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Molecular dynamics �MD� simulations were used to study structural transformations in glass
0.3Li2O-0.7B2O3 induced by high pressure up to 300 GPa. Pressure-induced coordination changes were found
to involve the gradual transformations of boron �3�B→ �4�B→ �5�B→ �6�B and the transformations �2�O→ �3�O
→ �4�O of oxygen, where superscripts in brackets indicate coordination numbers. Four different pressure zones
were distinguished by probing the relative population of boron and oxygen atoms in different coordination
states, and found to correspond to pressures below 5 GPa �I�, 5–15 GPa �II�, 15–80 GPa �III�, and 80–300 GPa
�IV�. The results of MD simulations are in good agreement with reported findings by inelastic x-ray scattering
for pressures up to 30 GPa attainable currently by experiment. More detailed structural information was
obtained by MD for zone III where the boron and oxygen coordination numbers were found constant at
B�O�=4 and O�B��2.35 in a broad pressure range. It was shown that the structure of glass in this zone is
consistent with the engagement of 91.5% of four-coordinated boron atoms, �4�B, in tricluster arrangements
where three �4�B atoms are corner sharing the same three-coordinated oxygen atom, �3�O, and have the overall
stoichiomertry of ��4�B3

�3�O2
�2�O3�−1. While this tricluster is the dominant structural element, the remaining

8.5% of �4�B atoms are found in tetrahedral borate units which involve nonbridging oxygen atoms �approxi-
mately 4.3%� as well as �3�O and �2�O oxygen atoms.

DOI: 10.1103/PhysRevB.82.054114 PACS number�s�: 61.43.Bn, 62.50.�p, 61.43.Fs

I. INTRODUCTION

Vitreous boron oxide, v-B2O3, together with v-SiO2 and
v-GeO2 constitute prototypical glass-forming systems. Be-
cause of their technological importance these glasses have
received broad attention both experimentally and theoreti-
cally, either in their pure state or when doped with metal
oxides to give more complex glasses. However, the great
majority of experiments have been conducted at atmospheric
pressure or on pressure-released glasses due to difficulties in
extending the available diffraction techniques to elevated
pressures, a problem arising mainly from the poor signal-to-
noise ratio at high pressures.1 In situ Raman, neutron, and
Brillouin scattering, as well as synchrotron x-ray techniques
applied to low atomic number oxide glasses, such as borates,
yield unambiguous results only at relatively low pressures
below about 10 GPa.2,3

High-pressure studies are of particular interest to geolo-
gists in their attempt to understand structural, thermody-
namic, and transport properties of magma in the earth’s in-
terior. In this context, structural studies at the microscopic
level would prove valuable. Compared to silicates, which
have received the lion’s share in the corresponding
literature,1,4–12 little is known about the behavior of borates
under the same conditions. In particular, while the majority
of related experimental13–18 and theoretical19–21 studies deal
with structural transformations of ex situ13,14 and in situ15–18

compressed B2O3 there are only two reports on experimental
investigation of the structure of compressed binary borate
glasses.2,3 The in situ experimental study of coordination
number changes in v-B2O3 �Ref. 18� at pressures up to 30
GPa, as well as in Li-diborate2 and Na-diborate3 glasses,
became possible due to application of the so-called synchro-
tron inelastic x-ray scattering technique.

In the following, we present briefly similarities and differ-
ences in the densification mechanism of the three archetypi-
cal glasses mentioned above. The chemically and structurally
equivalent v-SiO2 and v-GeO2 consist at atmospheric pres-
sure of a continuous random network of SiO4 and GeO4
tetrahedra which are linked by corner-shared oxygen atoms.
As a consequence, silica and germania glasses share several
properties. When pressure is applied above a certain thresh-
old the network-forming Si and Ge ions experience a gradual
coordination change from fourfold to fivefold and to sixfold,
with the notion that fivefold-coordinated oxygen atoms have
not been observed experimentally, but this conversion is not
retained in the decompressed glass which returns eventually
to its original fourfold coordination.4–7,9,11,22–26 Nevertheless,
after a compression-decompression cycle the glass is found
in a permanently densified state, up to 20% in silica and to a
maximum of �17% in germania,27 provided that the pres-
sure from where the glass is decompressed is above a certain
threshold value. The threshold pressure for permanent densi-
fication amounts to �10–12 GPa for silica6,11 and to
�5 GPa for germania,22,23 indicating an increased sensitiv-
ity of the latter glass to pressure.

