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ABSTRACT

The structure of sodium tetrasilicate (Na,Si,O,) glasses containing 0 to 10 wt% water
was investigated by a combination of Raman, IR, and NMR methods. Both the 2Si magic
angle spinning NMR data and Raman spectra in the Si-O stretching region clearly show
that water depolymerizes the silicate network of the glasses. Q-species distributions cal-
culated from Raman spectra, assuming equal scattering cross sections of all bands in the
Si-O stretching region, closely agree with results obtained from NMR data. At low total
water contents, the silicate network is depolymerized mainly by breaking of Q+-Q* bonds,
whereas breaking of Q3-Q? bonds dominates at high water contents. Near IR spectra show
the presence of both OH groups and molecular H,O in the glasses. The number of non-
bridging O atoms per silicon atom, calculated from the near IR data, closely agrees with
the results obtained from Raman and NMR, and confirms the assignment of the 4500 cm-*
band in the near IR to a combination mode of Si-OH groups. Moreover, the intensity of
the fundamental Si-OH stretching band at 910 cm-* in the Raman spectra varies propor-
tionally to the intensity of the 4500 cm-* near IR band. Both IR and Raman spectra show
three main bands in the OH-stretching region, centered at 3580, 3000, and 2350 cm-1, due
to hydrous species with different hydrogen bond strengths. The relative intensities of these
three bands are insensitive to total water content and OH/H,O ratio, suggesting that both
OH and H,O contribute to each of these bands. This is consistent with the fine structure
of the H,O bending vibration in the IR spectra around 1640 cm-* and with the polarization
dependence of the OH-stretching bands in the Raman spectra. Near IR spectra of hydrous
sodium tetrasilicate glasses and hydrous aluminosilicate glasses are very similar and show
a similar dependence of band intensity on total water content, suggesting that there is no

fundamental difference in the dissolution mechanism of water in these systems.

I NTRODUCTION

Water is the most important volatile component in nat-
ural magmas. Accordingly, considerable effort has been
expanded over several decades to understand the disso-
[ution mechanism of water in silicate melts (McMillan
1994). In-situ spectroscopic measurements of hydrous sil-
icate melts at high temperature and high pressure have
only recently become feasible and are essentially still lim-
ited to near IR and Raman techniques (e.g., Keppler and
Bagdassarov 1993; Nowak and Behrens 1995; Shen and
Keppler 1995; Holtz et a. 1996). These measurements
show that the structure of hydrous melt and quenched
glass at room temperature are qualitatively similar. How-
ever, quantitative data on melt structure cannot be ob-
tained from quenched samples, because speciation in hy-
drous glasses changes even below the glass
transformation temperature (Nowak and Behrens 1995;
Shen and Keppler 1995). Nevertheless, studies of hydrous
glasses still provide a valuable first step toward under-
standing the dissolution of water in silicate melts. In par-
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ticular, various spectroscopic and diffraction methods can
be used simultaneously on glasses and the results can be
cross-checked in order to establish proper procedures for
the quantitative evaluation of spectroscopic data. Proper
band assignments and structural models can then be used
to study the structure of hydrous silicate melts directly at
high pressure and high temperature.

Presently, even the structure and vibrational spectra of
relatively simple hydrous silicate glasses are not suffi-
ciently understood (McMillan 1994).Whereas a general
consensus exists that both molecular H,O and OH groups
are present in hydrous glasses (Batholomew et al. 1980;
Stolper 1982), different estimates of the OH/H,O ratio are
sometimes obtained from IR, Raman, and NMR data
(Farnan et al. 1987; Eckert et al. 1987). Moreover, the
structural role of OH in hydrous aluminoslicate glassesis
still debated. Whereas some models invoke the formation
of Si-OH or AI-OH groups, implying depolymerization
of the glass structure by water (Burnham 1979; Sykes and
Kubicki 1993), other models imply that water has no ef-
fect on the degree of polymerization (Kohn et al. 1989).
Some of these discrepancies are related to disparate as-
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signments of various bands in the near IR and Raman
spectra of hydrous glasses (McMillan 1994). Also, the
spatial relationship between OH and H,O and the extent
of hydrogen bonding for these species is poorly under-
stood (e.g., Schaller and Sebald 1995).

The existing controversies appear to result from use of
only one or two spectroscopic methods to investigate a
system and to establish a structural model. Combining a
wide variety of spectroscopic and diffraction methods
will help to establish a coherent structural model of a
simple binary hydrous alkalisilicate glass. This study
combines previous results from neutron diffraction (Zo-
tov et a. 1996), various NMR methods (KUimmerlen et
al. 1992; Schaller and Sebald 1995), reverse Monte Carlo
simulations (Zotov and Keppler 1998), with new Raman,
IR, and S MAS NMR data to cross-check various spec-
troscopic methods and to establish proper band assign-
ments in vibrational spectra. The system sodium tetras-
ilicate (Na,Si,0,)-H,O0 was examined because highly
resolved 2Si NMR spectra can be obtained (Kimmerlen
et a. 1992), and the compositional simplicity facilitates
peak assignments in vibrational spectra as well as in the
radial distribution functions obtained from neutron dif-
fraction (Zotov et al. 1996).

EXPERIMENTAL METHODS

Anhydrous sodium tetrasilicate (Na,Si,O,) glass was
prepared by melting homogenized mixtures of stoichio-
metric quantities of SIO, (analytical grade Merck) and
Na,CO, (analytical grade Merck) in a platinum crucible
at 1200 °C for about 20 h and quenching the crucible in
water. The final composition (20.5 mol% NaO, 79.5
mol% SiO,) was measured by |CP-AES (inductively cou-
pled plasma atomic emission spectrometry). Protonated
and deuterated glasses were synthesized in a rapid-quench
TZM-autoclave. For each experiment, appropriate
amounts of anhydrous glass and deuterium oxide (99.8%
D,O, Heraeus) or doubly distilled water were loaded in
platinum capsules (5 mm diameter, 3.5 cm length, 0.15
mm wall thickness) and hermetically sealed by arc-weld-
ing. The capsules were first compressed at 1 kbar and
room temperature and then kept in a drying oven for 1
h. The weight of the capsules before and after this pro-
cedure was compared to detect any leaks. Only capsules
without significant change in weight were used in the
high-pressure synthesis. The capsules were then heated to
1100 °C under 2 kbar Ar pressure for 20 h and isobari-
cally quenched to room temperature within 1-2 s.

