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Fraction of boroxol rings in vitreous boron trioxide

J. Swenson* and L. Börjesson
Department of Applied Physics, Chalmers University of Technology, S-412 96 Go¨teborg, Sweden

~Received 3 December 1996!

The structure of vitreous boron trioxide (B2O3) has been investigated by reverse Monte Carlo modeling
using reported neutron and x-ray diffraction data. Structural models with different amounts of borons in
boroxol rings were created using coordination and bonding constraints. The structure factors and the corre-
sponding pair correlation functions of the models are generally in good agreement with the experimental
neutron and x-ray data. However, the models containing large amounts of boroxol rings show significantly
larger deviations from the experimental data than those with small fractions. Furthermore, features of the bond
angle and dihedral angle distributions as well as visual inspection of the boroxol-rich models show that most
of the rings in these models are seriously distorted from planarity. It is evident that it is not possible to
reproduce the experimental neutron structure factor with a high fraction (.30%) of borons in planar boroxol
rings. Rather, the results indicate that the structure of vitreous B2O3 contains less than 20% borons in boroxol
rings. @S0163-1829~97!14517-9#
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I. INTRODUCTION

Vitreous boron trioxide (B2O3) is a classical glass
forming material and a typical example of a covalen
bonded network glass. B2O3 is also a key component in
many kinds of commercial glasses. During recent ye
B2O3 has attracted considerable interest as the host g
forming material in various fast-ion-conducting glasses.1–8

The structure of vitreous B2O3 has been a much debate
issue for many years. Although it is generally accepted t
the molecular building block of vitreous B2O3 is the planar
BO3 group, the manner in which the BO3 triangles are con-
nected has long been a matter of controversy.9–27 The most
widely accepted model for the structure of vitreous B2O3 was
for many years a random network of corner-linked triang
as suggested by Zachariasen.9 Later, Krogh-Moe combined
the results of many spectroscopic investigations and cam
the conclusion that the BO3 triangles prefer to form plana
B3O6 rings ~see Fig. 1!,10 which are connected in a rando
network structure. Other experimental observations
B2O3, such as the sharp Raman vibrational mode
808 cm21,11 and specific features in the nuclear magne
resonance12 ~NMR! and nuclear quadrupole resonance13

~NQR! spectra, have given support to this model. The s
gestion that the Raman vibrational mode at 808 cm21 is due
to the ‘‘breathing’’ motion of oxygens in decoupled borox
rings11 has been supported by calculated vibrational spe
for Bethe lattices of boroxol rings.14,15Thus experiments and
calculations indicate the presence of boroxol rings in
structure, although the exact ring fraction has been diffic
to estimate.

Several structural investigations using diffraction tec
niques have supported the idea that the structure of vitre
B2O3 is built up predominantly by planar B3O6 rings.

16–18

However, other interpretations of diffraction data have co
to different conclusions.19–26 The radial distribution func-
tions for simple models containing a mixture of borox
550163-1829/97/55~17!/11138~6!/$10.00
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rings and BO3 triangles with a variable fraction of boro
atoms in boroxol rings were computed by Johnsonet al.16

and later by Hannonet al.17 In the work of Johnsonet al. the
results of the models were compared with the experime
real-space correlation functionT(r ) obtained from neutron
diffraction in the range of 0–3 Å. The best agreement w
obtained for a model containing 60% of the boron atoms
boroxol rings. In the later work Hannonet al. computed the
structure factors for models with variable fractions of rin
and they were compared to the experimental one. In
case, the best agreement was obtained for a model conta
80% boroxol rings. However, the comparison was only ma
for local models; there was no requirement to fulfill the e
perimental density, and only the restrictedQ range
5–24 Å21 was used in the comparison. Thus these two

FIG. 1. Schematic illustration of a planar boroxol ring (B3O6)
with approximate interatomic distances given in angstroms. N
that all the interatomic distances can equally well be obtained
two BO3 triangles connected in a planar configuration.
11 138 © 1997 The American Physical Society
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55 11 139FRACTION OF BOROXOL RINGS IN VITREOUS BORON . . .
vestigations have considered only the relatively short-ra
order of B2O3 and have not taken into account intermedia
and longer-range structural correlations.

Results in favor of non-boroxol-ring models have main
been obtained from computer simulations, especially us
the molecular dynamics~MD! technique. These simulation
have produced structures without boroxol rings. However
least the earlier results have been much questioned, ma
because of the unrealistic bond angle distribution and
inability to reproduce experimental dynamical results and
measured density. It should be noted that recentab initioMD
simulations23,24and ordinary MD simulations using three- o
four-body potentials25,26 overcome most of these problem
without introducing any appreciable amount of borox
rings.

