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Abstract—One aspect of the inherent disorder in silicate glasses and melts is the intermixing among
framework units, which has important implications to the macroscopic properties of silicate magmas. We
present experimental evidence of extensive mixing of these framework units in silicate glasses including
aluminosilicate and borosilicate glasses from oxygen-17 nuclear magnetic resonance (NMR), which shows
remarkable similarity to predictions from ab initio molecular orbital calculations. We quantify the extent of
framework disorder by introducing the degree of interdisperd®)mgnging from complete phase separation

to random distribution for borosilicate glasses and the degree of Al avoid@)der(aluminosilicate glasses.
Boron-11 triple quantum magic angle spinning NMR results show that the fraction of the boroxol ring group
increases with increasing boron content in binary borosilicate glasses, affecting the corresponding configu-
rational enthalpy. We demonstrate that a more complete description of the macroscopic thermodynamic
properties of silicate glasses can be successfully derived from detailed information on the degree of framework
disorder. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION particular,*’O 3QMAS NMR yields information on the oxygen
site configurations in oxide glasses and their relative popula-

and their precursor liquids, have long been studied because of:j'onf’ scaled t}’}irt]he ?Q'\t/'ASHEfflcllenCyt, which w:turntlhs depe:-
their diverse applications in the glass industry (Dell et al., 1983; enton one ot the structurally relevant parameters, the quadru-

Youngman et al., 1995) and the implications of their structures polar _couplmg c_onstan_t Q). _Th'_s method has be_come
to the properties and dynamics of silicate magmas (Mysen et espeqally l_Jse_fuI in the investigation of framework dlsorder_,
al., 1982: Stebbins and Xu, 1997). These glasses, as covalenf/loWing this important aspect of degree of randomness in
random networks, have well-defined nearest-neighbor atomic ©Xide glasses to be evaluated (Lee and Stebbins, 1999, 2000a).
environments forming corner-sharing framework units such as N our recent studies of aluminosilicate glasses, which rep-
Sio, or AlO, tetrahedra [{!Si and “Al) (Engelhardt and resent the predominant types of magmas in the Earth’s upper
Michel, 1987) and three- or four-coordinated BOr BO, mantle and crust, we used the degree of “aluminum avoidance”
groups B'B and™B) linked by bridging oxygens (Dell et al.,  (Q) to quantify the extent of framework disorder, which has
1983). The local configurations of these framework units (a key been an important problem in high-temperature geochemistry
aspect of the Short-range order) have major effects on the for decades (Lee and Stebbins, 1999) In contrast, borosilicates
transport properties, including viscosity and diffusivity, and on are one of the most important types of technological glass-
the thermodynamic properties and phase relations of the melts,forming systems and have growing applications in nuclear
such as configurational entropy, heat capacity, and activity waste storage. Borosilcate glasses in th®8SiO, binary,
coefficients (Navrotsky et al., 1982; Richet et al., 1997; Mysen, which can serve as a model system for the more complex
1998; Lee and Stebbins, 1999 2000a,b). In spite of its impor- compositions, have been of particular interest because of the
tance, quantitative estimation of the extent of the inherent fundamental implications of the degree of mixing between the
disorder in silicate glasses and melts has remained a complexsilicate network !Si) and that composed of three-coordinated
and difficult problem, largely because of the limits of resolution boron !B), leading to controversies on phase separation and
of conventional experimental techniques. For example, explo- inherent spatial inhomogeneity (Porai-Koshits and Wright,
ration of the distribution of Si and Al within the network has  1996; Wright et al., 1996).
been hampered by their similar atomic scattering factors (Pet-  Successful boron speciation models for ternary borosilicate
kov et al., 2000). Conventional magic angle spinning (MAS) glasses based oh'B NMR (Dell et al., 1983) postulate no
solid-state nuclear magnetic resonance (NMR) has proved of structural units made of botA'Si and®'B and thus imply low
limited utility for determining the local arrangement of frame-  probability for the intermixing of these framework units. The
work units due to the lack of resolution caused by chemical formation of oxygen clusters connectiff§Si and®'B (“ISi-
shift distributions and quadrupolar broadening (Lee and Steb- o.3IB) in pinary borosilicate glasses has been thought to be
bins, 2000b). On the other hand, recent development of triple |imjted, as suggested by calculated glass immiscibility that
quantum (3Q) MAS NMR has offered improved ;esolution, propagates into ternary systems and by the positive heat of
1;r7ee from quadrupolar broadening for nuclides S!JCF‘ asand mixing from solution calorimetry (Charles and Wagstaff, 1968;
O (Baltisberger et al., 1996; Lee and Stebbins, 2000b). In perig and Navrotsky, 1985). However, clear evidence of
mixing between the two units has been reported in retént
*Author to whom correspondence should be addressed @nd*'B NMR studies (Wang and Stebbins, 1998; Sortral.,
(sklee@pangea.stanford.edu). 1999), suggesting instead a random distribution of framework
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units (Martens and Mller-Warmuth, 2000). Therefore, it is of
crucial importance to provide a quantitative assessment of the
extent of B-Si disorder. B 3QMAS NMR is also an important
tool to provide the information on the local configurations,
including the variation of boroxol ring content with composi-
tion and its effect on the material properties (Hwang et al.,
1997).