In contrast to silica and germania, v-B2O3 at ambient tem-
perature and pressure consists of a random network of planar
triangular BO3 units and boroxol rings, the fraction of which
is still a matter of debate, see Refs. 21 and 28. Although from
the structural point of view borates belong to a different fam-
ily of glasses, their overall response to pressure is not very
different from that of silicates and germanates. For example,
upon compression above a threshold value of �5 GPa and
subsequent decompression borate glasses show residual
densification,16,19 with a densification ratio varying from 6%
to 11% depending on the conditions of treatment20 according
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to result from simulations. The densified glass is character-
ized by the breakup of boroxol rings and the buckling of
“ribbons” formed by BO3 triangles.19 However, no changes
in the boron coordination sphere and in the short-range order
structure have been observed in densified v-B2O3. Above the
threshold pressure of �5 GPa threefold-coordinated boron
atoms transform gradually into fourfold ones,2,3,18 and the
characteristic boroxol rings are destructed completely at
pressures greater than �14 GPa, as shown in ex situ14 and in
situ15 experiments and in simulations.19 Simulations show
also that at pressures exceeding 150 GPa polyhedra BO5 and
BO6 start to form in increasing proportions.19

The threefold to fourfold transformation of boron atoms
can be induced also by chemical routes besides pressure.
This includes the addition of network-modifying metal ox-
ides to vitreous B2O3 even at ambient pressure. For example,
the mole fraction of fourfold-coordinated boron atoms in
lithium-borate glasses xLi2O− �1−x�B2O3 would be x / �1
−x� if creation of fourfold-coordinated boron atoms is the
only structure transformation mechanism �x is the mole frac-
tion of Li2O�. However, addition of modifier metal oxides to
B2O3 could lead also to formation of nonbridging oxygen
atoms �NBOs� through breaking of B-O-B linkages. At am-
bient conditions, NBOs are bonded to triangular borate units
and contribute to the depolymerization of the borate network.
The degree of threefold to fourfold transformation of B at-
oms and, thus, the amount of NBO formation depend highly
on the type and molar fraction of the modifier metal oxide.29

In this context, it is of interest to study the compression
behavior of a binary borate glass which, in contrast to
v-B2O3, involves already a proportion of fourfold-
coordinated boron atoms.

Recently, Lee et al.2 performed in situ synchrotron inelas-
tic x-ray scattering studies on Li-diborate glass,
0.33Li2O-0.67B2O3, with pressure spanning the range from
ambient to 30 GPa. This experiment revealed three distinct
zones corresponding to different densification mechanisms.
For pressures less than about 5 GPa the decrease in the frac-
tion of threefold-coordinated boron atoms, �3�B, was small
�approximately 15%� whereas �3�B was found to decrease
rapidly in the region 5–12 GPa. For pressures exceeding 15
GPa the rate of structural transformation was significantly
reduced as almost all boron atoms had acquired the fourfold
coordination. In a similar study of Na-diborate glass Lee et
al.3 found that �3�B decreases almost linearly for pressures up
to 25 GPa, a behavior that contrasts the nonlinear transfor-
mation exhibited by Li-diborate glass.2 Thus, it was sug-
gested that the different transformation behaviors of Li- and
Na-diborate glasses arise from differences in cation field
strength and that the nature of the charge-balancing cation
affects the stability of the borate topology at high pressure.3

We have studied by molecular dynamics �MD� at ambient
pressure the structure of alkali borate glasses of composition
0.3��1−x�Li2O−xM2O�−0.7B2O3, M =Na, Cs, and 0�x
�1, and were able to reveal the effect of the charge-
balancing alkali cations on the local borate structure of both
single and mixed alkali glasses.30,31 The present work pre-
sents a molecular dynamics study of the binary glass
0.3Li2O-0.7B2O3 from ambient to 300 GPa, this range of
pressures exceeding greatly those accessible currently by

experiment.2,3 The purpose of this work is to investigate at
the microscopic level the densification mechanism of Li-
borate glasses and to contribute toward a better understand-
ing of pressure-induced transformation phenomena in the
poorly investigated binary borate glasses.

II. COMPUTATIONAL DETAILS

As in our previous molecular dynamics studies of single30

and mixed alkali borate glasses,31 we employed here a Born-
Mayer-Huggins type of potential with three-body harmonic
interactions for the O-B-O angles, which was fitted to experi-
mental radial distribution functions and to infrared and Ra-
man spectra at ambient conditions.32 Molecular dynamics
simulations were carried out with the help of the DLPOLY

program33 at the NVT ensemble at T=300 K. Integration
time was set to 1fs and the relaxation time in the Berendsen
thermostat was 0.01 ps for the stabilization of temperature at
high pressures.

