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Coordination of Bin KzO-SiOz-Bz03-PzOs glasses using B K-edge XANES
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ABSTRACT

High-resolution B K-edge X-ray absorption near-edge structure (XANES) spectra of
K20-Si02-B203-P20s glasses are reported using synchrotron radiation. Two prominent
features, peak a at about 194.0 eV and peak b at about 198.0 eV, are observed. On the
basis of the qualitative MO diagrams ofBO~- and BO~- clusters, peak a is assigned to the
transition ofB Is electrons to the unoccupied B 2pz (1r*)states for threefold-coordinated
B ([3]B),and peak b is assigned to the transition of B 1s electrons to the unoccupied B q*

states for fourfold-coordinated B ([4]B).B K-edge XANES spectroscopy is established as a
method for "fingerprinting" [3)Band [4]Bin borate and borosilicate minerals, glasses, and
melts. Also, the relative proportions of [4JBand [3]Bin the borosilicate glasses are deter-
mined from the integrated peak areas for [3]Band [4]Bedge peaks and are shown to be
generally in good agreement with recent liB MAS NMR measurements. However, the
surface and near-surface structure of powder particles of per boric glasses containing P20S
appears to have a lower proportion of [3]Bentities than the bulk.

INTRODUCTION

B is an important minor component in granites and
pegmatites and plays important roles in the evolution of
magma. For example, B lowers the solidus temperature
of H20-saturated haplogranite (e.g., Chorlton and Mar-
tin, 1978; Pichavant, 1981), shifts phase boundaries in
granitic systems (Chorlton and Martin, 1978; Pichavant,
1987), and decreases the viscosity of silicate melts (Lon-
don, 1987). B3+ occurs in trigonal ([3]B)and tetrahedral
([4JB)coordinations in borate minerals (Christ and Clark,
1977) and glasses (Griscom, 1978; Gan et ai., 1994).

The coordination structures ofB in minerals and glass-
es have been investigated by Raman spectroscopy (Bun-
ker et ai., 1990; Gan et ai., 1994; Konijnendijk and Stev-
e1s, 1976), lIB MAS NMR spectroscopy (Bray, 1978;
Bunker et ai., 1990; Gan et ai., 1994; Muller et ai., 1993;
Prabakar et ai., 1990; Sen et ai., 1994), B K-edge electron
energy-loss near-edge structure (ELNES) (Brydson et ai.,
1988; Sauer et ai., 1993; Garvie et ai., personal com-
munication), B KOIX-ray emission (Luck and Urch, 1990),
and structural modeling of glasses (Dell and Bray, 1983).

The B K-edge X-ray absorption near-edge structure
(XANES) of molecular BF3, BC13,and BBr3 (Ishiguro et
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ai., 1982) and BN polymorphs (Terminello et ai., 1994)
have been reported. The B K-edge XANES spectra ofBF3
and KBF4have been interpreted and the electronic struc-
ture and bonding of these compounds studied qualita-
tively on the basis ofXa-SW MO (Hallmeier et ai., 1981;
Schwarz et ai., 1983), extended Huckel MO (Esposto et
ai., 1991), and MS-Xa MO calculations (Tossell, 1986;
Vaughan and Tossell, 1973).

In this paper, we report high-resolution B K-edge
XANES spectra of borosilicate glasses using synchrotron
radiation. The B K-edge spectra are used as a structural
"fingerprint" to determine the proportions of [3]Band [4]B
in a series of pera1kaline, subboric, and perboric glasses
in the system K20-Si02-B203-P20s, which were investi-
gated recently by Raman and lIB MAS NMR spectros-
copy (Gan et ai., 1994).

EXPERIMENTAL METHODS

Samples of borosilicate glasses in the system K20-Si02-
B203-P20S (Table 1) were obtained from the study ofGan
et ai. (1994). The B K-edge XANES spectra were collect-
ed at room temperature using the Grasshopper beam1ine
at the Canadian Synchrotron Radiation Facility (CSRF),
University of Wisconsin (Bancroft, 1992). The radiation
was monochromatized using a grating with 1800 grooves/
mm, with energy resolution of about 0.2 eV at 200 eV.
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Abundance of 8 species' (%)

8 K-edge (:to.1 eV) Area (arb. units) (:t 5%) [318 [418

Samples Peak a Peak b
8,03

Peak a Peak b XANES NMR XANES NMR (mol%) K'" pl**

82 198.0 4.55 0 0 100 100 5.00 0.75 0
83 198.0 3.91 0 0 100 100 4.92 0.75 0.26
86 194.0 198.1 1.13 7.95 13 9 87 91 10.00 0.50 0
87 194.0 198.1 1.82 7.83 19 17 81 83 9.83 0.50 0.15
810 194.0 198.3 4.52 5.80 44 43 56 57 13.00 0.35 0
811 194.0 198.3 4.09 5.52 43 48 57 52 12.78 0.35 0.12
812 193.9 198.3 4.61 5.71 45 ;;072 55 :$28 12.48 0.35 0.24

.Abundances of 8 calculated from "8 MAS NMR spectra are cited from Gan et al. (1994).
..