Here, we report 'O and B 3QMAS NMR spectra for
binary borosilicate glasses and a *’O 3QMAS NMR spectrum
for a calcium aluminosilicate glass. We describe a general
framework for exploring the degree of disorder in silicate
glasses by the introduction of the “degree of aluminum avoid-
ance” in aluminosilicate glasses and the “ degree of interdisper-
sion (degree of phase separation)” in borosilicate glasses, the
latter ranging from complete phase separation to random dis-
tribution. We also quantify the extent of intermixing among the
network units in these glasses via 'O NMR and ab initio
molecular orbital calculations combined with statistical ther-
modynamic modeling.

2. EXPERIMENTAL

Binary borosilicate glass samples are synthesized as previously
described (Wang and Stebbins, 1998; Lee et ., in press) from *’O-
enriched SiO, and B,O; with nominal compositions of B,Si,gO;3 r,
where R (=Si/B) is 2 (sample BS28), 0.75 (BS46), and 0.33 (BS64).
170-enriched boron and silicon oxides were prepared by hydrolyzing
silicon tetrachloride and boron trichloride in 45% *O-enriched water.
B,O; glass was prepared by melting B,O, reagent. ’O-enriched Ca-
aluminosilicate glass with a nomina composition of CaAl,SiOg was
synthesized at 1873 K from CaCO,, Al,O,, and **O-enriched SiO, as
previously described (Stebbins et al., 1999b).

170 3QMAS spectrafor binary borosilicate glasses were collected at
a Larmor frequency of 54.2 MHz (9.4 T) with the shifted-echo pulse
sequence with two hard pulses of durations of 5.3 us and 1.8 pus,
respectively, and a selective pulse with duration of 26 us applied after
n rotor cycles, or ~0.5 ms (Baltisberger et al., 1996; Lee and Stebbins,
2000b). The spin-lattice relaxation time for each sample was measured
with the saturation-recovery method, and the delay times were chosen
to be threetimes T,, typically 1to 4 s. Spinning speed was 15 kHz, and
all spectra are referenced to external tap water. The 3QMAS spectrum
of calcium auminosilicate glass was obtained as described above
except with arecycle delay 12 s and a delay between second and third
pulse of ~0.5 ms. B 3QMAS NMR spectra for binary borosilicate
glasses and B,O; glass were collected on a Varian Inova 600 spec-
trometer at a Larmor frequency of 192.42 MHz and a spinning speed of
18 kHz with a 3.2-mm Varian/Chemagnetic MAS probe. The shifted-
echo pul se sequence comprising two hard pulses of duration 3.5 usand
1.2 us, and a selective pulse with duration of 20 us and an echo time
of 2 ms was used. The spectra were referenced to BF;(CH;CH,),0,
which resonates at —19.6 ppm with respect to the observed 1 M boric
acid (H3BO,) solution.