The aim of this study is to investigate the structure
vitreous B2O3 and in particular to test the boroxol ring mod
using available diffraction data. We apply the reverse Mo
Carlo ~RMC! simulation technique28,29 using reported ex-
perimental neutron17 and x-ray data.19 Models with the cor-
rect density and with varying fractions~9–50 %! of boroxol
rings are created, which all are in better or equal agreem
with the experimentalS(Q) compared with the models in
Refs. 16 and 17. The models are simultaneously in ag
ment also with reported x-ray data. The results show that
neutron and x-ray structure factors are relatively insensi
to the fraction of boroxol rings and that there is no particu
feature of the structure factors that alone can distinguish
tween models with a large fraction of boroxol rings a
those without rings. The reason for this is the general ins
sitivity of diffraction data to higher-order correlations tha
pair correlations, which would be required to describe a s
membered boroxol ring. Furthermore, the main partQ
.3 Å21) of the structure factor is almost entirely dete
mined by short-range correlations. We find, however,
comparing large model configurations whose densities
fixed to the experimental one and using network connecti
constraints, that there are certain structural aspects tha
distinguish models of different amounts of boroxol rings.

II. COMPUTATIONAL PROCEDURE

Reverse Monte Carlo simulations28,29were used to mode
the structure of vitreous B2O3. The main difference betwee
RMC and ordinary Monte Carlo~MC! simulations is that
RMC simulations make use of experimental data instead
interatomic potentials. The MC method minimizes the to
potential energy of the system, while the RMC method mi
mizes the deviation from the experimental diffraction da
Data from different sources@neutron, x-rays, extended x-ra
absorption fine structure~EXAFS!# may be combined to cre
ate models which simultaneously are in accordance with
the available structural data. In the simulation atoms
moved around in a box in a random way until the calcula
diffraction data for the computer configuration agree with
experimental diffraction data. Thus, for the RMC method,
interatomic potential between the particles in the system
required. On the other hand, no dynamical information c
be obtained from the RMC method.

In order to obtain starting configurations for the RM
simulations with the desired fraction of boroxol rings a
e
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which fulfill bonding constraints, we first ran hard sphe
Monte Carlo ~HSMC! simulations. The constraints, whic
were applied to avoid physically unrealistic structures, w
of three kinds: closest atom-atom approach, connectiv
and fraction of six-membered rings. The closest distan
that two atoms were allowed to approach were determi
from experimental results, such as the radial distribut
function. The constraints on the B-O network connectiv
ensured that all the oxygens were coordinated to two bor
and that all the borons were coordinated to three oxyge
The B-O distance was allowed to vary between 1.32 a
1.42 Å, which is consistent with the first peak in the expe
mental pair correlation functionG(r ), deconvoluted with the
resolution function. It is important that the B-O distance
not allowed to vary too much~i.e., more than the experimen
tally determined variation!, since otherwise the structura
features of the boroxol ring model are lost because the ri
become completely distorted. The fraction of borons
boroxol rings was chosen to be either unconstrained or c
strained to 20%, 30%, and 50%, respectively. The desira
number of rings in the constrained configurations was p
duced by running a ‘‘ring-counting program.’’ When the d
sirable number of rings and the correct B-O network conn
tivity were obtained, the applied bonding constraints ensu
that the amount of rings was maintained during the simu
tion. The unconstrained configuration contained 9% boro
rings, which is the statistical number of six-membered rin
in a HSMC-produced structure with no special preference
rings. In all the simulations, the total number of atoms w
2160 and the length of the simulation box was given
value 29.86 Å, which corresponds to the experimenta
measured density.

III. RESULTS AND DISCUSSION

The neutron-weighted structure factor, pair correlati
function, and bond angle distribution have been compu
for the produced RMC structures and compared with the
perimental neutron diffraction results. Figure 2 shows
computed neutron-weighted total interference functio
QI(Q), in comparison with the experimental interferen
function~from Ref. 17!, for the RMC configurations with the
boroxol ring fractions 9%, 20%, 30%, and 50%. All the i
terference functions of the simulations are in rather go
agreement with the experimental interference function, in
cating that the neutron data are not particularly sensitive
the fraction of boroxol rings. However, it is obvious that th
agreement improves for a decreasing fraction of boro
rings. This is also seen in the inset of Fig. 3, which shows
root-mean-square~rms! deviations from the experimenta
structure factorS(Q) @equivalent toI (Q)11#, for the four
RMC-produced models. It is mainly the higher-Q region
~above 8 Å21! which does not fit to the experimental resu
for a large fraction of boroxol rings. The most serious diffe
ence is that the oscillation is coming out of phase for
highestQ values and that an experimentally found peak
about 16 Å21 only is reproduced as a shoulder in the RM
simulation. The reason for these deviations will be discus
in the end of this section.