We used an ensemble of 1020 particles, from which 556
were oxygen atoms, 324 boron atoms, and 140 Li ions. The
initial box size was set at L=21.494 Å corresponding to the
experimental density of 2.235 g /cm3,34 whereas the initial
configuration was taken after heating the system at 5000 K
and then letting it cool in five consecutive cycles until room
temperature was reached. At each cycle the system was
equilibrated for a few picoseconds, except at the last cycle
where aging was for a much longer time of 3 ns. Properties
where gathered for the next nanosecond. The last configura-
tion of each run served as the starting configuration for the
next run at a higher density, corresponding to a higher pres-
sure. Again, aging was for 3 ns and properties where col-
lected for the next 1 ns. In total, we performed 12 different
calculations for pressures up to about 300 GPa namely, at
P=3.9, 4.7, 7.24, 10.15, 15.8, 24.7, 34.9, 56.5, 81.4, 119.5,
168.3, and 318.7 GPa, which correspond to densities 2.235,
2.298, 2.433, 2.578, 2.772, 2.991, 3.183, 3.503, 3.803, 4.13,
4.514, and 5.414 g /cm3.

It is noted that the glass resulting from the model potential
at the experimental density is not at atmospheric pressure.
This is a known artifact in several model potentials, leading
to calculated density deviating from the experimental one.
Thus, when the structure of the studied glass
0.3Li2O-0.7B2O3 is that of the glass under atmospheric pres-
sure the calculated pressure is 3.9 GPa instead of ambient. To
account for this effect we have shifted the calculated pres-
sure values by 3.9 GPa. Thereafter we denote the shifted
pressure by P.

III. RESULTS AND DISCUSSION

A. Short- and medium-range order structures

The relative population of three-coordinated boron atoms,
�3�B, has been calculated as usually30,31 from the correspond-
ing B-O radial distribution functions �RDFs�. The results are
shown in Fig. 1 as a function of the shifted pressure P and
they are also compared with the experimental data reported
for Li-diborate glass.2 Taking into account the experimental
error in Fig. 2 of Ref. 2, we suggest that the present MD
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results are in very good agreement with experiment. The
systematic upward shift of the calculated curve with respect
to experiment can be well justified in terms of the Li2O mole
fraction which is x=0.30 for the present study and x=0.33
for the experimental investigation.2 Thus, the theoretical
fraction of threefold-coordinated boron atoms at atmospheric
pressure, �3�B=1− �x /1−x�, would be 0.57 for the present
study and 0.51 for the experimental glass, which is well con-
sistent with the trend observed in Fig. 1.

The calculated �3�B fraction displays a pressure depen-
dence which is nearly the same as that observed in experi-
ment �Fig. 1�; it shows a small reduction at pressures below
5 GPa �zone I�, a fast decrease in the 5–15 GPa range �zone
II�, and a slow variation for higher pressures �zone III�. We
note that the computed zone I was rather limited compared to
experiment and restricted to pressures P below 1 GPa. Also,
none of the variations in �3�B was found to be so abrupt as to
signify the onset of a first-order-like structural transition as it
occurs, for example, in crystals.

Besides the in situ inelastic x-ray scattering results2 and
the present MD simulations, fluorescence lifetime measure-
ments at room temperature and high pressures on Eu3+-doped
0.67Li2O-0.33B2O3 glass show also the existence of three
distinct pressure zones up to 30 GPa.35 Namely, the fluores-
cence lifetime changes only marginally up to �5 GPa, then
it decreases rapidly from �5 to �15 GPa and from
�15 GPa and beyond it varies very slowly. This result was
attributed to pressure-induced structural changes in the bo-
rate network.35

In the following, we analyze in detail the underlying
structural transformations not only in the experimental pres-
sure range but also at much higher pressures investigated by
MD, i.e., from �30 to �300 GPa. Our calculations show
that the pressure regime above 80 GPa, denoted thereafter as
zone IV, marks the onset of new kind of structural transfor-
mations.

