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Competition for charge compensation in borosilicate glasses: Wide-angle x-ray scattering and
molecular dynamics calculations
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Wide-angle x-ray scattering~WAXS! has been used to investigate the structure of complex sodium~alu-
mino! borosilicate glasses containing four, five, and six oxides. WAXS data were compared with previous
molecular dynamics calculations on these glasses. Small differences were observed which are mainly due to a
smaller Si-O distance in the models (1.58 Å) compared to the experimental distance (1.60 Å). These dis-
crepancies were removed by slightly moving the atomic positions using the reverse Monte Carlo code.
Changes in the first cation-oxygen distances were sufficient to give an excellent fit of the WAXS data, with
little modification of the medium range structure. This allows a determination of the structural features ob-
served in the correlation functions and a validation of the numerical simulations for complex multicomponent
glasses. The dependence of the glass structure on its chemical composition is discussed.
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I. INTRODUCTION

The structure of multicomponent silicate glasses is ba
on a polymeric network with coexisting cations, which m
act as modifiers or as charge-compensating cations ne
for balancing the charge deficit of oxygen neighbors. T
situation occurs, for instance, when trivalent cations are s
stituted to silicon in the polymeric network. Glass propert
may be strongly affected, depending if cations are netw
modifiers or charge compensators. This has been show
alkali-oxide-bearing glasses in which transport properties
strongly affected by the substitution of silicon by aluminu
in correlation with important structural modifications.1 Boro-
silicate glasses are a good example of materials in wh
cations may occur in the two situations. These glasses a
great interest in a wide range of applications, such as e
tronics, materials science, waste management, etc. On
their peculiar structural properties comes from the ability
boron to occur in three or four coordination, depending on
possibility to get charge compensation from the coexist
cations. However, the complex chemical composition ma
the correlation functions difficult to interpret beyond the fi
coordination shell, in the absence of structural models.
have investigated the competition for charge compensa
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between different highly charged cations, boron, aluminu
and zirconium in borosilicate glasses that have been pr
ously investigated by Raman spectroscopy2 and for which
molecular dynamics~MD! models have been proposed.3

The direct determination of the glass structure by wid
angle x-ray scattering~WAXS! has been combined with mo
lecular dynamics calculations, allowing us to decipher
various pair contributions to the total correlation functio
We show that the sodium environment is modified wh
aluminum is present and that aluminum and zirconium co
pete favorably against tetrahedral boron for charge comp
sation.

II. SAMPLE AND EXPERIMENT

A. Sample preparation

Three glasses have been selected, a sodium borosil
glass~four-oxide glass!, with the additional presence of alu
mina ~five-oxide glass!, and further addition of calcium ox
ide ~six-oxide glass!. The composition of these glasses
reported in Table I. The sodium~and calcium! oxide content
has been chosen to be lower than needed for ensuring a
compensation of the charge deficit due to highly charg
TABLE I. Compositions~mol %! of the four, five, and six-oxide glasses and experimental densitiesd.

SiO2 B2O3 Na2O ZrO2 Al2O3 CaO d(g cm23)

four oxides 67.25 17.41 13.55 1.79 2.415
five oxides 64.13 16.81 13.27 1.78 4.01 2.479
six oxides 60.12 16.00 12.64 1.70 3.82 5.72 2.510
14 495 ©2000 The American Physical Society
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cations if all boron atoms were in tetrahedral coordinati
Glasses were prepared by mixing reagent grade oxides.
powders were melted at 1100 °C. The melts were poured
graphite crucibles and annealed at 520 °C during 1 h.

B. Wide-angle x-ray experiment

Glass samples have been cut as slabs of 3 cm diam
and 4 mm thick. WAXS measurements were performed o
diffractometer equipped with Mo Ka radiation and a ben
graphite monochromator~Philips, PW1729!. The intensity
measurements were carried out by theu/2u step scanning
method and in the angular range 0.5°,2u,140°, which
corresponds to aQ range from 0.8 to 16.621 ~and Q5uQu
54p sinu/l is the scattering vector, 2u is the scattering
angle, andl is the radiation wavelength!. The total counts
accumulated at each measured point was not less
20 000. The x-ray source was operating at a current of
mA and an accelerating voltage of 50 kV.

