in the snapshot at 0.07 ps. Due to the
formation of the bond, both B2 and O2 are overcoordinated.
Since the overcoordination is energetically unstable, one of
the covalent bonds around the threefold-coordinated O2
atom is broken. It is seen that the bond-overlap population
between B1 and O2, OB1-O2�t�, becomes almost zero for t
	0.1 ps, and the covalent bond between these atoms disap-
pears in the snapshot at 0.13 ps. Note that B1 is coordinated
to only two oxygens, while B2 is still overcoordinated. Fi-
nally, the covalent bond between B2 and O1 is broken, as
OB2-O1�t� is almost zero for t	0.16 ps. While the threefold
coordination of B2 is recovered, O1 is coordinated to only
one boron B1, as displayed in the snapshot at 0.19 ps. In this
way, the nonbridging O atom �O1� is generated with the
twofold-coordinated B atom �B1�. We see that there is a
double bond between B1 and O1 because OB1-O1�t� has
higher values for t	0.16 ps after the breaking of the B2-O1
bond. It should be noted that this process takes place in the

participation of only two overcoordinated �one fourfold-
coordinated B and one threefold-coordinated O� atoms,
namely, only one BO4 unit.

After about 2 ps, the double bond between B1 and O1
disappears as shown in Fig. 7. First, the nonbridging O1
approaches B3 to form a new covalent bond between them.
We see that OB3-O1�t� gradually increases for t	2.01 ps as
shown in the top panel of Fig. 7 and that O1 is bonded to B3
in the atomic configuration at 2.08 ps. It is also seen that
OB1-O3�t� increases for t	2.07 ps, which means the forma-
tion of a covalent bond between B1 and O3 as displayed in
the snapshot at 2.11 ps. In this configuration, O1 and B1
have the proper coordination numbers, and instead B3 and
O3 are overcoordinated. As OB3-O3�t� becomes nearly zero at
about 2.12 ps, the B3-O3 bond is broken, and an atomic
configuration with no bond defect is finally obtained as dis-
played in the snapshot at 2.18 ps. In this process, two over-
coordinated atoms �B3 and O3� are created as in the forma-
tion process of the nonbridging O atoms.

Another important diffusion event accompanied by the
covalent-bond switching is shown in Fig. 8, where covalent
bonds are exchanged around the intermediate defect structure
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with the nonbridging O atom while keeping the double bond
between the undercoordinated O and B atoms �O1 and B1 in
the figure�. As seen in the top panel of Fig. 8, around B1
atom, initially OB1-O4�t� and OB1-O5�t� are almost zero and
finite, respectively, for t�0.05 ps, they cross each other at
about 0.11 ps, and finally OB1-O5�t� becomes almost zero,
while OB1-O4�t� is finite for t	0.14 ps. This means that a
covalent-bond exchange occurs around B1 atom: the cova-
lent bond between B1 and O5 is broken, and at almost the
same time a new bond is formed between B1 and O4 �see the
atomic configurations in the bottom panel of Fig. 8�. In the
same say, another covalent-bond exchange occurs around B4
atom: the B4-O4 bond is broken, and the B4-O5 bond is
formed, as seen from the time evolution of OB4-O4�t� and
OB4-O5�t�. Note that the coordination number of each atom is
unchanged before and after this event. Especially the double
bond between B1 and O1 is retained while switching the
covalent bonds, as OB1-O1�t� keeps high values. Since the
nonbridging oxygen �O1� is always away from any atoms, it
cannot be involved in these concerted bond exchanges.

IV. DISCUSSION

As displayed in Figs. 6 and 7, the B-O bonds are ex-
changed with the formation of the undercoordinated O and B
atoms �O1 and B1� in liquid B2O3. It seems to be possible
that the covalent bonds are exchanged without the formation
of such undercoordinated atoms as in the relaxation process
suggested for vitreous B2O3.5 It is, however, necessary to
generate two BO4 groups with sharing two O atoms, namely,
four overcoordinated atoms �two overcoordinated B and two
overcoordinated O�, in this concerted-relaxation process. The
energy necessary to create two BO4 groups is higher than
that for the formation process of the nonbridging O atoms,
which requires only one BO4 group as found in our simula-
tions. We consider that this is the reason why most of the
diffusion processes take place accompanied by the underco-
ordinated atoms in liquid B2O3.