K' = K,O/(K,O+ 8,03); P' = P20,/(P,O, + 8,03),
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TABLE 1. The [318 and [418 K-edge positions and calculated relative proportions of [3]8 and [4]8 in K20-Si02-8203-P20S glasses

The B K-edge XANES spectra were recorded by total
electron yield (TEY) as a function of photon energy from
180 to 220 eV. For the B X-edge measurements, powder
samples (::55 /Lm) were spread uniformly on Cu tape on
a sample holder and transferred into the experimental
chamber, which was maintained at a vacuum of 10-8 torr
during the measurements. All samples were prepared in
a similar manner to minimize the effect of sample thick-
ness and particle size on the relative intensity of absorp-
tion features. Three measurements were made for each
sample. The spectrum for each measurement was nor-
malized by 1110,where I is TEY intensity, and 10is the
intensity of the photon flux. The raw spectrum for each
sample investigated was averaged from the normalized
spectra for the three measurements and smoothed. A lin-
ear preedge background was removed from each spec-
trum. All spectra were calibrated using the edge peak of
B203 at 194.0 eV.

RESULTS AND INTERPRETATION

Figure 1 shows the B K-edge XANES spectra of crys-
talline B203 and BP04. These are raw spectra without
smoothing, and the interval between two data points is
0.05 eV. The qualitative MO diagrams for BO~- and
BO~- clusters in the inset are modified from Xa-SW MO
calculations of BF3and KBF4 (Schwarz et aI., 1983). B is
threefold coordinated with a in B203. BP04 is isostruc-
tural to cristobalite, which is confirmed by powder X-ray
diffraction, and B is fourfold coordinated with O. A sharp
peak a at about 194.0 eV and a broad band c at about
202 eV are observed in the B K-edge spectrum of B203.
The full width at half maximum (FWHM) of peak a is
0.60 eV. For BP04, the first prominent peak b is at about
198.0 eV, with a FWHM of 1.35 eV; a second broad peak
c' is at about 203 eV.

In previous studies (e.g., Li et aI., 1994), we have in-
terpreted the K- and L-edge features of third-period ele-
ments (AI, Si, P, and S) to represent the transitions of
core (Is or 2p) electrons to the unoccupied density of
states (DOS) or the antibonding states. The present B
K-edge features appear to have a similar origin. Quali-
tative interpretations of these spectra are based on com-
parison with B K-edge XANES, ELNES (Brydson et aI.,

1988; Sauer et aI., 1993; Garvie et aI., personal com-
munication), and MO calculations (Esposto et aI., 1991;
Hallmeier et aI., 1981; Schwarz et aI., 1983; Tossell, 1986;
Vaughan and Tossell, 1973) of model B compounds con-
taining [3]B,[4]B,or both. As shown in Figure 1, for B203,
peak a is attributed uniquely to [31Band is further assigned
to the transition of B 1s electrons to the unoccupied B
2pz (11"*)states for threefold-coordinatedB with O. The
broad feature c is assigned to the transitions of B 1s elec-
trons to the unoccupied B 0"* states. A very weak feature
between peaks a and c may be assigned to the transition
ofB Is electrons to the empty B 3p states. In the B K-edge
spectrum of BP04, peak b is uniquely attributed to [4]B

and is further assigned to the transition of B 1s electrons
to the unoccupied B 0"* states for fourfold-coordinated B
with O. The broad peak c' may be due to the transitions
of B 1s electrons to the unoccupied 0"* states of [4IB,and

it may have additional contribution from the multiple-
scattering effect.

Figure 2 shows the B K-edge XANES spectra of the
K20-Si02-B203-P20s glass samples investigated. The en-
ergy positions of peaks a and b for these borosilicate glasses
are given in Table 1; the reading error is about ::to. 1 eV.
Again, peak a is assigned to transitions of B 1s electrons
to the unoccupied B 2pz (11"*) for [3]B,and peak b is as-
signed to transitions of B 1s electrons to the unoccupied
B 0"* for [41B.Peak a for [31Bis at about 194.0 eV and does
not appear to shift among the labeled samples investi-
gated to date because the B 2pz state projects normal to
the trigonal bonding plane and does not experience sig-
nificant steric interference. Peak b for [4JBis at about 198.0
eV and shows evidence of both complexity and shifts
from samples B2 to B 12 (Fig. 2). Thus, the first unoccu-
pied state for [4]Bis about 4 eV above that for [3]B,and B
K-edge XANES spectra can be used as an excellent struc-
tural "fingerprint" for distinguishing [31Band [41B.

