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Structural environment of Al dissolved in 2PbO+B,0; glasses
used for solution calorimetry: An Al NMR study
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ABSTRACT

27A] NMR spectroscopy of glassy 2PbO-B,0, calorimetric fluxes containing from 1.0 to
23.8 mol% Al [from dissolved a-Al,O, or NaAlSi,O; (albite) glass] shows that about 92%
of the Al is in fourfold coordination to oxygen [Al(4)] with the remainder mostly in sixfold
coordination to oxygen [Al(6)] and that the chemical shifts and Al(4)/Al(6) ratios do not
change measurably in this composition range. Some spectra appear to contain a small
(<2%) peak at about 30 ppm, which.may be due to fivefold coordinated Al [Al(5)] (Risbud
etal., 1987) or Al(4) with four B next-nearest neighbors (Dupree et al., 1985). The enthalpy
of solution of ALO, in 2PbO-B,0, at 700°C is independent of composition in the range
0.5 to ~6 mol% Al, with possible changes at higher concentrations (which may be related
to slow rates of dissolution). The NMR results provide a structural basis for the observed
Henry’s law behavior of the enthalpies of solution.

The presence of Al in several different coordinations in these glasses is consistent with
27A1 NMR data for other B-containing glasses and may represent coupling of the B(3)-B(4)

and Al(4)-Al(6) equilibria.

INTRODUCTION

High-temperature solution calorimetry in molten
2Pb0O-B,0; is a well-established method to determine en-
thalpies of formation of refractory materials, including
many of geologic importance (Charlu et al., 1975; Na-
vrotsky, 1977; Carpenter et al., 1983; Akaogi et al., 1984).
The interpretation of enthalpy of solution data is greatly
simplified if the heats of solution depend neither on sol-
ute concentration nor on the presence of small amounts
of other dissolved solutes (i.e., that Henry’s law is obeyed).
Repeated calorimetric experiments have verified this as-
sumption for oxide concentrations of less than ~1 wt%
(Charlu et al., 1975; Navrotsky et al., 1986; Navrotsky,
unpub. data). This paper presents the results of an Al
solid-state NMR study demonstrating that the structural
environment of Al in 2PbO-B,0, fluxes does not change
significantly for Al concentrations between 1.0 and 23.8
mol% Al, supporting the Henry’s law behavior observed
in calorimetry.

EXPERIMENTAL METHODS
Sample preparation

The 2PbO-B,0, starting material used in this study was from
a master batch (~50 kg) of calorimetric flux previously prepared
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from reagent-grade PbO and H,BO,. This batch has been ana-
lyzed repeatedly for Pb by X-ray fluorescence spectroscopy to
verify composition and homogeneity. For the experiments de-
scribed here, batches of approximately 15 g of the flux were fused
at ~740°C in a Pt crucible, air-cooled to a glass in the crucible,
and weighed. Dried a-ALO, (corundum) or NaAlSi,;O; (albite
glass) were weighed and added to the glassy flux in the Pt cru-
cible. Table 1 lists the compositions used. The flux plus solute
mixtures were then melted at ~740°C for 1 to 2 h (less time for
lower concentrations of solute). During this time the solution
was agitated vigorously and repeatedly with a Pt stirrer to ensure
homogeneity. The solution was then air-quenched by pouring
into a graphite bowl. The product was a transparent yellow glass.
The glass samples were examined in immersion oils with a pet-
rographic microscope to verify the absence of any crystals.

Spectroscopic methods

All spectra were obtained with a “home-built” 11.7-T spec-
trometer using the methods described by Kirkpatrick et al. (1985a)
and Turner et al. (1986). A pulse width equal to one-sixth of the
90° pulse for the standard solution was used to ensure that signal
intensity is not substantially dependent on quadrupole coupling
constant (Fenzke et al., 1984). The standard solutions used were
1M AICI, for Al and BF;-Et,O (boron trifluoride etherate) for
1B, Peak positions (chemical shifts at maximum intensity) are
reported as the parts per million (ppm) difference in frequency
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Fig. 1. Al NMR spectra of Al-containing 2PbO-B,0, glasses

obtained at a field strength 11.7 T. Left-hand column shows
MASS spectra obtained at a spinning speed of about 4 kHz, and
right-hand column shows static spectra. The number next to
each spectrum is the mol% Al in that sample. All chemical shifts
are in ppm from 1M AICI; solution. See text for spectrometer
conditions.

between the standard solution and the sample. The recycle times
used, 1 s for Al and 5 s for ''B, were more than sufficient to
avoid signal saturation. Because of the low Al concentration,
between 600 and 48 000 free induction decays (FID) were col-
lected to produce the ’Al spectra. The larger number of FIDs
were used for the lower Al concentrations to ensure an adequate
signal-to-noise ratio. Exponential multiplication resulting in an
artificial line broadening of 65 Hz (~0.5 ppm) was employed to
improve the signal to noise of all 2’Al spectra.