The density of several samples was measured using a
hydrostatic Berman balance with toluene as reference lig-
uid and the results were averaged. The standard devia-
tions are typicaly 0.05 g/lcm2. For the rest of the samples
the densities were determined by linear interpolation. The
total water content of al samples was measured at least
two times by Karl-Fischer titration (Behrens et al. 1996).

All IR measurements were carried out using a Bruker
IFS 120 HR Fourier-transform spectrometer. Absorption
spectra in the near-IR (NIR) range from 3900 to 7500
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cm-* were measured using a Bruker IR microscope at-
tached to the spectrometer. Measuring conditions were
tungsten light source, CaF, beamsplitter, liquid N,-cooled
narrow-band mercury cadmium telluride (MCT) detector,
4 cm-* resolution, and 100 scans per sample. Doubly pol-
ished plates with about 450 wm thickness were used. The
thickness was measured with a micrometer to =2 pm.
Some measurements were also carried out on thinner
plates, al peaks in the near IR scaled directly propor-
tional to the thickness of the samples, implying that they
represent species dissolved in the glass and are not due
to surface-absorbed material. Moreover, the spectra were
independent of the time the samples had been stored in
a desiccator. Mid-IR (MIR) absorption spectra from 600
to 4000 cm-* were acquired using a globar source, a KBr
beamsplitter, and an MCT detector. There were 200 scans
with 1 cm~ resolution for each sample. Samples were
either very thin (10-15 pm) doubly polished plates or
KBr-pellets. IR absorption spectra in the far-IR (FIR)
range from 150 to 700 cm~* were measured in the evac-
uated sample chamber of the spectrometer with amercury
discharge lamp, 3.5 um Mylar beamsplitter, DTGS de-
tector, 2.0 cm-* resolution, and 400—1000 scans per sam-
ple. Both doubly polished plates with 10-50 pum thick-
ness and polyethylene pellets were used.

Raman spectra were measured in 155° scattering ge-
ometry with the 514.5 nm line of a Coherent Ar+ ion
laser, a SPEX 1877 triplemate spectrometer and a Pho-
tometrics CCD camera cooled by liquid N,. Wavenum-
bers were calibrated against the lines of an Ne discharge
lamp. Resolution is about 4 cm-1. Spectra were measured
on the same doubly polished plates as used for the NIR
measurements. High-quality data were acquired by over-
lapping spectral windows, each covering approximately
400 cm-* with accumulation times of typically from 10
to 60 min per scan and about 1.0 W laser power at the
sample. The Raman spectra measured in different spectral
windows were first converted into counts per minute,
Fourier smoothed, rebinned with constant step of Av = 1
cm-* using a spline interpolation and then merged to-
gether using a least-squares procedure. The measurement
of absolute Raman intensities is very difficult (Long
1977). Therefore, we have normalized the Raman spectra,
requiring that the integrated area in the range 100-1200
cm-* equals 1000. These first-order Raman spectra 1 (v)
were then corrected for frequency and temperature effects
using the expression:

1(v) = v[1 — exp(—hve/KD]1L) (v, — )* (1)

where h is the Plank’s constant, c is the speed of light, k
is the Boltzmann constant, and v, is the wavenumber of
the incident laser light (Long 1977). Polarized (VV and
VH) spectra were recorded using a dichroic sheet polar-
izer (Méelles Griot) in the scattered beam. The accuracy
Ap of the depolarization ratio p = I,,/l,, was estimated
to be Ap = =0.02 by measuring the A, fundamental vi-
bration of CCl, liquid at about 460 cm-* (Long 1977).
All #Si MAS NMR spectra were recorded on a Bruker
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Ficure 1. 2Si MAS NMR spectra of hydrous sodium te-
trasilicate glasses with 2.6, 7.4, and 10.0 wt% total water. Ex-
perimental data (dotted line), fit (full line), difference (dash-dot-
ted line), individual bands (dashed lines).

—

MSL 300 or MSL 200 (samples with 2.6 and 7.3 wt%
total water) NMR spectrometer with a spinning frequency
of 4 kHz. Pulse length was 2.5 s with arelaxation delay
of 30 s. These conditions were checked and found appro-
priate for quantification purposes (Kimmerlen et al.
1992). In particular, measurements with variable relaxa-
tion delay ranging from 15 to 240 s yielded no significant
variation in the shape or intensity of the spectra, dem-
onstrating the absence of differential relaxation (J. Kim-
merlen, personal communication). For high signal-to-
noise ratios, up to 6000 scans were accumulated using
200 mg of powdered sample. No apodization or baseline
correction was carried out. The 2Si chemical shifts of all
samples are reported relative to TMS (tetramethylsilane).
The total area of the spinning sidebands was only about
6.5% of the intensity in the center of the spectrum; there-
fore, the sidebands were not considered in the quantifi-
cation of the spectra. Additional experimental details and
complementary NMR data will be discussed elsewhere
(Schaller et al., in preparation).