The B K-edge XANES spectra of the K20-Si02-B203-
P20S glasses were fitted to estimate semiquantitatively
the relative proportions of [31Band [4]Bin glasses contain-
ing B in both trigonal and tetrahedral sites. Crystalline
B203, which contains [31Bonly, was used as the model

compound to separate the features attributed to [3JBand
[41B.Peak a in the B K-edge spectrum of B203 was nor-
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Fig. 1. B K-edge XANES spectra of B203, containing only
[3]B,and BP04, containing only [4]8.These spectra are raw data
without smoothing. A peak a in the BP04 spectrum, which may
be due to surface damage of the sample, has been removed.
Qualitative MO diagrams for BO~- and BO~- (inset) are modi-
fied from Xa-SW MO calculations of BF3 and KBF. molecules
(Schwarz et aI., 1983). IP is ionization potential.

malized to the height of a peak a of each glass spectrum,
and so the difference spectrum between the sample and
B203 represents the features for [4]B.The latter spectrum
was fitted into a Gausian peak b and a broad peak c' (Fig.
3). The areas (arbitrary units) of peaks a and b, which are
attributed solely to [3]Band [41B,respectively, are given in

Table 1 and have been used directly to calculate the rel-
ative abundances ofl3JB and [4]Bin the glass samples (Ta-
ble 1). The contents of [3]B203and [4]B203entities in the
glasses can also be calculated using the total content of
B203 determined by EMP A (Table 1).

DISCUSSION

The 11BMAS NMR (Gan et al., 1994) and B K-edge
ELNES (Garvie et al., personal communication; Sauer et
al., 1993) techniques have been used to estimate the rel-
ative abundances of [3]Band [4]Bin minerals and glasses
containing both [3]Band [4]B.Similarly, we have used the
B K-edge XANES spectra to determine the relative abun-
dances of [3]Band [4JBspecies in the present borosilicate

glasses by relating the peak areas to the concentration of
the B species (Table 1). Figure 4 compares the abundance
of[3]B in peralkaline, subboric, and perboric glasses in the
K20-Si02-B203-P20s system, derived from B K-edge
XANES spectra in this work and from 11B MAS NMR
spectra in Gan et al. (1994). The abundances Of131Bspe-

210

Fig. 2. B K-edge XANES spectra of K20-Si02-B203-P20,
glasses.

cies from these two techniques are generally comparable,
with the single exception of sample B12. The propor-
tion of [3]Bincreases with increase in total content (mole
percent) ofB203 and with decrease in the content ofK20
from peralkaline (K' = 0.75) to subboric (K' = 0.5) and
perboric (K' = 0.35) glasses, in agreement with 11BMAS
NMR results (Gan et al., 1994). Thus, both B K-edge
XANES and 11BMAS NMR techniques not only ambig-
uously distinguish [3]Band [41Bbut also are in excellent
agreement on the proportions of [3]Band [4]Bin the per-
alkaline and subboric glasses (see Fig. 4). However, B
K-edge XANES indicates a constant proportion of [3]Bin
the perboric glasses, more or less independent of the con-
tent ofP20s (Table 1).

The combined Raman and 11B and 31p MAS NMR
study of Gan et al. (1994) on the present glass samples
showed that P20S has a significant effect on the redistri-
bution of 0 and alkali cations among different structural
units in K20-Si02-B203-P20s glasses. The effect of P20S
is manifested by a shift in the coordination ofB from [41B

to [3]Bin the perboric and subboric glasses and by poly-
merization of silicate species from Q3 to Q4 in the per-
alkaline glasses. The model of Dell and Bray (1983) for
potassium borosilicate glasses assumed that alkali-borate
binary structural units are retained in alkali-borosilicate
ternary glasses for K' ~ 0.35, but Gan et al. (1994) showed
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Fig. 3. Curve fitting of the B K-edge XANES spectrum of
sample B6. The heavy dotted line is the experimental spectrum.
Peak a in the B K-edge spectrum of crystal B203 (containing only
[3IB)was normalized to the height of peak a of sample B6; thus,
the solid line is the contribution of [3IB,and the difference spec-
trum between the sample and crystalline B203 represents the
features for [41B(dashed line). The features for [41Bwere fitted
into a Gaussian peak b and a broad peak c' (light dotted lines).
The areas (arbitrary units) of peaks a and b, which are attributed
to [31Band [4IB, respectively, are given in Table 1.

that the addition of Si02 not only dilutes but also inter-
acts with alkali-borate species in this concentration range.