Figure 3 shows the computed x-ray-weighted total int
ference functionsQIX(Q), in comparison with the experi



c
er
er
a
ra
y
th
fa
s-

er
te

%
ns,
ere
ing
or-
c
to
pair

gs
he

e
so
3.6

to

on
c

ly
of

n
c

ly
of

ion
0%
n-

, for

11 140 55J. SWENSON AND L. BÖRJESSON
mental interference function~from Ref. 19!, for the same
RMC configurations. All the calculated interference fun
tions show some deviations with the experimental interf
ence function. However, it should be noted that the exp
mental errors are probably relatively large, because there
significant differences between the different published x-
data of B2O3.

18,19,27Therefore, the comparison with the x-ra
data is less significant than with the neutron data. Never
less, the rms deviations from the experimental structure
tor F(Q) @equivalent toI X(Q)11# decreases with decrea
ing fraction of boroxol rings~see the inset of Fig. 3!.

Next, we turn to the real-space correlations of the diff
ent models. In Fig. 4 we compare the neutron-weigh

FIG. 2. Computed neutron-weighted total interference functi
~solid lines! in comparison with the experimental interference fun
tion from Ref. 17~dashed lines! for the RMC configurations with
the boroxol ring fractions 9%, 20%, 30%, and 50%, respective
The curves have been shifted vertically, in subsequent steps
for clarity.

FIG. 3. Computed x-ray-weighted total interference functio
~solid lines! in comparison with the experimental interference fun
tion from Ref. 19~dashed lines! for the RMC configurations with
the boroxol ring fractions 9%, 20%, 30%, and 50%, respective
The curves have been shifted vertically, in subsequent steps
for clarity. The inset shows the root-mean-square~rms! deviations
from the experimental neutron~d! and x-ray~n! structure factors
for the same configurations.
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atomic pair correlation functionG(r ) of the Fourier trans-
formed experimentalS(Q) data17 with those calculated for
the RMC models containing 9%, 20%, 30%, and 50
boroxol rings, respectively. To ensure proper compariso
also the calculated atomic pair correlation functions w
obtained by Fourier transformation of their correspond
structure factors instead of calculated directly from the c
responding configurations~i.e., the direct calculated atomi
pair correlation functions were first Fourier transformed
structure factors and then backtransformed to atomic
correlation functions again!. It is evident from the models
containing boroxol rings that a large fraction of boroxol rin
gives a slight shift of both the first and second peaks. T
first peak shifts to a higherr value, while the second is
shifting to a lowerr value. This indicates that the averag
B-O-B and/or O-B-O bond angles are too low. It is al
interesting to note that the relatively sharp peak at about

FIG. 5. Partial atomic pair correlation functionsGBB(r ),
GBO(r ), andGOO(r ) in the r region 2–4 Å, calculated from the
models containing 9%~dashed lines! and 50%~solid lines! boroxol
rings, respectively. The upper two curves have been shifted
higher values for clarity.
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FIG. 4. Computed neutron-weighted atomic pair correlat
functions for the RMC models containing 9%, 20%, 30%, and 5
boroxol rings~solid lines! compared with the experimental neutro
weighted atomic pair correlation function~dashed lines!. The
curves have been shifted vertically, in subsequent steps of 5
clarity.
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55 11 141FRACTION OF BOROXOL RINGS IN VITREOUS BORON . . .
Å is perfectly reproduced in the model containing 9
boroxol rings, while it is slightly too low in the model con
taining 50% boroxol rings. In Ref. 17 it was proposed th
this peak is due to the second B-O distance between an
gen outside a boroxol ring and a boron within the boro
ring ~see Fig. 1! and, furthermore, that the well-defined pl
nar boroxol ring was the reason for the sharpness of the p
However, the peak at 3.6 Å is not unique for structures
volving boroxol rings. It can equally well be obtained by, f
example, two BO3 triangles connected in a plana
configuration,19 which also the present results show. T
presence of nondistorted planar boroxol rings would a
produce a sharp peak at about 2.74 Å, corresponding to
diagonal B-O distance in Fig. 1. However, there is only
weak shoulder present at about 2.8 Å in the experimental
the calculatedG(r ). Furthermore, one should note that
peak at 2.74 Å is also expected for two adjacent BO3 tri-
angles connected in a planar configuration. Thus there is
unique feature inG(r ) that easily can be used to distinguis
models with or without boroxol rings.