The B�O� and O�B� coordination numbers are displayed
in Fig. 2 where, apart from zone I which is very narrow,
zones II, III, and IV are easily distinguishable. Zone II mani-
fests the �3�B to �4�B transformation of B atoms and displays
the largest gradient for both B�O� and O�B� coordination
numbers. It is well known that boron coordinates with oxy-
gen to form stable triangular and tetrahedral borate units, the
latter having smaller effective volume than the triangular bo-
rate unit.36 The same effect was observed in simulations of
compressed silicates and germanates where pressure induces
the transformation of fourfold Si and Ge atoms to fivefold
and sixfold ones.

Figure 2 shows that zone III does not die out at 30 GPa,
which was the highest pressure attainable by experiment, but
it extends to approximately 80 GPa. The B�O� coordination
number remains constant at B�O��4 in a broad plateau re-
gion from �15 to �80 GPa �Fig. 2�a��, indicating the ab-
sence of major structural transformations. The same applies
to O�B� in zone III which varies from 2.28 to 2.35, implying
a borate structure with approximately one third of its oxygen
atoms being coordinated to three boron tetrahedral units. Tri-
ply bonded oxygen to three tetrahedral units, known as tri-
cluster oxygen ��3�O�, was first observed in the high-pressure
form of crystalline boron oxide, B2O3 II,37 and more recently
in B2O3 glass and crystal at high pressures.13,19–21 Inspection
of Fig. 2 shows that tricluster-type structural arrangements
should appear also in zone II of glass 0.3Li2O-0.7B2O3 al-
though to a lesser extent than in zone III.

For pressures above approximately 80 GPa �zone IV� the
slope of the curves in Fig. 2 start rising again manifesting the
formation of structures which, for energetic reasons, are not
stable at lower pressures. Thus, Fig. 2�a� shows that boron
atoms with fivefold and sixfold coordination are created in
zone IV with their population increasing with pressure. For
instance, our calculation shows that five-coordinated B at-

FIG. 1. Effect of pressure on the fraction of three-coordinated
boron atoms, �3�B, as obtained by MD simulations for glass
0.3Li2O-0.7B2O3 �triangles� and by inelastic x-ray scattering �Ref.
2� for Li-diborate glass �squares�. Dashed lines are guides to the eye
to mark different pressures zones �I, II, and III�.

FIG. 2. Pressure dependence of the boron, B�O�, and oxygen,
O�B�, coordination numbers for glass 0.3Li2O-0.7B2O3. Dashed
lines are guides to the eye to mark different pressures zones.
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oms represent 6% of all B atoms at 77.5 GPa, this value
increasing to 26% at 164.4 GPa and to 45% at 315 GPa.
Similarly, six-coordinated boron represents 3% of the total B
population at 164.4 GPa and almost 50% at 315 GPa. Also,
the population of threefold-coordinated O atoms in zone IV
increases steadily at the expense of two-coordinated O atoms
�Fig. 2�b��. In the following, we will extend further our struc-
tural analysis for glasses pressurized in zones II and III.

At atmospheric pressure oxygen is present in glass
0.3Li2O-0.7B2O3 mainly in twofold coordination, �2�O, with
a small proportion �approximately 8% in this work� of O
atoms being NBOs, �1�O, i.e., bonded to one B atom in borate
triangles. The population of O atoms in the three coordina-
tion states, �1�O, �2�O, and �3�O, is shown in Fig. 3 as a func-
tion of pressure. Oxygen in fourfold coordination, �4�O, was
found in small amounts only in zone IV, and it requires pres-
sures as high as 300 GPa to reach a significant fraction
�27%�. For pressures lower than 80 GPa the �2�O and �3�O
fractions evolve in a complementary fashion while the NBO
fraction tends to decrease with increasing pressure �Fig. 3�.
NBOs in zone III are located on boron tetrahedral units and
represent about 4% of the entire oxygen population, this
fraction reducing to 2% at P=315 GPa. For this reason, we
suggest that the role of NBOs in glass restructuring in zones
III and IV is negligible. In zone II NBOs are consumed for
the transformation of threefold B atoms to fourfold ones.

A key feature of Fig. 3 is that at the high-pressure side of
zone III the ratio of oxygen populations in bonding states
�2�O and �3�O is found to be �2�O / �3�O=1.5, i.e., for every
three �2�O atoms there are two �3�O atoms. We will explore
further this important finding in Sec. III C.