RESULTS AND DISCUSSION
Q-species distribution

The structure of the silicate network in a glass is main-
ly determined by the degree of polymerization of the sil-
icate tetrahedra and described by the abundance of dif-
ferent Q" species, where Q" denotes a tetrahedron linked
by bridging O atoms to n adjacent tetrahedra. The range
of nis O (isolated tetrahedra) to 4 (fully polymerized
three-dimensional network). Anhydrous Na,Si,O, glass
contains 0.5 Naions per Si, thus on the average only one
O aom in every second tetrahedron is saturated by Na
and not available for bridging two tetrahedra. According-
ly, one would expect that dry NaSi,O, glass contains
about 50% Q3 and about 50% Q* species in close agree-
ment with 2Si MAS NMR measurements (Dupree €t al.
1984; Emerson et al. 1989; Maekawa et al. 1991). The
effect of water on the Q-species distribution can be mon-
itored both by 2Si MAS NMR spectroscopy and by Ra-
man measurements in the Si-O stretching region around
1100 cm-*. However, whereas obtaining the Q-species
distribution from 2#Si NMR data are rather straightfor-
ward, controversies remain regarding the assignment of
Raman peaks (McMillan 1994).

Representative #Si NMR spectra of hydrous sodium
tetrasilicate glasses (Fig. 1) were decomposed into three
Gaussian components centered at about —80, —93, and
—104 ppm that directly give the abundance of the Q?, Q3,
and Q* species (Engelhardt and Michel 1987). The pre-
cise peak position, band width, and intensity were not
constrained in the fitting procedure. Excellent fits were
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TaBLE 1. Q-species distribution from 2°Si MAS NMR

experiments

H,O (wt%) Q* (%) Q* (%) Q* (%) Ref.
0.0 0.0 48.0 52.0 1
2.62 + 0.05* 24+05 59.8+04 37.8=03  this study
4.80 3.0 66.0 30.0 A
7.34 + 0.45% 76+02 620*04 30402 thisstudy
9.1 17.0 63.0 19.0 6|
10.0 =+ 0.35* 89+04 662+05 249=04 thisstudy

Note: [1] = Kimmerlen et al. 1992. The errors in the Q-species are
calculated from the least-squares decomposition.
* Determined by Karl-Fischer titration.

obtained for all samples with goodness-of-fit factors of
about 1%. Q-species distributions (Table 1) are consistent
with those of Kimmerlen et al. (1992), except for the
high abundance of Q2 species in their sample with 9.1
wt% water. Because the abundance of Q2 unitsin all other
samples is low, their apparent high concentration could
result from noise in the spectra Due to larger amounts
of sample and longer accumulation times, the signal/noise
ratio of our measurements is much better than in the pre-
vious study (Kimmerlen et al. 1992), which may explain
the apparent discrepancy. Another source of error could
be the fitting procedure of Kummerlen et al. (1992),
wherein ailmost pure Gaussian profiles were used for Q3
and Q* components, but a Gauss-Lorentz mixture was
used for Q2 resonance, athough there is little theoretical
justification for doing this. Accordingly, we suspect that
the Q2 abundance reported for the sample with 9.1 wt%
water may be unredistically high.

VV and VH polarized Raman spectra are given in Fig-
ure 2. To determine the Q-species distribution, the re-
duced unpolarized (VV+VH) spectra were fitted with
Gaussian components, although in some cases a dlight
improvement of the fit could be achieved using pseudo-
Voigt functions. Rather than determining statistically in
each case the optimum number of bands that could be
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fitted (Mysen et al. 1982a), we have used a fitting model
with a fixed number of Gaussians centered at about 800,
900, 950, 1040, 1100, and 1140 cm-* (Fig. 3). Very good
fits were obtained with goodness-of-fit factors ranging
from 1.8 to 3.4%. This approach is justified by near in-
dependence of positions of the high-frequency bands in
alkali and alkaline-earth silicate glasses from the degree
of polymerization and the type of the network modifier
(Mysen et a. 1982b). The peak near 950 cm-* is usually
assigned to Si-O stretching vibrations in Q2 units and the
principal peak at about 1100 cm-* Si-O stretching vibra-
tions of in Q2 units (Brawer and White 1975; Furukawa
et al. 1981; Mysen et al. 1982b; Matson et al. 1983; Mc-
Millan 1984). There is some controversy on the origin of
the 1140 and 1040 cm-* bands (see McMillan 1984 for
discussion). Our preferred assignment (Zotov and Kep-
pler 1997) is that the 1140 cm-* band originates from
symmetric Si-O stretching vibrationsin Q* species where-
as the 1040 cm-* band originates from Q2 species (de-
noted hereafter Q*) distinct from those responsible for
the 1100 cm-* band (denoted hereafter Q?). If one further
assumes that the scattering cross sections for all the bands
mentioned are equal, i.e., that the integral band intensity
is directly proportional to the abundance of the respective
Q-species, the Q-species distributions obtained for all
samples are in close agreement with the results from the
NMR data (Table 2 and Fig. 4).

With increasing water content, the abundance of Q*
units in the glass clearly decreases (Fig. 4). The structure
of the glass is thus depolymerized by water, presumably
by formation of SIOH groups from bridging O atoms ac-
cording to the equation:

S-0-S +H0-S -0H+HO-Si. (2

The formation of Si-OH groups has been associated with
the appearance of a new peak around 900 cm-* in hy-
drous silicate and alumosilicate glasses, although assign-
ment of this peak to Si-OH groups has been questioned
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Ficure 2. Polarized (VV and VH) Raman spectra of hydrous sodium tetrasilicate glasses.



ZOTOV AND KEPPLER: EFFECTS OF WATER ON Na,Si,O, GLASSES

(see McMillan et al. 1993 for discussion). We observe a
new weak peak at about 910 cm-* in the polarized (VV
and VH) spectra of the hydrous sodium tetrasilicate glass-
es (Figs. 2 and 3), with a depolarization ratio of 0.35 =+
0.12. Its integral intensity increases with increasing total
water content up to 6 wt% (Fig. 5) and then levels off
and is accompanied by a slight increase in frequency.