3. RESULTS AND DISCUSSION

3.1. 70 and B 3QMAS Spectra for Binary
Bor osilicates

Figure 1 illustrates the *’O 3QMAS NMR spectra of binary
borosilicate glasses with varying Si/B ratios, where three bridg-
ing oxygen sites [15i-0-115j, [¥1B-0-*1B, and especially 11Si-
O-¥IB are clearly resolved for all Si/B ratios. The area fraction
of the isotropic projection for each oxygen cluster can be
regarded as the true oxygen site population because C,, for each
cluster, the dominant factor for 3QMAS efficiency, is similar
(5.5 to 5.9 MHz) (Wang and Stebbins, 1998). C, and the
isotropic chemical shifts (8;4,) are rather similar throughout the
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Fig. 1. O 3QMAS NMR spectrafor binary borosilicate glasses with
varying Si/B. Contour lines are drawn from 4 to 99 % of relative
intensity with a 5 % increment and added line at the 6.5 % level to
better show low-intensity peaks.

binary because of the lack of charge balancing or modifying
cations. These are among the major sources of C,, variation for
bridging oxygen sites, as has been demonstrated in alumino-
silicate glasses, where 6, also increases with decreasing Si/Al
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Fig. 2. *'B 3QMAS NMR spectra of binary borosilicate glasses and B,O; glass with varying Si/B. Contour lines are
drawn from 3 to 98% of relative intensity with a 5% increment.

ratio and thus increasing Na content (L ee and Stebbins, 2000b).
The fraction of Si-O-[4Si increases with increasing silica
content, whereas that of ®!B-O-°'B decreases. The large frac-
tion of !S-O-[¥IB for al three samples demonstrates that
phase separation is not prominent, allowing considerable mix-
ing among the framework units.

Figure 2 shows the *B 3QMAS NMR spectra of the binary
borosilicate glasses. Two clearly resolved structural compo-
nents are assigned as boron in boroxol rings (consisting of three
corner shared BOjs triangles) and boron in nonring sites (Lee et
al., in press). C, of each site, obtained from the center of
gravity of each peak, dlightly increases with increasing Si
content from 2.75 (£0.1) (BS28) to 2.92 (+0.05) MHz (B,O,)

for the nonring component and 2.70 (*+0.1) (BS28) to 2.82
(%0.05) MHz (B,0,) for the ring component. These values—in
particular that for B,O;—are somewhat larger than those de-
rived from B MAS NMR partly because of the uncertainties
caused by peak overlap in B 3QMAS NMR spectra (Lee et
al., in preparation). 8., decreases with increasing Si/B ratio
from 12.6 (+0.5) (BS28) to 13.9 (+0.5) ppm (B,O,) for
nonring component and from 15.8 (1) (BS28) to 17.9 (*=0.5)
ppm (B,0s), implying increased shielding with increasing Si
around B. These results show good agreement with our recent
1B MAS NMR results and imply that both boroxol ring and
nonring components bond with SiO, group.

The fraction of the boroxol ring component increases with
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Fig. 3. Total projections in the isotropic dimension of B 3QMAS
spectrafor binary borosilicate glasses and B,O; glass with varying Si/B
as labeled.

increasing boron content in binary borosilicate glasses as
shown in isotropic projections of *'B 3QMAS spectra (Fig. 3),
which is consistent with results from our recent **B MASNMR
spectra. On the other hand, the fraction of the boroxol rings
from 3QMAS is smaller than that obtained from 'B MAS
NMR: in BS64, fraction of boroxol rings from B MAS is
~48% compared with 38% from 3QMAS NMR (Leeet d., in
press). This discrepancy may be due to the small C, difference
between two components where the boroxol ring has larger C,
than nonring component, affecting 3QMAS efficiency or to
dlight differential relaxation between the two boron sites. It
should also be noted that the calculation of the boron site
fraction from B MAS NMR by simulating the spectra may
also introduce uncertainty.

3.2. Extent of Disorder and Configurational
Thermodynamic Propertiesin Silicate Glasses:
Theory and Applications

The population of each bridging oxygen can provide explicit
information on the degree of interdispersion among units and
can be obtained from the following relations, considering the
difference in coordination number of each unit as a function of
fictive temperature and of composition (Lee and Stebbins,
1999):

Xg-os = 4XgXg ( @)

1
51
where 8 = |1 + 4Xg Xg { exp [2WKT; (Xg)] —1}, Xg =25 Xs/
(ZsXg + zeXp), and X5 = 7z5Xgl(zgXg + ZgXg) refer to the
normalized mole fraction of S and B. X4 and Xy are the mole
fractions of Si and B relative to total (S + B), and z and z; are
the coordination numbers of S and B, respectively. 2W is the
cluster energy difference in the reaction [(Si-O-14S] + [°IB-O-
BIg] = 2[15-0-°IB]. k is the Boltzman constant and T,(Xg) is
the composition-dependent fictive temperature at which the
equilibrium liquid structure is quenched into the glass. Here,
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Fig. 4. Variation in oxygen-site populations in binary borosilicate
glasses with Xg (mole fraction of boron relative to B + Si). Solid
circles and squares refer to the experimental oxygen site populations
(from 7O 3QMAS NMR) of Si-0-1415} and Si-0-°IB, and open
circles show experimental fraction of P!IB-O-®'B. The solid lines
represent the cal culated oxygen site populations with 2W = 5.4 kImol.