The measured x-ray scattering intensities were corre
for polarization and absorption factors. The normalizat
constant is determined by both the Krogh-Moe-Norma
method4 and the high-angle method.5 The incoherent scatter
ing intensity was calculated with the analytical formul
given by Balyuzi.6 After correction and normalization, th
coherently scattered intensity per atom,I coh(Q), is used to
calculate the total structure factor S~Q!,

S~Q!5@ I coh~Q!2^ f 2~Q!&#/^ f ~Q!&2, ~2.1!

in which ^ f & and ^ f 2& are the mean and the mean-squa
scattering factors, respectively, calculated from analyt
expressions7 and corrected for anomalous dispersion.8 By
Fourier transforming the reciprocal-space data, we obtain
total correlation functionG(r ),

G~r !52/pE
0

Qmax
Q@S~Q!21#exp~2aQ2!sin~Qr !dQ

54prr0~g~r !21!, ~2.2!

where g(r ) describes the local-density fluctuations arou
unity andr0 is the average number density. The exp(2aQ2)
is a modification function used to down-weight the hig
angle data, with the damping factora50.005. TheS(Q)
function is a weighted sum of all the partial structure fact
Sab(Q),

S~Q!5(
a,b

Wab~Q!Sab~Q! ~2.3!

with the weighting factors

Wab~Q!5
cacbR„f a~Q,E! f b* ~Q,E!…

u^ f ~Q,E!&u
~22dab!,

~2.4!

whereci and f i are the atomic fraction and the atomic sc
tering factor for atoms of typei, respectively. The depen
dency off i with the scattering vectorQ and the x-ray energy
E leads to a convolution in the real space between the F
rier transforms of the weighting factors and the partial p
distribution functions~PPDF’s! Gab(r ),
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G~r !5 (
ab

b.a

TF~Wab!* gab~r !. ~2.5!

Considering Eq.~4!, dilute ~small ca) or light elements
~small f a) have a small weighting factor and make negligib
contribution to the WAXS data. The dominant PPDF’s to t
G(r ) function in the investigated glasses are Si-a and O-a
pairs.

III. COMPUTATIONAL METHODS

A. Molecular dynamics calculations

The molecular dynamics~MD! procedure used to investi
gate the structure of the four, five, and six-oxide glasses h
been presented in previous papers3 and only a brief accoun
will be given below. The three systems contain 5184 ato
in a cubic box according to the glass compositions and
experimental densities given in Table I. The atomic inter
tions were simulated using the Born-Mayer-Huggins pot
tials completed by three-body terms to constrain some lo
angles~O-Si-O, Si-O-Si, and O-B-O!. A very strong con-
strain was applied on the O-B-O angles in order to obtai
fraction of four-coordinated boron atoms which is consist
with experimental values. Some macroscopic quantities~Na
diffusion constant, thermal expansion coefficient! deter-
mined for the models showed good agreement with exp
mental results.3

B. Reverse Monte Carlo simulations

Reverse Monte Carlo~RMC! technique was used to im
prove the analysis of the experimental spectra.9 RMC simu-
lations have been used with success to extract th
dimensional atomic models in quantitative agreement w
the experimental data.1,10 The fit consists of minimizing the
squared difference between the experimental and calcul
structural factors by moving atoms randomly. In this proc
dure, distances of closest approach between two type
atoms are imposed and silicon and aluminum are constra
to occur in tetrahedral sites.

IV. RESULTS AND DISCUSSION

A. Reciprocal-space functions

The structure factors of the three borosilicate glasses
tend up to 14 Å21, with a good signal-to-noise ratio@Fig.
1~a!#. The three spectra are similar at highQ values. In this
region, the signal mainly arises from the contribution
Si-O, B-O, and Al-O pairs, which are not expected to chan
significantly with the glass composition. Some differenc
are seen on the position and shape of the first peak, aro
2 Å21, which is related to the medium range structure
the glass (5 –15 Å). The peak position shifts down
0.2 Å21 in the five and six-oxide glasses, in which th
width is smaller. This suggests a better medium range o
nization of these glasses, compared to the four-oxide gla

B. Real-space functions

The total correlation functions@Fig. 1~b!# show several
well-defined peaks up to 6 Å. Beyond the first intense pe
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located near 1.62 Å, corresponding to the overlap of the
B-O, Si-O and, if present, Al-O distances, some differen
appear in the position and relative intensity of the structu
features. Although it is impossible at this stage to determ
the origin of these peaks, it appears that the four-oxide g
has a less-defined structure than the two other glasse
predicted from a qualitative examination of the structure f
tors. The interpretation of such a complex correlation fu
tion may only be conducted by using atomic models.