The 910 cm-* band in the hydrous sodium tetrasilicate
glasses exhibits a small negative isotopic shift of about
20 cmt (v /v, = 1.022), whereas the remaining Raman
bands in the Si-O stretching region are not affected by
deuteration. This isotopic shift resembles the value ex-
pected for a simple harmonic oscillator (v./v, = (Mop/
Mon)08 = (18/17)°5 = 1.029). Much smaller isotopic shifts
v,/v, = 1.004 for the band close to 900 cm~* have been
observed in hydrous aluminosilicate glasses (Mysen et a.
1980; Mysen and Virgo 1986; McMillan et al. 1993) and
used to argue against assigning this band to Si-OH vibra-
tions (or Al-OH vibrations in alumosilicate glasses). The
small isotopic shift in hydrous abite glasses was tenta-
tively explained by McMillan et al. (1993) on the basis
of the Redlich-Teller product rule. Because the strength
of the vibrational coupling (respectively the degree of de-
localization of the vibrational modes) should decrease
with depolymerization, this effect should be weaker in
hydrous tetrasilicate than in hydrous feldspar glasses.
This is consistent with the larger isotopic shift observed
in our study and therefore supports the interpretation of
McMillan et a. (1993) that the band around 900 cm- is
indeed due to Si-OH or Al-OH vibrations.

Water also strongly effects on the Raman spectra of the
sodium tetrasilicate glasses around 600 and 800 cm-1.
The polarized peak at about 600 cm-* is usually assigned
to planar three-membered rings (Kubicki and Sykes 1993;
Zotov et al. 1993 and references therein). This peak de-
creases in intensity in the hydrous glasses and disappears
completely above 3 wt% total water (Fig. 2). The pres-
ence of a relatively large number of three-membered
rings in the structure of the anhydrous sodium tetrasilicate
glass was confirmed by reverse Monte Carlo simulations
(Zotov and Keppler 1998). The Si-O-Si bond angle in
planar three-membered rings is 130.5° (Galeener 1982),
which corresponds to very high-strain energy (Newton
and Gibbs 1980), and therefore these bonds would be the
first in the silicate network to react with water. The
changes in the rest of the polarized Si-O-Si and O-Si-O
bending modes in the range 200-700 cm-* (depolariza-
tion ratios 0.08—-0.15) are much more subtle.

The integra intensity of the band at about 800 cm-*
(Fig. 2), decreases rapidly with increasing water content
up to 6 wt% after which levels off (Fig. 5). According to
preliminary calculations of Raman spectra (Zotov and
Keppler, in preparation), this band arises from cage-like
vibrations of Si atoms mainly in Q*tetrahedra. The de-
crease of this band therefore directly reflects the disrup-
tion of the three-dimensional network structure of the
glass.

The frequencies of all major Raman bands are nearly
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independent of water content, except that the 1100 cm-
component dightly decreases with water (Fig. 6). The
mid-IR and far-IR spectra below 1200 cm-* are generaly
similar to the Raman spectra, with comparable variations
with water content. Because the bands in the IR spectra
are generally broader and show less fine structure, these
IR results are not discussed further.

Depolymerization mechanism

Below about 3.5 wt% total water, the Q* species in the
glass matrix decrease, whereas the Q? units increase cor-
respondingly and the Q2 units are hardly affected (Fig.
4). This suggests that water initially reacts with the O
atoms bridging two Q* units according to Q* — Q* - Q3
+ Q2. In this low water content regime, the Q3 units are
essentially not attacked by water, athough they initially
occur in the glass with approximately the same abun-
dance as the Q* species. This situation changes above 6
wt% total water. Here, the abundance of Q* units remains
constant whereas the Q2 species slowly increase at the
expense of Q3. This suggests that water reacts with O
atoms bridging two Q® tetrahedra according to Q3 — Q3
- Q% + Q2 For intermediate compositions (3.5 to 6 wt%
total water), the Q* — Q® - @*+ Q2and Q3 — @ - @
+ Q2 mechanisms compete.

The above depolymerization mechanisms can be ra-
tionalized by strain-energy considerations. Reverse Mon-
te Carlo simulations (Zotov and Keppler 1998) of the
structure of the anhydrous sodium tetrasilicate glass re-
vealed that the Q*-O-Q* bridges have an asymmetric bond
angle distribution with a maximum at about 120° (Fig. 7)
and mean value 133° + 16°, whereas the Q*-O-Q3 distri-
bution is more symmetric with mean value at about 138°
+ 16° and the Q3-O-Q? distribution is bimodal with max-
ima at about 125 and 165°, respectively. The dependence
of the potential energy of the Si,O, dimer on the Si-O-Si
bond angle (Newton and Gibbs 1980) implies that the Q-
O-Q* bonds have a larger strain energy than the Q*-0O-Q?
or Q3-0O-Q? species. Therefore, water would initially react
with the O atoms in Q*-O-Q* bridges, leading to an in-
crease of the Q® species and corresponding decrease of
the Q* species. This explains the observed changes in the
Q-species distribution at low-water content and suggests
that the changes in the depolymerization mechanism at
higher-water content are also related to changes in the
bond-angle distribution of the different Q'-O-Qi species.

Water speciation

The concentrations of molecular H,O and of OH
groups in silicate glasses can be determined from the
combination bands in the near IR spectra (Batholomew
et a. 1980; Stolper 1982). The 5250 cm-* band is com-
monly assigned to the combination mode of the stretching
and bending vibrations of the H,O molecule. The 4500
cm-* band is believed to be due to a combination of the
O-H and Si-OH stretching vibrations of hydroxyl groups
attached to Si. The 5250 and 4500 cm-* bands, as well
as the band at about 4000 cm-?, are superimposed on a
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Ficure 3. Examples of unpolarized Raman spectra of hy-
drous sodium tetrasilicate glasses in the Si-O stretching region
(700-1300 cm-*). Experimental data (dotted line), fit (full line),
difference (dash-dotted line), individual bands (dashed lines).
The difference curves are offset by 0.5 units for clarity.