Figure 5 shows ther region 2–4 Å of the partial atomic
pair correlation functionsGBB(r ), GBO(r ), andGOO(r ) cal-
culated from the models containing 9% and 50% boro
rings, respectively. These partial atomic pair correlat
functions were calculated directly from the correspond

FIG. 6. Bond angle distributions.~a! shows total bond angle
distributions (O-B-O1B-O-B) calculated from the experimenta
G(r ) ~deconvoluted with the resolution function! ~circles! and the
models containing 9%~solid line! and 50%~dashed line! boroxol
rings, respectively. ~b! shows the distribution of O-B-O angles fo
the models containing 9%~solid line! and 50% ~dashed line!
boroxol rings, respectively.
t
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model configurations. The most significant difference b
tween the two models is in ther region between 2.5 and 2.
Å. The model containing 50% boroxol rings gives a bro
peak around 2.7 Å inGBO(r ), which is almost absent in the
model containing 9% boroxol rings. This peak is mainly d
to the second B-O distance within the boroxol ring~the di-
agonal in Fig. 1! origin, a planar arrangement of two neigh
boring BO3 triangles. The large width of the peak indicate
however, that the boroxol rings in the 50% model are rat
distorted. The large difference between the two models
this region ofGBO(r ) is not clearly seen in the totalG(r )
because the higher contribution ofGBO(r ) for the model
containing 50% boroxol rings is compensated by a low
~almost zero! contribution ofGBB(r ) ~see Fig. 5!. Unfortu-
nately, there is no direct experimental determination
GBO(r ), and it is therefore impossible to decide which mod
is correct from this feature alone.

Figure 6~a! shows total bond angle distributions of O-B-
and B-O-B calculated from the experimentalG(r ) ~deconvo-
luted with the resolution function! and the models containing
9% and 50% boroxol rings, respectively. However, it shou
be noted that the experimental bond angle distribution is
proximate, since it was calculated with the assumption t
the O-B-O and B-O-B bond angle distributions are the sam
The results show that the bond angle distribution for
model containing 9% boroxol rings is only slightly shifted
a lower average bond angle compared to the experime
value of 120°, while the model containing 50% boroxol rin
shows a clear shift of the bond angle distribution to a low
average value relative to the value of the experimental

FIG. 7. Dihedral angle distributions between interconnec
BO3 triangles calculated from the models containing 9%~dashed
lines! and 50%~solid lines! boroxol rings, respectively. The inse
shows an illustration of a distorted boroxol ring (B3O6) viewed in
the plane~left! and perpendicularly to the plane~right! of the ring.
The distorted boroxol ring was found in the RMC-produced mod
with large amounts of boroxol rings. The oxygens connecting fr
the distorted boroxol ring are considerably out of the ring plane
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11 142 55J. SWENSON AND L. BÖRJESSON
tribution. In particular, the boroxol-rich model shows a s
nificant shoulder at about 105°, which is absent in the exp
mental distribution. In Fig. 6~b! it is seen that this shoulder i
mainly related to the O-B-O angles. Considering the sha
and positions of the first and second peaks in the experim
tal G(r ), the O-B-O shoulder occurs at unrealistically lo
angles, which also the shifts of the peaks in the calcula
G(r ) show ~see Fig. 4!. The reason for the too low averag
O-B-O bond angle of the boroxol-rich model is found in Fi
7, where the dihedral angle distributions between interc
nected BO3 triangles are shown for the models containi
9% and 50% boroxol rings, respectively. The figure sho
that the dihedral angle distribution for the model contain
9% boroxol rings is almost flat; i.e., the distribution is effe
tively random. This is, however, not the case for the borox
rich model, which clearly shows two pronounced peaks
about 53° and 72°, respectively. By close inspection of
computer configuration, it was found that the origin of t
peak at 53° is the same as the origin of the O-B-O shou
at 105°. Both features are due to ‘‘bent’’ boroxol rings; i.
the three oxygens connecting out from a boroxol ring
considerably out of the plane of the ring. In addition, t
inner rings of bonds of the boroxol rings are often sign
cantly distorted. A schematic illustration of such a seriou
distorted boroxol ring is shown in the inset of Fig. 7. T
peak at 72° involves two BO3 triangles of which at least on
of them is situated outside the boroxol rings. The appl
constraints would not allow such a large distortion from tw
triangles in a boroxol ring. Nevertheless, it is evident that
applied constraints of the boroxol-rich model allow the rin
to be unrealistically distorted. The allowed variations of t
different interatomic distances within the boroxol ring~see
Fig. 1! are, for example, about a factor of 2 more than in
models created by Johnsonet al.16 The reason for our loose
constraints is that we wanted to use constraints that are c
patible with the experimentally determined average variat
of bond distances for all bonds, this in order to avoid t
possibility that the results were dependent on the tightnes
the applied constraints instead of the fraction of rings. Ho
ever, it is likely that the interatomic correlations within th
boroxol rings are more well defined than the widths of t
corresponding peaks in totalG(r ). With tighter applied con-
straints the agreement with the experimental structure fac
is much worse.