the cluster energy difference (2W) controls the relative popu-
lation of each cluster and can be evaluated directly from ab
initio molecular orbital calculations. The clear experimental
evidence of framework mixing can be quantified by the intro-
duction of the degree of interdispersion (P), where p = 1 refers
to the complete phase separation (giving rise to negligible
15i-0-BIB) and P = 0 represents random mixing among
framework units, which would yield 50% of “ISi-O-[¥!B for
BS46. Here, the degree of interdispersion (the degree of phase
separation, P) among network units is defined as

P =1— exp[—(QWIKT; (Xs))], @)

where the definitions of the variables are given previously. The
degree of interdispersion also changes with composition due to
the composition-dependent fictive temperature. The variation
of experimental oxygen site populations with composition
agrees well with the calculated values (Egn. 1) with P ~ 0.62
(2W = 5.4 kJ/mol) at BS46 as illustrated in Figure 4, confirm-
ing the prediction of considerable network mixing but clearly
not fully random. These results are also remarkably similar to
the prediction obtained from the recent quantum chemical
calculations based on density functiona theory where the cal-
culated 2W is ~5.8 kJ/mol (Frisch et a., 1998; Lee et d., in
press). Here, 2W was calculated at the B3LY P/6 to 311G(2d,p)
level for clusters such as “1Si-O-[¥1B (Si(OH),-0O-B(OH),),
M5-0-115 ((OH),Si-0-Si(OH),), and P'B-0-FIB ((OH),B-
O-B(OH),), which were fully optimized at the HF/3-21G level
with Gaussian98.

Framework mixing in alkali aluminosilicate glasses has been
recently quantified in terms of the degree of Al avoidance,
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Fig. 5. O 3QMAS spectrum of CaAl,SiO, glass collected at 9.4 T.

Contour lines are drawn from 9 to 99 % of relative intensity with a5 %
increment and an added line at the 7 % level.
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demonstrating that the Al avoidance is imperfect, leading to
~10% of (AI-O-MAI in NaAISiO, glasses. In such systems,
most or all the polyhedral units are four-coordinated—that is,
Mg and Al (Lee and Stebbins, 2000a,b). On the other hand,
recent results for charge-balanced calcium aluminosilicate
glasses from high-energy X-ray diffraction report that the for-
mation of nonbridging oxygen is associated with the decrease
of coordination around S to lessthan four for Si/Al < 1 glasses
(Petkov et al., 1998, 2000). This report may not explain the
formation of nonbridging oxygen in high silica aluminosilicate
glasses. Oxygen NMR and oxygen site statistics developed here
give amore direct insight into the site connectivity and cation
coordination in auminosilicate glasses. Figure 5 shows 'O
3QMAS NMR spectrum of a charge-balanced Ca-aluminosili-
cate glass with Si/Al = 0.5. The isotropic projection of the
3QMAS spectrum was fitted with two gaussian components
representing [ AI-O-IAl and 11Si-O-[*Al. The peak positions
(83omas) Were constrained to vary around —34 * 0.5 ppm for
the former and —41 + 0.5 ppm for the latter. [AI-O-IAl and
1415i-0-[YIAl pesks are partially resolved, and the populations
of the clusters are ~38 = 5 % and 62 = 5 %, respectively,
considering the C, dependence of 3QMAS efficiency. Such a
level of quantification was not reached in our previous report
on Ca-aluminosilicate glasses due to a lower resolution (Steb-
bins et al., 1999a). These experimental results agree well with
the prediction from 2°Si MAS NMR with a degree of Al
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Fig. 6. Oxygen site populations in silicate glasses including aluminosilicate and borosilicate glasses as a function of X',
which is the normalized mole fraction of framework cation (e.g., T = Al or B) as defined in Egn. 1. (A) Populations of
oxygens linking different types of framework units (Si-O-T). Solid circles represent [1Si-O-[*Al in SiO,-NaAlO, (Lee and
Stebbins, 2000a), and solid squares refer to [4Si-O-°*IB in binary borosilicates (from 7O 3QMAS NMR). Open diamond
and open circle show the fraction of [Si-O-l/Al in LiAISIO, glass (Lee and Stebbins, 2000a) and CaAl,Si,Og glass,
respectively. Thin solid lines show (from upper to lowermost) the calculated oxygen site populations of [Si-O-[Al with
Q of 0.942 (for Na-aluminosilicates, NarAS) (Lee and Stebbins, 2000a), 0.928 (LiAlISIO, glass), and 0.85 (for Ca
aluminosilicates, Ca-AS) at 1050 K and [“!Si-O-®'B with P of 0.62 (for binary borosilicate glasses, BS) from the largest
Si-O-T. Solid lines are the calculated Si-O-T with Q of 1 and 0. (B) Populations of oxygens connecting the same framework
units (T-O-T; eg., “AI-O-¥Al and B!B-O-[®B). Solid circles and squares represent the experimental oxygen site
populations for “AI-O-l4Al and BIB-O-°IB in Na-AS and BS, respectively. Open diamond and open circles shows the
fraction of [IAI-O-[*Al in LiAISIO, (Lee and Stebbins, 2000a) and CaAl,Si, O glasses. Thin solid lines show (from lower
to uppermost) the calculated oxygen site populations of T-O-T with Q of 0.942 (for Na-AS) (Lee and Stebbins, 2000a),
0.928 (LiAISIO, glass), and 0.85 (for Ca-AS) a 1050 K and [ISi-O-IB with P of 0.62 (for BS) from the lowest T-O-T.
Solid lines are the calculated T-O-T with Q of 1 (Al avoidance) and O (random distribution) and P = 1 (complete phase
separation) from the lowest. The composition-dependent T, was used in calculation of PB-O-FIB and [Si-O-1¥IB for