—

non-linear background that represents the tail of the O-H
fundamental at about 3600 cm-*. To correct for this back-
ground, a spline-function was fitted through the points
below 3800 cm-?, the minima between the 4000, 4400,
and 5250 cm~* bands and the tail beyond 5500 cm-* (Fig.
8). Integrated intensities A, , and A, of the 5250 and
4500 cm-* bands were determined by numerical integra-
tion. The percentage (in weight percent) of the water
present as H,O molecules and OH groups is related to
the integral intensities A, , and A, by the Lambert-Beer
law:

Ch,o = MAHzo/ptEHzo 3

Con = MAOH/ pleon (4)

where M is the molar weight of water (18.02 g/mol), p is
the density of the glass, t is the thickness of the sample,
and e, . and e, are the corresponding integral molar ex-
tinction coefficients (in 1/mol-cm?) of H,O and OH, re-
spectively. Together with the relationship

Cot = Cuo T Con (5)

where ¢, is the total water content, these equations can
be combined to give

(tctotp)/(AOH M) = 1/€OH + (]'/GHZO)(A-IZO/AOH)' (6)

A least-sgquares fit to this equation (Fig. 9) yields inte-
grated extinction coefficients of e,, = 56.0 = 6.9 I/mol-
cm? and e, , = 146.8 = 19.0 I/mol-cm?. The fact that the
data for all glasses can be fitted to a straight line without
significant deviation from linearity implies that the ex-
tinction coefficients are constant over the concentration
range studied. The integral extinction coefficient of the
H,O band is about two times the value for OH; a similar
ratio was reported by Acocella et a. (1984) for linear
extinction coefficients in hydrous sodium trisilicate glass-
es. With these extinction coefficients, the concentrations
of OH groups and molecular H,O were calculated (Fig.
10 and Table 3). At low concentrations, water is mostly
dissolved as OH groups in the glass, whereas at high wa-
ter contents molecular H,O dominates. Similar behavior
has been reported for various hydrous silicate glasses
(e.g., Bartholomew et al. 1980; Stolper 1982; Acocella et
al. 1984).

The shape of the OH band at 4500 cm-* is almost sym-
metric, but the H,O band (5250 cm-*) has a long asym-
metric tail extending down to 4750 cm-:. Asymmetric
shapes were reported also by Langer and Florke (1974),
Stolper (1982), Behrens et a. (1996), Yanev and Zotov
(1996), and others. The origin of the asymmetry of the
5250 cm-* band and the true profile shape are still not

Intensity (arb. units) Intensity (arb. units)

Intensity (arb. units)

-1 1 1 1 L : 1

7 T T T T T

6 0 wt% H,0

7 T T T T T T

10.0 wt% H,0

-1
700 800 900 1000 1100 1200 1300

Raman shift (cm‘1)

7 T T T T T T
5.9 wt% H,0

700 800 900 1000 1100 1200 1300

Raman shift (cm'1)

700 800 900 1000 1100 1200 1300

Raman shift (cm'1)



ZOTOV AND KEPPLER: EFFECTS OF WATER ON Na,Si,O, GLASSES 829

TaABLE 2. Relative integral intensities of Raman bands and corresponding Q-species distribution

H,O (wt%)* loo T los ¥ los8 loatt Q? (%)™ Q* (%)™ Q* (%)™
0.0 241+ 7.3 107.3 £ 5.4 285.0 £ 6.7 335.7 £ 4.4 32+*1.0 522+ 20 446 + 1.3
2.62 = 0.05 28.0 = 3.6 89.9 + 5.0 296.7 = 5.2 264.6 = 3.8 41+06 56.9 + 1.8 39.0 + 1.1
3.29 + 0.16 329 =53 186.2 + 7.5 3104 * 45 206.0 + 3.2 45+08 67.5 + 2.2 28.0 = 0.8
5.86 = 0.17 52.5 = 10.1 1743 + 8.7 284.6 £ 6.7 144.8 = 3.2 8.0 £18 69.9 = 3.3 221+ 10
7.34 + 0.45 61.1 + 21.1 164.4 = 25.2 241.4 = 125 149.2 * 2.5 9.9 =40 65.9 + 8.3 242 + 1.8
10.0 = 0.35 88.8 = 16.8 175.3 + 16.6 220.2 + 12.0 146.1 + 2.6 14.1 = 3.3 62.7 = 5.9 232+ 1.4

* Determined by Karl-Fischer titration.

T Intensity of the Raman band near 950 cm~*.
T Intensity near 1040 cm~*.

§ Intensity near 1100 cm*.

# Intensity near 1150 cm~*.

** The standard deviations o(/y,), o(/ys), and o(ly,) of the integral intensities are determined from the least-squares Gaussian fits: 0(Q?) = 100{[o(/y,)
A + Iy, o(A)IAZY; 0(Q3) = 100{[c(/5)A + los a(A)JIAZ}; a(Q%) = 100{[0(lg.)A + Iy, a(A))/A%}, where A is the total area of the Q2 + Q* + Q* bands and
a(A) is the corresponding standard deviation, calculated by o2(A) = 02(ly,) + 0%(los) + 02(loa)-

well understood. We have tentatively modeled the 5250
cm-* band using slightly asymmetric Gauss function cen-
tered at about 5245 cm-* and a second much broader
Gauss function centered at about 5140 cm-*. Except for
the sample with 2.6 wt% total water, the intensity ratio
of these two components is practically constant for all
concentrations studied. This justifies the use of one sin-
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Ficure 4. Dependence of the Q-species distribution in hy-
drous sodium tetrasilicate glasses on the total water content: Q?
(circles), Q3 (sguares), Q* (triangles). Raman data (open sym-
bols), NMR data (filled symbols). The dashed lines are only a
guide for the eyes.

gle-integral molar extinction coefficient encompassing
both components.