The question is why the ‘‘strange’’ bond and dihedr
angle distributions shown in Figs. 6 and 7, respectively,
produced in the model containing 50% boroxol rings. Co
sidering only the short-range order, there is no obvious r
son, since the calculated nearest interatomic distances w
agree better with the experimental values if the average b
angle was 120° and if boroxol rings were perfectly plan
Instead, the odd features in the bond and dihedral angle
tributions and the shifted peaks inG(r ) are induced by the
requirements of the models to simultaneously reproduce
short- and intermediate-range order, the bonding constra
and the correct density. The distortions can then be rega
as ‘‘compensation effects’’, i.e., configurations with lar
amounts of planar boroxol rings would tend to have a low
density and the rings have to distort out of the plane in or
to fulfill the density constraint. Thus it is the combination
correct density, connectivity, and intermediate-range or
i-
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that cannot be reproduced in the boroxol-rich model. T
structural models in Refs. 16 and 17 do not include the c
straints of correct density and reproduced intermediate-ra
order and, therefore, have all possibilities to reproduce
features of the short-range order with a high fraction
boroxol rings.

From the present results it is not possible to give the ex
amount of borons in boroxol rings. However, it is obvio
that the agreement with the experimental data improves
decreasing amount of rings and that the errors for the 5
model are larger than the experimental errors in the neu
data. It is also evident how the fraction of distorted rin
compared to the total number of rings increases with incre
ing amount of rings. The high fraction of distorted rings
the 30% and 50% models shows that the experimental d
sity and intermediate-range order of B2O3 are not compatible
with such high amounts of planar boroxol rings. Rather,
improved planarity of the rings and agreement with the
perimental data for decreasing amount of rings indicate
the structure of B2O3 contains less than 20% borons
boroxol rings. The model containing 9% rings should be
good representation of the structure of vitreous B2O3, since it
shows no sign of any significantly distorted rings and t
agreement with the experimental neutron and x-ray struc
factors is within the experimental errors.

IV. CONCLUSIONS

RMC simulations of vitreous B2O3 show that model con-
figurations with large amounts of boroxol rings, built in b
constraints, give worse fits to the experimental neutron-
x-ray-weighted interference functions than a model with
small amount of boroxol rings. There are, however, no p
ticular features of the interference functions that can dis
guish between the models of different amounts of boro
rings. In spite of this, the boroxol-rich models exhibit certa
features that are not compatible with the experimental d
in particular, the average bond angle is shifted to a low
value due to shifts of the first and second peaks inG(r ) to a
higher respective lowerr value. These shifted peaks i
G(r ) and the wrong bond angle distribution are produced
the RMC simulation to ‘‘compensate’’ other more serio
errors in the boroxol ring model. The main flaw of th
boroxol-ring-rich models is that in order to satisfy the expe
mental density and the structure factor the B3O6 rings have to
distort seriously, giving a dihedral angle distribution betwe
BO3 triangles in the ring which is incompatible with th
definition of planar boroxol rings. Thus the present resu
show that extreme care must be applied to draw conclus
from different models that only consider the short-range
der and which do not have the correct density, although t
may give ‘‘reasonable agreement’’ with diffraction data. T
conclude, the results indicate that the structure of vitre
boron trioxide contains less than 20% of boroxol rings.
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