The magic-angle sample spinning (MASS) spectra were collect-
ed with two sample probes. One probe has a low Al-background
signal, but has a maximum spin rate of about 4 kHz. This rate
places spinning sidebands from Al(4) at ~90 and 30 ppm, ob-
scuring any resonance that may be present near 30 ppm. Spin-
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Fig. 2. ?7Al mass NMR spectra obtained at 11.7 T and spin-
ning speeds of between 7.0 and 7.5 kHz. In these spectra the
spinning sidebands from the Al(4) peak are at about 115 and 0
ppm, and a small peak at about 30 ppm is seen in spectra A and
B (prepared using a-Al,O, solute) but not in spectrum C (prepared
using Ab glass solute). This peak may be due to either Al(5) or
to Al(4) with four B next-nearest neighbors. Fast-spinning spectra
from samples with less than 6 mol% Al have a relatively larger
background signal that obscures the region near 30 ppm.

ning more slowly produces four overlapping spinning sidebands
between the tetrahedral and octahedral peaks [two from Al(4)
and two from Al(6)], once again obscuring any resonance near
30 ppm. Therefore a second, faster-spinning probe was also used
to obtain *’Al mass spectra. The second probe can attain spin-
ning speeds of 7-8 kHz, which puts spinning sidebands from
Al(4) at about 110 and 0 ppm. Unfortunately, this probe has a
large Al(6) background signal centered near 0 ppm. Therefore,
>7Al Mass spectra were obtained using both sample probes. The
static 2’Al spectra and the ''B mass spectra were collected with
the slower-spinning probe.

TABLE 1. Sample compositions and 2’Al MASS NMR data
Al(4) mAsS Al(6) mass
Moles Alf peak peak
Solute Flux moles maximum maximum % Intensity

Solute [(e)} (9) solution {(ppm) (Ppm) of Al(6) peak
a-AlLO, 0.01528 15.0259 0.0102 558 = 1.5 4.0 £ 2.0 6.0=20
-Al,0, 0.02538 15.0027 0.0170 57,7 4.0 10.0
a-AlL,O, 0.05049 15,0399 0.0334 56.2 4.0 6.5
a-Al,0, 0.10068 15.0503 0.0655 57.3 2.0 6.5
a-AlLO, 0.20396 15.0476 0.1284 58.1 2.0 7.0
a-ALO, 0.40083 15.0333 0.2378 57.5 4.0 8.0
Ab glass 0.11016 15.0490 0.0142 56.0 1.0 6.5
Ab glass 0.22542 15.0529 0.0286 55.6 4.0 8.0
Ab glass 0.55056 15.0894 0.0670 55.4 1.0 4.5
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Fig. 3. "B mass NMR spectrum and its deconvolution for

2PbO-B,0, base glass. (a) ''"B MAss spectrum obtained at 11.7
T. The B(3) doublet has maxima at 15.5 and 11.6 ppm, and the
B(4) singlet has a maximum at 1.4 ppm. (b) Simulated composite
peak obtained using the curve-fit program NMRCAP; spinning side
bands not modeled. (c) Component peaks for the simulated spec-
tra. The two overlapping peaks at the left are in reality a single
quadrupolar split peak, but this does not affect the modeled B(3)/
B(4) ratio.

RESULTS AND DISCUSSION

The ’Al ~4-kHz mass spectra (Fig. 1) clearly show
peaks for Al(4) at about 50 ppm and Al(6) at about 3
ppm (chemical shifts summarized in Table 1). The peaks
at about 90 and 30 ppm are spinning sidebands from the
Al(4) peak. The static spectra (Fig. 1) also show an Al(4)
peak at about 60 ppm and an Al(6) shoulder at about 0
ppm, although the peaks are not as well resolved owing
to orientation-dependent broadening effects (Kirkpatrick
et al., 1985b). The peaks near 0 ppm in the static spectra
confirm that the peaks near O ppm in the Mass spectra
are not spinning sidebands, but represent signal from Al(6)
sites.

The maAss spectra obtained at about 7 kHz (Fig. 2) are
less useful because of Al(6) background in the probe, but
do show the presence of a very small peak at about 30
ppm for the more-concentrated samples made with Al,Os.
This peak is not present for the most Al-rich sample made
with albite glass solute. We cannot determine whether
this peak is present for samples having lower concentra-
tions of Al because of the probe background signal. In
these faster-spinning-speed spectra, the peaks at about
110 ppm and —50 ppm are spinning sidebands. The rel-
ative intensity of the peak for Al(6) appears to increase
with decreasing Al content of the sample, owing to the
increasing relative contribution from the broad Al(6)
probe background.