The IR band at 4500 cm-* has been attributed to OH
groups attached to a tetrahedral cation, i.e, Si or Al
(Batholomew et al. 1980; Stolper 1982). However, this
interpretation has been questioned on the basis of NMR
data on hydrous aluminosilicate glasses (Kohn et al.
1989). Instead of forming Si-OH groups, water would be
incorporated in the glass as molecular H,O, OH groups
attached to Na ions and protons attached to bridging O
atoms (Kohn et a. 1989; Pichavant et a. 1992). The
above data can quantitatively test assignment of the 4500
cm-* band. The data on the Q-species distribution from
NMR and Raman spectra (Tables 1 and 2), imply an av-
erage number on nonbridging O atoms per Si:
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Total water content (wt%)
Ficure 5. Integral intensity of the 800 (open circles) and

910 (filled circles) cm-* band in the reduced unpolarized Raman
spectra as function of total water content. The dashed lines are
a guide for the eyes only.
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Ficure 6. Peak positions of the principal Raman bands as
function of total water content. Protonated samples (full sym-
bols), deuterated samples (empty symbols). The dashed lines are
linear regression fits.

NBO/Si = S (4 — n)x, (7

where X, is the fraction of Q" species in the glass (nor-
malized to X x, = 1). An independent measure of NBO/
Si is obtained from Table 3, assuming that the OH content
derived from the intensity of the 4500 cm-* band is ex-
clusively due to Si-OH groups. With this assumption, ev-
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Ficure 7. Distribution of Si-O-Si bond angles for different
Q-0O-Q' species according to a model of the anhydrous sodium
tetrasilicate glass obtained by reverse Monte Carlo simulations:
Q*-0O-Q* (full line), Q*-O-Q? (dashed line), Q3-O-Q? (dotted line).
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Ficure 8. Baseline-corrected near IR spectra of hydrous so-
dium tetrasilicate glasses with 2.62 wt% total water (full line),
3.29 wt% (long-dash line), 5.86 wt% (medium-dash line), 7.34%
(short-dash line) and 10.0 wt% (dotted line). All spectra are nor-
malized to 450 pm thickness. The inset shows the raw spectrum
(full line) of the sample with 3.29 wt% total water together with
background (dashed line).

ery OH will generate one additional NBO/Si, starting
with an average NBO/Si of 0.5 for the anhydrous glass.
These two calculations are in perfect agreement (Fig. 11),
confirming that the combination band at 4500 cm-! is
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Ficure 9. Plot of (t¢;orp)/MA, Vs. the ratio of the integral
absorbances A, J/A.,,. The dashed line is a linear regression fit.
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really due to Si-OH groups and that insignificant amounts
of Na-OH species or protons attached to bridging O at-
oms are present. The same conclusion was reached by
Kiummerlen et a. (1992) based on *H - S cross po-
larization NMR experiments. Moreover, comparison of
Figures 5 and 9 shows that the intensity of the Si-OH
band in the Raman spectra at about 910 cm~* varies pro-
portionally to the abundance of OH groups as derived
from the 4500 cm-* band in the near IR spectra. All these
observations, together with the isotopic shift of the 910
cm-* band upon deuteration, establish beyond any rea
sonable doubt that both the 910 cm-* band and the 4500
cm-* band are due to vibrations of Si-OH groups.

Hydrogen bonding

Whereas the near IR spectra provide information on
the relative abundance of OH groups and molecular H,O,
the effects of different hydrogen bond strengths can be
seen in the fundamental OH stretching region of the IR
and Raman spectra (Figs. 12 and 13). The three well-
resolved peaks at 3580, 3000, and 2350 cm-* correspond
to hydrous species (OH or H,O) with OH---O distances
of 3, 27, and 2.55 A, respectively (Nakamoto_et al.
1955). All distances have uncertainties of +0.05 A. The
species responsible for the 3580 cm-* band experience
almost no hydrogen bonding, whereas the 2350 cm-
band is due to some structural units with strong hydrogen
bonding. The relative intensities of the three bands differ
between the Raman and IR spectra, due to the well-
known effect of hydrogen-bonding on IR extinction co-
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TaBLE 3. Water speciation in hydrous sodium tetrasilicate
glasses

Total water

(Wt%o)* Con (Wt%)T Cio (WE%)% Cror (Wt%)8

2.62 = 0.05 215 * 0.27 0.34 = 0.06 2.49 + 0.28
3.29 = 0.16 2.42 = 0.30 0.95 = 0.14 3.37 = 0.33
5.86 = 0.17 2.96 = 0.36 2.75 + 0.37 5.71 = 0.52
7.34 + 0.45 3.86 = 0.46 4.24 * 0.57 8.10 = 0.74
10.0 = 0.35 3.85 = 0.46 5.68 = 0.76 9.53 = 0.89

* Determined by Karl-Fischer titration.

T o(Con) = KlAouo(Leqn) + a(Aor)(Lean)]-

T 0(Cuo) = KlAuo 0(Lley0) + o(An0)(Lewo)]-

8§ Cror = Con * Chyor 02(Cror) = 02 (Con) + 02 (Cuyo), Where K = 18.02/
pt and o(1/eg,), o(1ley o), Oaon @nd oy, are the corresponding standard
deviations of the extinction coefficients and the integral NIR intensities.

efficients (Pimental and McClellan 1960; Paterson 1982;
Buback et al. 1987). With increasing hydrogen bonding,
i.e., decreasing stretching frequency, IR extinction coef-
ficients increase by orders of magnitude, whereas Raman
scattering cross sections are hardly affected (Scherer
1978; Buback et a. 1987). Accordingly, the Raman spec-
tra in Figure 13 probably give a more direct picture of
the relative abundance of the various species. Thus, the
units with strong hydrogen bonding (2350 cm-* band)
make up only about 3% of the hydrous species, whereas
the weekly hydrogen bonded species (3580 cm-* band)
represent 25%. Upon deuteration, al three main bands
shift to lower frequency (Fig. 14). The frequency ratio
Voulves fOr the 3580 cm-* band is between 1.35 and 1.38
and is between 1.28 and 1.34 for the 3000 cm~* band.