The �2�O and �3�O populations can be examined in more
details according to the structural configuration of the neigh-
boring boron atoms. For example, an �2�O atom can be coor-

dinated to two borate triangles, to two tetrahedra, or to one
triangle and one tetrahedron. A similar situation applies to
�3�O atoms for which the possible bonding combinations are
four. The percentage populations of the resultant configura-
tions are shown in Fig. 4, where the first number in the
notation gives the coordination state of the O atom under
consideration and the following two or three numbers give
the coordination state of the first neighbor B atoms. For in-
stance, notation �3.344� refers to a threefold-coordinated O
atom which is bonded to one three-coordinated and to two
four-coordinated B atoms.

As shown in Fig. 4 the most abundant configuration at
atmospheric pressure is the �2.34� one because of the almost
equal populations of triangular and tetrahedral borate units
�Fig. 1�. The next important configuration is the �2.33� fol-
lowed by �2.44�. This ordering changes rapidly in zone II
and the dominant configurations in the plateau region �zone
III� are the �2.44� and �3.444� ones. This result is consistent
with the almost complete disappearance of three-coordinated
boron atoms in zone III �Fig. 2�a��. Thus, the remaining
�2.34� and �3.344� configurations represent only 2–4 % of
the total O population in the high-pressure end of zone III.

Up to this point we have considered the response of glass
to pressure by examining the transformation of short-range
order structural units and their interconnectivity. We focus
now on bond angle and bond length variations in zones II
and III starting with the effect of pressure on the O-�3�B-O
and O-�4�B-O angle distributions �Fig. 5�. The O-�3�B-O dis-
tribution in Fig. 5�a� shows that the borate triangles remain
intact in zone II, whereas they experience a significant angu-
lar contraction by approximately 5° in zone III leading to
distortion of their planarity. We recall that the �3�B population
in zone III is very small �Fig. 1� due to the almost complete
transformation of triangular units into borate tetrahedral. Re-

FIG. 3. Pressure dependence of the relative population of oxy-
gen atoms in the three coordination states; nonbridging ��1�O�, two-
fold coordination ��2�O�, and threefold coordination ��3�O� for glass
0.3Li2O-0.7B2O3.

FIG. 4. Pressure dependence of the relative population of �2�O
and �3�O oxygen atoms bonded to �3�B and/or �4�B boron atoms for
glass 0.3Li2O-0.7B2O3. The first number in the notation �see inset�
gives the coordination state of O and the following two or three
numbers give the coordination of the first neighbor B atoms.
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garding the O-�4�B-O distribution, Fig. 5�b� shows that pres-
sure causes a progressive but insignificant contraction of the
tetrahedral angles except at the edge of zone III, where the
departure from a regular tetrahedron is about 2°. In addition,
the O-�4�B-O distribution in zone III broadens considerably
relative to that in zone II. Nevertheless, the angles of the
borate tetrahedral units remain rather uncompressed despite
the considerable pressure applied to glass in zone III and
they continue to remain so even at higher pressures in zone
IV �not shown here�.

Compared to O-B-O the B-O-B angle distribution is much
more sensitive to pressure as observed in Fig. 6. At atmo-
spheric pressure the B-O-B distribution peaks at 145°,
whereas as a larger population of oxygen atoms becomes
threefold coordinated with pressure increase, the B-O-B dis-
tribution shifts and centers around 120°, in accordance with
the appearance of structural arrangements around tricluster
�3�O atoms. However, the B-O-B distribution remains consid-
erably broader compared to O-�4�B-O. Therefore, tricluster
formation and broad angular distributions present aspects of
the glass response to increasing pressure in zone III.

The calculated radial distribution functions for B-O bond
lengths in triangular, �3�B-O, and tetrahedral units, �4�B-O,
are presented Fig. 7 and verify the expected bond contraction
with pressure. However, bond lengths start to be affected
only for pressures at the onset of zone III. At lower pres-
sures, the transformation of triangular to tetrahedral units
takes place without any significant geometrical distortion ei-
ther in angles �Fig. 5� or in bond lengths �Fig. 7�. For pres-
sures up to 77.5 GPa the B-O length contraction in tetrahe-
dral units is about 0.05 Å, i.e., from 1.429 to 1.377 Å while

B-O decreases to a smaller extent in borate triangles �about
0.025 Å, from 1.340 Å to 1.315 Å�.

While Fig. 7�b� presents the effect of pressure on the
overall �4�B-O bonding one can now distinguish between
�4�B-�2�O and �4�B-�3�O bonds where fourfold B atoms are
bonded to twofold and threefold O atoms, respectively. Fig-
ure 8 shows that pressure has opposite effects on the
�4�B-�2�O and �4�B-�3�O bonds; the first contracting �Fig. 8�a��
and the second expanding �Fig. 8�b�� at higher pressures.