The significance of the small peak at about 30 ppm is
not clear. Dupree et al. (1985) have assigned it to Al(4)
with four B next-nearest neighbors. Risbud et al. (1987),
however, have observed it in spectra of Si0O,-Al, O, glass-
es and have assigned it to pentahedrally coordinated Al
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[Al(5)]. There are few model compounds with ?’Al chem-
ical shifts in this range, and discrimination between these
two possible assignments is not currently possible. The
absence of the peak at about 30 ppm for the most-con-
centrated sample made with albite glass solute may in-
dicate that the presence of Si or Na in the glass changes
the structural environment giving rise to this peak. Since
the total intensity of this peak is low (=2%) and its as-
signment so poorly understood, further interpretation is
unwarranted.

With the exception of the small peak at ~30 ppm, the
27A} spectra of all the samples are essentially identical.
The Al(4) and Al(6) chemical shifts are essentially iden-
tical within experimental error. What small variation there
is (56.5 + 1.5 ppm and about 2 + 2 ppm) is not system-
atic with Al content and is likely due primarily to poor
signal-to-noise ratio for some spectra, small phasing errors,
and to overlap of the Al(6) peak and the second spinning
sideband from the Al(4) peaks. Similarly, the area of the
Al(6) peak relative to that for Al(4) is essentially constant
at 8 + 2% (as determined by computer simulation using
the Nicolet program NMRcAP and the 4-kHz Mass spec-
tra). Because these spectra were obtained under short-
pulse-width conditions, this peak area probably repre-
sents the relative abundance of Al(6) in the sample (Fenzke
et al., 1984; Kirkpatrick et al., 1986). The presence of a
very broad peak due to sites with very large quadrupole
coupling constant (=15 MHz) cannot be ruled out but
seems unlikely. The quantitation method of Kirkpatrick
et al. (1986) cannot be used for these samples because of
the multiple peaks.

These spectroscopic results are fully consistent with ca-
lorimetric experiments, which show that reproducible and
constant enthalpies of solution are obtained up to a max-
imum of 50 to 100 mg of solute per 15 g of 2PbO-B,0;
flux (corresponding to 3 to 6 mol% Al for a-Al,O, solute)
(Navrotsky, 1977, and unpub. results). At higher concen-
trations, somewhat erratic results are obtained. These may
represent a real concentration dependence of the enthalpy
of solution or may be due to the observed decrease in the
rate of dissolution, causing incomplete reaction during a
calorimetric experiment. The constancy of chemical en-
vironment over a wide concentration range inferred from
the NMR experiments provides a structural basis for the
observed Henry’s law behavior of the heats of solution.

We have also obtained a ''B spectrum of the 2PbO-
B,O, calorimetric glass (Fig. 3). Signal for both trigonally
coordinated B [B(3)] between 7 and 20 ppm (split and
broadened owing to second-order quadrupolar effects) and
tetrahedrally coordinated B [B(4)] at 1.4 ppm are readily
distinguished (Turner et al., 1986). Simulation of this
spectrum yields a B(4)/[B(3) + B(4)] value of 0.38 (+0.03),
in excellent agreement with the results obtained by Kim
et al. (1976) using wide-line "B nmMrR methods.

The 2’Al spectra presented here provide further evi-
dence that Al commonly exists in more than one coor-
dination in glasses containing both Al and B (Schiller et
al., 1982; Dupree et al., 1985; Oestrike et al., 1986; Hah-
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nert and Hallas, 1986). In contrast, aluminosilicate glass-
es containing no B do not have detectable amounts of
nontetrahedral Al if the ratio of Al/(M* + 0.5M?") is less
than unity (i.e., peralkaline and framework compositions;
Riebling, 1966; Taylor and Brown, 1979; Mysen et al.,
1981; McMillan and Piriou, 1983; Oestrike and Kirkpat-
rick, in prep.). This difference suggests that the stabili-
zation of nontetrahedral Al may be due to coupling be-
tween the B(3)-B(4) equilibria and the Al(4)-Al(6)-Al(5)
equilibria, because borate and borosilicate glasses usually
contain both B(3) and B(4) (Bray, 1985, and reference
therein).

Although the ?Al NMR data presented here appear to
confirm the lack of change in the structural environment
of Al suggested by the calorimetric results, one note of
caution is that NMR spectra were obtained for glasses,
whereas the solution calorimetric data were obtained for
melts of the same composition. At present there is no
fully effective way of assessing possible changes in the Al
environment during the glass transition. Several studies
suggest, however, that major structural changes in the
nearest-neighbor configurations do not occur between the
molten and glassy states (Riebling, 1966, 1967; Waseda
and Toguri, 1977; Seifert et al., 1981; Domine and Pi-
riou, 1983; Hochella and Brown, 1984, and references
therein), and we believe that it is unlikely that there are
significant changes in local coordination during quench-
ing.
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