The intermediate defect structures with the nonbridging O
atoms double bonded to twofold-coordinated B atoms are
energetically unstable. Therefore they are eventually recov-
ered as shown in Fig. 7. It should be mentioned that the
structure of liquid B2O3 is rather porous as in solids. Due to
the existence of wide void space, the nonbridging oxygens
cannot be bonded to other B atoms immediately after their
formation. So the nonbridging oxygens diffuse while keeping
the double bonds for a period of time, namely, 1.7 ps on
average, with the shortest time being 0.8 ps and the longest
being 4.3 ps.

Now, we discuss atomic diffusion in liquids with respect
to more general aspects of relaxation of local structures. It is
known that there exist “cage effects” in metallic27 and ionic28

liquids, i.e., atoms or collections of atoms, such as mol-
ecules, are surrounded with other atoms or molecules, and
exhibit oscillating motion in “cages” formed by the sur-
roundings. When a cage expands sufficiently due to thermal
fluctuation, the energy barrier for atoms to escape from the
cage becomes lower, and local structural rearrangement �lo-
cal relaxation� takes place with diffusion of atoms.29,30 This
picture holds for dense liquids in which atoms are densely
distributed and the cage around each atom is well defined.

In contrast to these dense liquids, liquid B2O3 has void
space around each atom. While the repulsive interaction is
important to trap atoms in the cage in dense liquids, the
covalent bonds play a vital role in capturing atoms in cova-
lent liquids. As was seen in Figs. 6–8, overcoordinated atoms
are always generated before atomic diffusion occurs because
bond weakening is necessary for the rearrangement of the
covalent bonds. Therefore, we can say that the overcoordi-
nation is indispensable for diffusion events in covalent liq-
uids. It is seen, from comparison with metallic and ionic
liquids described above, that atomic diffusion takes place in
different ways depending on the bonding properties of liq-
uids. However, both the cage expansion in dense liquids and
the overcoordination in covalent liquids are essentially fluc-
tuations of local density, which is defined as the number of
atoms in a given local volume. Hence, the local relaxation
accompanying the diffusion of atoms in any kind of liquid is
commonly understood in the sense that thermally induced
local-density fluctuations are always required for structural-
rearrangement events.
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Since the local-density fluctuations become larger at
higher temperatures, the number of diffusion events in-
creases in most liquids in response to an increase in tempera-
ture. In contrast, the effects of pressure are not simple. Al-
though the structural rearrangement is usually expected to be
suppressed in liquids under pressure, some covalent liquids
have a maximum in the pressure dependence of the
diffusivity.31 It can be imagined that bond weakening occurs
in covalent liquids under pressure due to an increase in the
coordination numbers, which suggests that atoms diffuse
more easily with increasing pressure. When the pressure is
further increased, the covalent nature will eventually be lost,
and the average coordination number will approach those of
dense liquids. The cage effects should be dominant even in
covalent liquids under such high pressures, and the diffusiv-
ity will decrease with pressure. It would be worthwhile to
confirm this scenario in liquid B2O3 by investigating the ef-
fects of pressure on the dynamic properties.

V. SUMMARY

The microscopic mechanism of atomic diffusion in liquid
B2O3 has been investigated by ab initio molecular dynamics
simulations. It has been confirmed that, even in the liquid

state, boron and oxygen atoms are predominantly threefold-
and twofold-coordinated, respectively, to heteroatoms with
single covalent bond, as in the crystalline and vitreous states.
We have found that there appears a nonbridging oxygen
double bonded to a twofold-coordinated boron whenever
atomic diffusion occurs accompanied by the covalent-bond
exchanges. The formation mechanism of such defect struc-
ture with the nonbridging oxygen has been discussed in de-
tail using the time evolution of the bond-overlap populations
between atoms. We have demonstrated that the covalent
bonds can be exchanged around the defect structures while
keeping the double bonds between the undercoordinated at-
oms before the bond defects are recovered.
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