FIG. 5. Effect of pressure on the O-�3�B-O and O-�4�B-O angle
distributions for glass 0.3Li2O-0.7B2O3. Pressures from top to bot-
tom in frame �a� are 0, 0.85, 3.4, 6.8, 12, 20.9, and 31 and in frame
�b� 0, 0.85, 3.4, 6.8, 12, 20.9, 31, 52.6, and 77.5 GPa.

FIG. 6. Effect of pressure on the B-O-B angle distribution for
glass 0.3Li2O-0.7B2O3. Pressures from bottomup are at 0, 0.85, 3.4,
6.8, 12, 20.9, 31, 52.6, and 77.5 GPa.

FIG. 7. Radial distribution functions for B-O bonds in triangular
��3�B-O� and tetrahedral ��4�B-O� borate units as a function of pres-
sure for glass 0.3Li2O-0.7B2O3. Pressures from top to bottom are in
frame �a� at 0, 3.4, 6.8, 12, 20.9, and 31 GPa, and in frame �b� at 0,
3.4, 6.8, 12, 20.9, 31, 52.6, and 77.5 GPa.
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This finding for Li-borate glass is in agreement with obser-
vations made on borate systems having tricluster configura-
tions in their structure. For example, in the high-pressure
form of crystalline boron oxide �B2O3 II� the borate tetrahe-
dral units are highly distorted with three long B-O distances
of 1.506, 1.507, and 1.512 Å and a shorter B-O distance of
1.373 Å.37 The oxygen atoms associated with the former
distances are coordinated by three boron atoms, �3�O,
whereas the oxygen in the short B-O bond is twofold coor-
dinated by boron atoms, �2�O.

B. Li-ion environments

Rather than presenting an overall Li-O RDF, we prefer to
calculate separate radial distribution functions for Li cations
coordinated to �2�O and �3�O oxygen atoms. The correspond-
ing RDFs are shown in Fig. 9 for four different pressures,
two of which correspond to zone II �Figs. 9�a� and 9�b�� and
two to zone III �Figs. 9�c� and 9�d��. Irrespective of the ap-
plied pressure, two distinctly different behaviors are ob-
served depending on whether Li cations are coordinated to
�2�O or to �3�O oxygen atoms. In the first case the Li ions
occupy well-defined sites, as inferred from the sharp and
well structured first shell in the corresponding RDF, whereas
when Li is close to �3�O in a tricluster unit the first shell
structure is almost completely destroyed. This effect could be
related to the greater delocalization of charge around the �3�O
tricluster oxygen, leading to weaker electrostatic interactions
between Li cations and �3�O oxygen atoms.

C. Tricluster structures in Li-borate glass under high pressure

As presented above, the short-range order structure of
glass 0.3Li2O-0.7B2O3 in the high-pressure side of zone III

is characterized by B�O�=4 and O�B�=2.35 �Fig. 2�. The
average oxygen coordination value of 2.35 arises from the
fact that oxygen is present in the three coordination states
shown in Fig. 3; threefold, �3�O, twofold, �2�O, and NBO,
�1�O. Therefore, the key element of this borate structure
should be tricluster-type arrangements where three tetrahe-
dral boron atoms, �4�B, are bonded to the same oxygen atom,
�3�O. Such triclusters should constitute the major part of glass
structure and coexist with minor structural elements where
NBOs are bonded to �4�B atoms. The overall glass structure
in the high-pressure end of zone III should be consistent with
the MD findings in Figs. 2 and 3, O�B�=2.35, �2�O/�3�O
=1.5, and �1�O�4.3%, and it should respect the composition
of the simulated glass, i.e., 0.3Li2O-0.7B2O3.

The presence of tricluster arrangements at high pressures
has been suggested for Li-diborate and Na-diborate glasses
by the inelastic x-ray scattering studies of Lee et al.2,3 These
studies have focused on the pressure-induced coordination
transformation of boron but no structure was suggested for
the triclusters formed at high pressures. In this context, it is
challenging to employ here the MD results and explore the
tricluster structures formed in glass 0.3Li2O-0.7B2O3 at the
end of zone III.