C. Comparison between experiments and simulations

We have used the PPDF’s derived from the MD mod
calculated for these glasses.3 When these functions ar
weighted according to the expressions~3! to ~5!, a direct
comparison may be performed between the experimental
simulated structure factors and total correlation functio
~Fig. 2!. When considering the structure factors, there i
good agreement above 3 Å21, with a strong disagreemen
on the peak at lowQ. A double peak is predicted by MD
while only a single peak is experimentally observed. In a
dition, it is worth noting that this low-Q peak is shifted to-
wards higher-Q values in the four-oxide glass relative to th
two other glasses. If there is a general agreement betwee
predicted and observed total correlation functions up to 6
some differences exist in the position and intensity of
various features. For instance, the first, intense peak
slightly shifted down by 0.03 Å in the MD models. We hav
used the RMC method to determine the origin of these
crepancies, using MD models as the starting configurat
An agreement in the position and intensity of the peaks in
experimental and calculated data is obtained after o

FIG. 1. ~a! Wide-angle x-ray structure factorsS(Q) and~b! total
correlation functionsG(r ).
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20 000 accepted moves among 100 000 tried moves~Fig. 3!.
These values are lower by at least two orders of magnit
as compared to RMC calculations starting with a rand
configuration, indicating that only a few atomic changes
needed to adjust the MD models to the experimental dat

Among the network formers, aluminum is found in tetr
hedral sites. A more complex figure is observed for boron
the starting configuration derived from MD calculations, t
fraction of tetrahedrally coordinated boron,[4]B, has been
fixed at 67%, a value derived from previous11B NMR stud-
ies on sodium borosilicate glasses.11 After the RMC fits@Fig.
4~a!#, the three models show a lower proportion of[4]B ~cal-
culated with a cutoff B-O distance of 2.1 Å!, the six-oxide
glass presenting the lowest content~Table II!. A similar pro-
portion of [4]B has been recently found in alumino
borosilicate glasses, in which11B NMR data indicate a de-
creasing proportion of [4]B with increasing alumina
content.12 Recent11B NMR data13 obtained for the four, five,
and six-oxide glasses show good agreement with the sim
tions except for the five-oxides glass~Table II!. This discrep-
ancy may be due to the small weights of the partials invo
ing boron and hence the difficulty to constrain the B-O pa
When alumina is added to the five-oxides glass, Na
charge compensating the (AlO4)2 tetrahedra first, which
lead to the conversion of some (BO4)2 units present in the
four-oxide glass into BO3 units in the five-oxides glasses. I
the six-oxides glass, Ca21 can charge balancing two

FIG. 2. Comparison between~a! the structure factors and~b! the
total correlation functions for the x-ray experimental data~dotted
curves! and the molecular dynamics calculations~solid curves!. The
correlation functions were obtained by Fourier transforming
structure factors calculated from the MD models, with a truncat
at Q513.5 Å21. Some curves are displaced for clarity.
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(AlO4)2 and more Na1 are thus available for charge
compensating (BO4)2 units, which explains the higher pro
portion of [4]B in the six-oxides glass than the five-oxid
glass. These results indicate the higher ability of alumin
to be in tetrahedral sites compared to boron. Another hig
charged cation, zirconium, occurs in sixfold coordinatio
The Zr-O distances found in the RMC models are in go
agreement with ZrK-edge extended x-ray absorption fin
structure ~EXAFS! studies of these glasses, 2.10 a
2.08 Å, respectively.14 MD models predict Zr-O distance
of 2.15 Å @Fig. 4~b!#, an indication that the Zr-O potentia
needs to be adjusted to agree with the experimental val
The zirconium surrounding is not affected by the presenc
aluminum or calcium, and this element retains its char
compensating cations at the expense of boron which pa
remains in triangular, uncompensated sites.