The present B K-edge XANES study does not add to
this detailed understanding of the bulk structure of the
K20-Si02-B203-P205 glasses. Peak a, attributed to [31B
(see Fig. 2), is narrow but does not appear to be sensitive
to stereochemical environment. The llB MAS NMR fea-
ture for [31Bis a group of broad peaks centered at 9 ppm
and assigned by Gan et aI. (1994) to unaveraged second-
order quadrupolar effects and asymmetric and symmetric
[31Bgroups. However, as noted above, the B K-edge
XANES spectra do show evidence of the two distinct [41B

environments (B with B NNN and B with Si NNN), al-
though these two features are not resolved completely.
Peak b (for [4IB)in the B K-edge spectra shows a small
shift to higher energy and progressive broadening (Fig. 2)
in the sequence of peralkaline, subboric, and perboric
glasses (from sample B2 to sample BI2). These results
indicate that both the polymerization of the glasses and
the proportion of B species with B NNN increase in the
same sequence, in agreement with the liB MAS NMR
spectra, in which the [41Bentities are represented by un-
resolved peaks centered at - 2 and 0 ppm.

The discrepancy between this work and Gan et aI.
(1994) for the proportion of [31Bin sample B12 (and
B1112) may be attributable to curve fitting of the liB
MAS NMR spectra, but surface and near-surface reor-
ganization of the glass structure during either sample

Fig. 4. Comparison of relative abundances of [3JBspecies de-
rived from B K-edge XANES (this study) and lIB MAS NMR
spectra (Gan et aI., 1994) ofK,O-SiO,-B,03-P,O, glasses.

preparation or initial irradiation is the most likely expla-
nation. We have recently experienced some spurious en-
hancement of the [31Bpeak in subsequent B K-edge
XANES work, which may be attributable to the surface
or near-surface damage of samples. TEY is much more
surface sensitive than other collection modes of XANES
spectra, and it is very sensitive to the surface and near-
surface structure to a depth of about 70 A from the sur-
face at the B K-edge region. However, the fluorescence-
yield detection mode provides structural information of
samples up to a depth of 1000 A from the surface at the
B K-edge region. We anticipate that fluorescence-yield B
K-edge spectroscopy will prove to be a more satisfactory
method for studying the bulk structure of these glasses
(Kasrai et aI., 1993). However, the B K-edge XANES
spectra collected by TEY may have yielded unexpected
insight into the surface and near-surface structure of pow-
der particles of these potassium borosilicate-phosphate
glasses. For example, addition ofP20, to perboric glasses
may inhibit the formation of[3lBentities in the surface of
quenched glass. This phenomenon could have signifi-
cance for the chemical stability and physical properties
of borosilicate glass products.

B K-edge ELNES spectroscopy, with the help of im-
proved resolution, is indeed a powerful method for iden-
tifying the entities of [31Band [41Bin minerals and glasses.
However, the high-energy electron beam may damage the
surface of samples and transform a small amount of [41B
into [31B(Brydson et aI., 1988; Sauer et aI., 1993). For
samples containing only [4IB,the proportion of [31Bincreas-
es with increase in exposure to the electron beam (Sauer
et aI., 1993). Sauer et aI. (1993) and Garvie et aI. (personal
communication) also used ELNES spectroscopy to deter-
mine the proportions of [31Band [41Bin borate minerals.
However, more care must be taken when ELNES spectros-
copy is used for quantitative analysis of [31Band [41Bbe-
cause of possible surface damage of samples and transfor-
mation of [41Binto [31Bby the high-energy electron beam.

Synchrotron radiation B K-edge XANES spectroscopy
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has many advantages for the quantification of [3JBand
[41B.Sample preparation is very simple, and the use of

synchrotron radiation permits rapid acquisition of B
K-edge XANES spectra. The prominent features attrib-
uted to [3JBand [4]Bare well separated by about 4 eV, as
in the ELNES spectrum, and, in particular, peak a, as-
signed to [3JB,is very sharp. B K-edge XANES spectros-
copy appears to overcome some disadvantages ofllB MAS
NMR and B K-edge ELNES spectroscopy in quantifica-
tion of the local structure of B. By comparing the quan-
tification techniques used by Sauer et al. (1993) with those
developed here, our technique gave abundances of [31B

and [41Bin these glasses that are in better agreement with
the 11B MAS NMR results (Gan et al., 1994). The accu-
racy of the XANES technique is difficult to evaluate, but
the proportions of [31Band [4JBentities are estimated to
be within::!: 10%. The variation in sample preparation
and the slightly different cross sections Ofl31Band [41Bmay

contribute to the error.
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