As a guide to our approach we consider first the high-
pressure form of crystalline boron oxide �B2O3 II� formed by
quenching powdered B2O3 from 6.5 GPa and 1200 °C.37

The structure of B2O3 II was found to consists of corner-
linked BO4 tetrahedra having three B-�3�O bonds and one
B-�2�O bond, where in the overall structure two thirds of
oxygen atoms are �3�O and one third �2�O.37 Three borate
tetrahedra bonded to the same �3�O oxygen give the tricluster
arrangement of B2O3 II shown schematically in Fig. 10�a�. It
can be easily verified that this tricluster corresponds to neu-
tral B2O3 as it should.

Tricluster arrangements have been found also in metal-
borate crystals where they increase the borate network con-
nectivity and serve as charge compensation and compression
mechanisms. Examples are the PbO·2B2O3 crystal prepared
at atmospheric pressure,38 and the �-ZnB4O7 crystal synthe-
sized under high-pressure and high-temperature conditions.39

FIG. 8. Radial distribution functions for �4�B-�2�O and �4�B-�3�O
bonds as a function of pressure for glass 0.3Li2O-0.7B2O3. Pres-
sures from bottomup are in frame �a� at 0, 3.4, 6.8, 12, 20.9, 31,
52.6, and 77.5 GPa, and in frame �b� at 6.8, 12, 20.9, 31, and 52.6
GPa.

FIG. 9. Effect of pressure on the Li-O radial distribution func-
tions for Li ions coordinated to �2�O �n=2� and �3�O �n=3� oxygen
atoms for glass 0.3Li2O-0.7B2O3.
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The common characteristics of these crystals is that all bo-
rons are tetrahedrally coordinated in a three-dimensional net-
work formed by �2�O and �3�O oxygen with the boron and
oxygen atoms linked in complex ring structures. For ex-
ample, the fundamental building block of �-ZnB4O7 in-
volves eight BO4 tetrahedra which form a six-membered ring
linked to two three-membered rings. Each of these three-
membered rings has two BO4 tetrahedra in common with the
six-membered ring. However, it is highly unlike that such
well-defined structures in crystals are present at high pres-
sures in glass 0.3Li2O-0.7B2O3.

Returning to the tricluster of B2O3 II in Fig. 10�a� we note
that it can be written as ��4�B3

�3�O3
�2�O3/2�0 which results in

O�B�=2.67 and �2�O / �3�O=0.5. The characteristic tricluster
for Li-borate glass should be negatively charged because of
the presence of Li cations, and it should be consistent with
the present MD results. Gradual modification of tricluster,
Fig. 10�a�, by increasing the number of �2�O atoms leads to
the tricluster shown in Fig. 10�b� which satisfies exactly the
MD result �2�O / �3�O=1.5. It is easily realized that tricluster,
Fig. 10�b�, correspond to ��4�B3

�3�O2
�2�O3�−1 and gives

O�B�=2.40, which is very close to O�B�=2.35 found by
MD. It is noted, however, that tricluster, Fig. 10�b�, has no
NBOs and its stoichiometry �B3O5�−1 deviates from that of
the average borate anion representing the simulated glass,
i.e., �B2.33O4�−1.01. In light of these facts we suggest that
tricluster, Fig. 10�b�, should coexists with borate tetrahedra
having NBOs as well as �3�O and �2�O atoms. The latter units
should be present at relatively small contents because of the

small fraction of NBOs found by simulation �approximately
4.3%�. To allow for a variable number of �3�O and �2�O atoms
in borate tetrahedra with NBOs we propose the units shown
in Figs. 10�c� and 10�d� with stoichiometry

��4�B1
�3�O1/3

�2�O1
�1�O1�−1.67

and

��4�B1
�3�O2/3

�2�O1/2
�1�O1�−1.34,

respectively. We consider now whether the coexistence of
tricluster, Fig. 10�b�, with borate tetrahedra, Figs. 10�c� and
10�d�, is consistent with the present MD results.

Let us assume that the simulated ensemble of glass
0.3Li2O-0.7B2O3, which consists of 556 O atoms, 324 B
atoms, and 140 Li ions, contains at high-pressures x triclus-
ters, Fig. 10�b�, y tetrahedra, Fig. 10�c�, and z tetrahedra, Fig.
10�d�. Then, it is straightforward to write the following equa-
tions:

�2�O/�3�O ratio �3x + y + �1/2�z�/�2x + �1/3�y + �2/3�z�

= 1.5, �1�

B content, 3x + y + z = 324, �2�

Li content, x + 1.67y + 1.34z = 140, �3�

O content, 5x + 2.33y + 2.17z = 556. �4�

Solving the system of Eqs. �1�–�3� gives x=98.86, y=13.71,
and z=13.71; this solution satisfies also Eq. �4�. Therefore,
the high-pressure structure of glass 0.3Li2O-0.7B2O3 in zone
III can be described in terms of interconnected BO4 tetrahe-
dra of which 91.5% participate in triclusters, Fig. 10�b�, and
8.5% form tetrahedra, Figs. 10�c� and 10�d�. It can be veri-
fied easily that this structural combination gives 4.9% NBOs
and corresponds to an average oxygen coordination number
of O�B�=2.33, both results being in good agreement with
those found by simulation.