The understanding of the sodium surrounding has b
improved by RMC models, as Na-O distances derived fr
MD calculations are too large by 0.2–0.3 Å than the expe
mental data. An important difference between the glas
concerns the first Na-0 distances which are larger by 0.4
in the four-oxide glass than in the two other glasses. In
former, only one Na-O shell is found, centered at 2.6 Å
value similar to that found in crystals. By contrast, the lat
exhibit a bimodal distribution, with contributions at 2.20 a
2.55 Å @Fig. 4~c!#. A similar splitting has been observed
a sodium tetrasilicate glass, in which the first peak in

FIG. 3. Comparison between~a! the structure factors and~b! the
total correlation functions for the x-ray experimental data~dotted
curves! and the models after the RMC fits~solid curves!. The cor-
relation functions were obtained by Fourier transforming the str
ture factorS calculated from the RMC models, with a truncation
Q513.5 Å21. Some curves are displaced for clarity.
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Na-O PPDF obtained by a RMC modeling of neutron sc
tering data shows two separate Na-O distances, due to b
ing to nonbridging (2.29 Å) and bridging (2.45 Å
oxygens.15 However, as alumino borosilicate glasses do co
tain only few nonbridging oxygens (,10%), the larger
Na-O distances may be attributed to the presence of sod

-

FIG. 4. Comparison between the pair partial distribution fun
tions calculated by MD~solid curves! and RMC~dotted curves!. ~a!
B-O pair, showing the contribution for the three-~dotted-dashed
curves! and four-~square-dashed curves! coordinated boron atoms
([3]B and [4]B); ~b! Zr-O pair; ~c! Na-O pair.
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atoms charge-compensating network forming aluminum
boron atoms. Similar distances have actually been obse
in Na-bearing crystalline phases: in three-dimensional fra
works, such as feldspars, the shortest Na-O distances
2.5–2.6 Å, whereas Na-O distances as short as 2.3 Å
observed in less polymerized silicate and borate crystals
coordination numberN is in agreement with this interpreta
tion: N58 in the RMC model of the investigated glasses a
7–9 in three-dimensional framework silicates, while low
coordination numbers (N55) are found in depolymerized
silicate and borate crystals. A further indication is given
the decrease of Si and B neighbors when alumina is pres
from 6.6 to 5.7 for Na-Si and from 3.7 to 3.1 for Na-B
respectively. This result is consistent with sodium ato
charge balancing aluminum at the expense of boron. Sim
differences between a network modifying and char
compensating role have been recently found for other
ions, including lithium and strontium.1,16

The medium range organization of the polymeric netwo
has been investigated using ring statistics. The structure

TABLE II. Proportions of [3]B and [4]B in the four, five, and
six-oxides glasses calculated from the RMC models, with a cu
B-O distance of 2.1 Å, and compared with NMR results~Ref. 13!.

RMC models NMR data
[3]B(%) [4]B(%) [3]B(%) [4]B(%)

four oxides 42.2 57.8 39.2 60.8
five oxides 41.3 58.7 62.4 37.6
six oxides 53.7 46.3 54.0 46.0
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sists mainly of five, six, and seven-membered rings. Th
are no significant changes after the RMC fits, which indic
that the alumino-borosilicate network is consistent with M
calculations. In addition, the percentage of nonbridging o
gens remains unchanged, lower than 10%, after RMC
The small number of nonbridging oxygens indicates an
most fully polymerized network that incorporates tetrah
drally coordinated aluminum and boron atoms, charge co
pensated by sodium and calcium. Octahedrally coordina
zirconium is linked to this network, as predicted fro
EXAFS studies on these glasses, and is also associated
charge-compensating sodium. As the structure of the p
meric network remains unchanged with the addition of a
mina and lime, the incorporation of network-forming alum
num is compensated by the transformation of[4]B into [3]B,
ensuring a constant proportion of network formers. Ad
tional studies on selective coupling between the various g
components are now in progress.

V. CONCLUSIONS

Coupling WAXS experiments and MD and RMC mode
ings allow the determination of atomic models consist
with the experimental data. The structure of compl
alumino-borosilicate glasses and, in particular, the local s
rounding of the various glass components can be descri
Aluminum is preferentially incorporated in the polymer
network at the expense of boron. It is then possible to de
mine relative preferences for charge compensation betw
the various highly charged cations. This will allow a bett
prediction of physical properties of these important gla
forming systems.
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