borosilicate glasses.
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avoidance (Q) of around 0.85 where Q varies from 0 (random
distribution of framework units) to 1 (complete Al avoidance)
based on the constraint of the same coordination number of 4
for Si and Al. The degree of Al avoidance among network units
was defined previously (Lee and Stebbins, 1999) and is given
as

Q =1 — exp (2WIKTy). (3

The results from borosilicates and aluminosilicates can be
combined to yield a general framework for understanding the
extent of short-range order in silicate glasses. Figure 6 illus-
trates the variation of oxygen site populations (Si-O-T and
T-O-T) in charge-balanced silicate glasses with respect to the
degree of intermixing (Q and P) and composition. The latter is
represented as the normalized molefraction (X+', where T = B
or Al) to facilitate comparison among systems with different
coordination numbers. Framework mixing in charge-balanced
silicate glasses can thus be quantified from experimental oxy-
gen site populations derived from NMR. The degree of mixing
in the binary borosilicates can be seen to liein the intermediate
range between a random distribution and complete phase sep-
aration and that of aluminosilicates is constrained to lie in the
region between random mixing and strict Al-avoidance (no
MAI-O-[YAI).

The quantification of chemical short-range order has critical
implications to configurational thermodynamic properties that
in turn are of central importance to activity-composition rela-
tions in silicate liquids. We calculate the configurationa en-
thalpy of Ca- and Na-aluminosilicate and binary borosilicate
glasses using the statistical thermodynamic modeling and the
constraints from NMR and compare the results to heats of
mixing derived from solution calorimetry (Fig. 7). Configura-
tiona enthalpy due to chemical mixing can be calculated as

Z o X11X12
B+1

where z, = 7 X1 + Z2X15. T1 and T2 refer to framework
cations.

Previously, we have demonstrated that the results from these
two methods yield good agreement for aluminosilicate glasses
(Navrotsky et al., 1982; Lee and Stebbins, 1999, 2000a,b). For
the binary borosilicate glasses, the configurational enthalpy
calculated from NMR-derived oxygen site fractions and con-
sidering only chemical intermixing (ignoring possible interme-
diate-range order), shows remarkable similarity to that calcu-
lated from quantum simulations with the larger of the two basis
set tested (curve b in Fig. 7B). The configurational enthalpy is,
however, rather smaller than that from solution calorimetry
(Fig. 7B) in compositions with high boron contents. A likely
explanation of this discrepancy is inherent topological short-
range order or intermediate range order. Particularly important
is the formation of boroxol rings, as shown in the Figures 2 and
3 and by our recent *'B MAS NMR spectra where the boroxol
ring group increases linearly with increasing boron content
from ~17% in BS28 to 70% in B,O; glasses (Lee et &, in
press). The extra energy of forming boroxoal rings, ~14 kJ/moal,
can be estimated by adding aterm linear in composition to the
configurational enthalpy.