T T T T
1.0 —
9 .
e
1
- .8 —
g § e - M
m /
Z 7+ i
/
/
6 - -
/
1/
.sf .
1 1 1 1 1
0 2 4 6 8 10
Total water content (wt%)
Ficure 11. Dependence of the number of non-bridgingO at-

oms per silicon (NBO/Si) on the total water content: Raman data
(empty circles); NMR data (empty squares); and near IR data
(full circles). The dashed line is a polynomiad fit through all the
data points.
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Ficure 12. IR spectraof hydrous sodium tetrasilicate glasses

in the OH stretching region (2000-4000 cm-1). Spectra are offset
by 0.02 absorbance units for clarity. All spectra are normalized
to 450 pm thickness.

The decrease of isotopic shift with decreasing stretching
frequency is again a result of increasing hydrogen bond-
ing (Novak 1974).

The mid-IR spectra of hydrous sodium tetrasilicate
glasses show much more structure than those of alumi-
nosilicate compositions (e.g., Stolper 1982), which usu-
aly consist of only one broad asymmetric band without
fine structure. It is therefore tempting to assign individual
components in the OH-fundamental region either to OH
groups or to molecular H,O (e.g., Scholze 1959). How-
ever, a close inspection of the data in Figures 10, 12, and
13 show that this is probably not possible. The relative
intensities of the three fundamental bands in the Raman
and mid-IR spectra (Figs. 12 and 13) are essentialy in-
dependent of total water content. This is aready obvious
from a brief visual inspection of the spectra and was con-
firmed by a quantitative decomposition into Gaussian
components. In contrast, the ratio of OH groups to mo-
lecular water, as seen from the near IR data (Table 3 and
Fig. 10), varies by about an order of magnitude over the
studied concentration range. This would suggest that both
molecular H,O and OH groups contribute to each peak in
the fundamental stretching region, or in other words, the
presence of strong hydrogen bonding is unrelated to the
relative proportions of H,O and OH. Thisideais consis-
tent with the fine structure of the H,O bending mode
around 1600 cm-* in the mid-IR spectra (Fig. 12). Three
components are resolved at 1580, 1640, and 1730 cm,
possibly corresponding to the three main bands in the
stretching region. Hydrogen bonding is well-known to
shift the frequency of the H,O bending mode to higher
frequencies (Pimental and McClellan 1960). However, the
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Ficure 13. Unpolarized Raman spectra of hydrous sodium
tetrasilicate glasses in the OH stretching region (2000-4000
cm-?). The sharp feature at about 2325 cm-* is due to N, in the
air.

bending modes in the glass spectra are superimposed on
some broad features arising from overtones of the Si-O
stretching fundamentals, which makes a quantitative de-
convolution of the spectra difficult.

The most difficult question concerning the structure of
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Ficure 14. Unpolarized Raman spectra of the hydrous so-
dium tetrasilicate glass with 5.9 wt% H,O and the deuterated
glass with 5.7 wt% D,O. The two spectra are normalized so that
the area of both curves in the range 150-1300 cm- is the same.



ZOTOV AND KEPPLER: EFFECTS OF WATER ON Na,Si,O, GLASSES

1.0 T T T T
5 wt% total water
8 .
8
c 6r s
©
Q
Tt
@
Qo A4r B
< Rhyolite
2 F —
NS4
00 ! | 1 i |
4400 4600 4800 5000 5200 5400

Wavenumbers (cm'1)

Ficure 15. Near IR spectra of synthetic, iron-free rhyolite
glass and of sodium tetrasilicate glass (NS4). Total water content
in both samples 5 wt%, spectra normalized to 1 mm thickness.

hydrous glasses is related to the spatial distribution and
possible clustering of OH and H,O in the matrix (e.g.,
Stolper 1982; Eckert et al. 1987). In our recent neutron
diffraction study of hydrous tetrasilicate glasses (Zotov et
al. 1996), we were able to determine the hydrogen first-
order difference correlation function AG,,(r) for the hy-
drous sodium tetrasilicate glass with 10 wt% total water
by isotopic substitution. AG,,(r) represents the sum of all
H-involved pair correlation functions. The absence of
H---H and H---O distances characteristic for liquid water
in AG,,(r) showsthat ““micropools” or ‘‘microinclusions”
of molecular H,O with aliquid-like structure do not exist
in the glass. However, the changes observed by neutron
diffraction in the first coordination shell of Na+ would be
consistent with the formation of a hydration shell of H,O
molecules around this ion, athough the evidence is not
conclusive. Water molecules surrounding akali ions oc-
cur in the minerals analcime and pollucite. Interestingly,
the stretching frequency of the water molecules in these
minerals is at about 3620 cm-* (Farmer 1974), very close
to the 3580 cm~* band observed in the hydrous sodium
tetrasilicate glasses. Finally, a combination of *H relaxa-
tional NMR and two-dimensional *H spin-exchange NMR
experiments suggest that in the hydrous sodium tetrasil-
icate glass with 4 wt% total water, the arrangement of the
Si-OH and the H,O species in clusters containing solely
H,O or solely Si-OH is very unlikely (Schaller and Se-
bald 1995).