It would be of interest to know whether a tricluster of the
type ��4�B3

�3�O2
�2�O3�−1, Fig. 10�b�, could reflect a high-

pressure and high-density ��3.5–3.8 g /cm3� phase of Li-
diborate crystal, where the densities in parentheses corre-
spond to pressure values at the end of zone III. However,
high-pressure Raman spectroscopy showed that this crystal
transforms to an amorphous phase for pressures greater than
17 GPa.40 In addition, the structure of this amorphous phase
was found different from that of the normal Li-diborate
glass.

The experimental findings of Refs. 2 and 3 showed simi-
larities in the densification mechanisms of v-B2O3 and Li-
diborate glass, both glasses exhibiting considerable differ-
ences when compared to the densification of Na-diborate
glass. To search for the origin of these effects we intend to
extend our calculations to borate glasses with differences in
the NBO content and in the field strength of the modifying
metal ion. Suitable glasses for such investigation are Li me-
taborate and Na diborate, respectively.

FIG. 10. Schematic presentation of tricluster arrangements for
�a� the high-pressure form B2O3 II of crystalline boron oxide �Ref.
37� and �b� the 0.3Li2O-0.7B2O3 glass at the high-pressure side of
zone III. Tricluster �b� coexists with borate tetrahedra ��c� and �d��
having nonbridging oxygen atoms for consistency with the results
of molecular dynamics and the glass composition. Oxygen atoms
are presented in schematics with one, two, or three bonds with
boron to indicate oxygen in the nonbridging ��1�O�, twofold ��2�O�,
and threefold ��3�O� coordination, respectively.
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IV. CONCLUSIONS

In the present work we performed a detailed MD calcula-
tion concerning the effect of pressure on the structure of
glass 0.3Li2O-0.7B2O3 at room temperature. We explored
pressures spanning the wide range from 1 atm up to about
300 GPa and analyzed the evolution of both short- and the
medium-range order structures in this glass system.

The structural transformations revealed by simulation
were found in good agreement with the reported experimen-
tal results of Lee et al.2 for pressures up to 30 GPa. We have
distinguished three different structural zones as in the experi-
ment with the addition of a fourth zone which is not acces-
sible experimentally as it extends from �80 to �300 GPa.
The first zone, which in the experiment extends from ambi-
ent to about 5 GPa, marks the onset of minor structural
changes and appears quite narrow in our calculation. This
originates probably from deficiencies of the employed poten-
tial model which produces more densely packed glasses.

The second zone extends from 5 to 15 GPa and corre-
sponds to the rapid conversion of triangular to tetrahedral
borate units ��3�B→ �4�B�, together with the coordination
transformation of twofold to threefold oxygen ��2�O→ �3�O�.
Zone III includes the wide range of pressures from 15 GPa to
about 80 GPa and is characterized by a plateau where both
boron and oxygen coordination numbers remain constant at

B�O�=4 and O�B��2.35. Simulations in zone III showed
also that twofold and threefold oxygen atoms are present in
the relative proportion �2�O / �3�O=1.5 and coexist with ap-
proximately 4.3% nonbridging oxygen atoms, NBOs. Be-
sides the short-range structure, it was possible to determine
medium-range order configurations in zone III with the over-
all structure being consistent with the glass composition and
the simulation results. It was found in zone III that the borate
network consists only of tetrahedral boron units with 91.5%
of the �4�B boron atoms being engaged in tricluster arrange-
ments of the type ��4�B3

�3�O2
�2�O3�−1 �see Fig. 10�b��. Be-

sides this dominant structure, tetrahedral borate units with
NBOs are also present and account for the remaining 8.5%
of �4�B atoms �see Figs. 10�c� and 10�d��. At the highest-
pressure zone investigated here, zone IV from 80 to 300
GPa, it was found that fourfold boron atoms transform to
fivefold and sixfold boron and threefold oxygen atoms to
fourfold ones.
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