These results show that a considerable fraction of the heat of
mixing in binary borosilicate glasses can be due to topological

Hconfig — 2W, (4)
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Fig. 7. (A) Configurational enthapies (H"9) of various silicate
glasses obtained from *”O NMR and solution calorimetry. X is the
mole fraction of B or Al. Heavy solid lines represent the cal culated
configurational enthalpy from 1O NMR at P = 0.62 (BS46), Q =
0.8 (Ca-AS), and 0.94 (Na-AS) and relationship given in Egn. 4.
Solid lines and solid sguares represent the enthalpy of mixing
obtained from solution calorimetry (Navrotsky et al., 1982; Hervig
and Navrotsky, 1985). BS, Ca-AS, and Na-AS refer to the charge-
balanced binary borosilicate glasses (BO, 5-SiO,) Ca-aluminosili-
cate and Na-aluminosilicate glasses, respectively. The uncertainty in
the configurational enthalpy from solution calorimetry in the BS
system is also shown. (B) Configurational enthalpy for binary bo-
rosilicate glasses with mole fraction of boron relative to B + Si.
Curves a and b show the results obtained by combining molecular
orbital calculations of 2W at the B3LY P/6-311G(d)//HF/3-21G
level (a) and at the B3LYP/6-311+G(2d,p)//HF/3-21G level (b)
with statistical thermodynamic modeling, respectively. Solid circles
represent the cal culated H*"9 considering the formation of boroxol
rings.
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contributions, in particular the formation of boroxoal rings, and
that these effects can be clearly separated. A possible compli-
cation to the concept given here is whether ring and nonring
boron groups have different degrees of intermixing with [41Si.
However, in the limiting cases where boroxol rings are as-
sumed not to mix with [ISi, the experimental oxygen site
populations cannot be explained: the maximum “4Si-O-[4g
fraction and minimum [¥'B-O-I¥!B fraction in binary borosili-
cate glasses with Si/B = 0.75 (B$46), which contains ~42%
of boroxol ring, are ~27 and 47%, respectively, whereas the
experimental fractions of these clusters are around 31% each
respectively, suggesting that [ISi units are dispersed among
both nonring and boroxol ring components. The temperature
effect on mixing among framework units in silicate glasses
and meltsis also of crucial importance, which was predicted
and later verified in our recent studies on aluminosilicate
glasses and melts (Lee and Stebbins, 1999, 2000g). This effect is
considered in our calculations for oxygen site populations and
configurational thermodynamic properties of binary borosili-
cate glasses as explicitly described in Egn. 1 and Egn. 4. The
extent of intermixing increases with increasing temperature,
leading to an increased fraction of [Si-O-[*1B or [1Si-0-[4Al,
which reduces the configurational heat capacity stemming from
chemical mixing among the networks. This result may account
for the trend in configurational heat capacities for alkali titano-
silicates and binary borosilicates melts obtained from solution
calorimetry that show negative temperature dependence (Bou-
hifd et a., 1999).

In this study, we shed light on the prediction and quanti-
fication of the degree of chemical short-range order using
NMR and ab initio molecular orbital calculations combined
with statistical thermodynamics. We also demonstrated that
relatively complete descriptions of the ambient pressure
macroscopic thermodynamic properties of a simple silicate
glass system can be derived from detailed experimental
information on the degree of disorder. This approach offers
improved prospects for quantifying other aspects of the
extent of disorder in silicate glasses including topological
disorder as exemplified by bond angle distribution functions
(Lee et al., in press). Furthermore, the kinetic stability of
silicate glasses and melts in contact with water should also
depend on the framework disorder because the reactivity of
each oxygen cluster with H,O is different (Stebbins et al.,
1999b). Finally, the method and results given here have a
potentially wide range of applications not only to framework
silicates glasses, but to more complex multicomponent oxide
glasses where the extent of disorder is complicated by the
formation of “IB and even to disordered crystalline phases
such as zeolites and clay minerals.
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