COMPARISON WITH HYDROUS ALUMINOSILICATE
GLASSES
All spectroscopic results presented here were obtained
on hydrous sodium tetrasilicate glass and as such are not
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Ficure 16. Water speciation in albite glass (redrawn from
Silver and Stolper 1989) and in sodium tetrasilicate glass (this
study).

directly applicable to the more complex aluminosilicate
systems. However, the near IR spectra of hydrous alu-
minosilicate glasses is strikingly similar to that of sodium
tetrasilicate glass (Fig. 15). In our study we have shown
beyond any reasonable doubt that the 4500 cm-* band in
the hydrous sodium tetrasilicate glass is due to Si-OH
groups. However, it has been suggested that hydrous al-
bite glass and similar aluminosilicate glasses do not con-
tain appreciable amounts of Si-OH or Al-OH (Kohn et
al. 1989). This is difficult to reconcile with the appear-
ance of a band at 4500 cm-* in the near IR spectra of
these glasses, with virtually the same position, shape,
width, and similar extinction coefficient as in sodium tet-
rasilicate glass. This problem becomes even more obvi-
ous if one compares the evolution of OH and H,O species
concentration with total water content, as derived from
the intensities of the 4500 and 5200 cm-* bands. Figure
16 shows that these curves are rather similar for hydrous
albite and sodium tetrasilicate glass, suggesting a gener-
ally similar dissolution mechanism of water, involving
formation of Si-OH or AI-OH groups and depolymeri-
zation of the glass structure.

ACKNOWLEDGMENTS

We thank Torsten Schaller for measuring the 2Si NMR spectra and
discussing the results with us, Anna Dietel for ICP anayses, and Hubert
Schulze for sample preparation. John Sowerby kindly provided the near
IR spectrum of hydrous rhyolite glass. This work was supported by Ger-
man Science Foundation (DFG, Ke 501/2-1).

REFERENCES CITED

Acocella, J., Tomozawa, M., and Watson, E.B. (1984) The nature of dis-
solved water in sodium silicate glasses and its effect on various prop-
erties. Journal of Non-Crystaline Solids, 65, 355-372.



834

Bartholomew, R.F, Butler, B.L., Hoover, H.L., and Wu, C.K. (1980) In-
frared spectra of water-containing glass. Journal of the American Ce-
ramic Society, 63, 481-485.

Behrens, H., Romano, C., Nowak, M., Holtz, F, and Dingwell, D.B.
(1996) Near-IR spectroscopic determination of water species in glasses
of the system MAISI,O, (M = Li, Na, K): an interlaboratory study.
Chemical Geology, 128, 41-63.

Brawer, SA. and White, W.B. (1975) Raman spectroscopic investigation
of the structure of silicate glasses. |. The binary akali silicates. Journal
of Chemical Physics, 63, 2421-2432.

Buback, M., Crerar, D.A., and Vogel Koplitz, L.M. (1987) Vibrational and
electronic spectroscopy of hydrothermal systems. In G.C. Ulmer and
H.L. Barnes, Eds., Hydrothermal Experimental Techniques, p. 333—-359.
Wiley, New York.

Burnham, C.W. (1979) The importance of volatile constituents. In H.S.
Yoder, Ed., The Evolution of the Igneous Rocks, p. 439-482. Princeton
University Press, New Jersey.

Dupree, R., Holland, D., McMillan, PW., and Pettifer, R.F. (1984) The
structure of sodarsilica glasses: A MAS NMR study. Journal of Non-
Crystalline Solids, 68, 399—-410.

Emerson, J.F, Stallworth, PE., and Bray, PJ. (1989) High-field *Si NMR
of akali silicate glasses. Journa of Non-Crystalline Solids, 113, 253~
259.

Engelhardt, G. and Michel, D. (1987) High resolution solid state NMR of
silicates and zeolithes. Wiley, New York.

Eckert, H., Yesinowski, J.P, Stolper, E.M., Stanton, T.R., and Holloway,
J. (1987) The state of water in rhyolitic glasses. A deuterium NMR
study. Journal of Non-Crystalline Solids, 93, 93—-114.

Farmer, V.C. (1974) The infrared spectra of mineras. Mineralogical So-
ciety, London.

Farnan, 1., Kohn, S.C., and Dupree, R. (1987) A study of the structural
role of water in hydrous silica glass using cross-polarization magic an-
gle spinning NMR. Geochimica et CosmochimicaActa, 51, 2869—-2873.

Furukawa, T., Fox, K.E., and White, W.B. (1981) Raman spectroscopic
investigation of the structure of silicate glasses. I1l. Raman intensities
and structural units in sodium silicate glasses. Journal of Chemical
Physics, 75, 3226-3237.

Galeener, FL. (1982) Planar rings in vitreous silica. Journal of Non-Crys-
talline Solids, 49, 53-62.

Holtz, F, Beny, JM., Mysen, B.O., and Pichavant, M. (1996) High-tem-
perature Raman spectroscopy of silicate and aluminosilicate hydrous
glasses: Implications for water speciation. Chemical Geology, 128, 25—
39.

Keppler, H. and Bagdassarov, N.S. (1993) High-temperature FTIR spectra
of H,O in rhyolite melt to 1300 °C. American Mineradogist, 78, 1324—
1327.

Kohn, S.C., Dupree, R., and Smith, M.E. (1989) A multinuclear magnetic
resonance study of the structure of hydrous albite glasses. Geochimica
et Cosmochimica Acta, 53, 2925-2935.

Kubicki, J.D. and Sykes, D. (1993) Molecular orbital calculations of vi-
brations in three-membered aluminosilicate rings. Physics and Chem-
istry of Minerals, 19, 381-391.

Kimmerlen, J., Merwin, L.H., Sebald, A., and Keppler, H. (1992) Struc-
tura role of H,O in sodium silicate glasses: results from »#Si and *H
NMR Spectroscopy. Journal of Physical Chemistry, 96, 6405—6410.

Langer, K. and Florke, O.W. (1974) Near IR absorption spectra (4000—
9000 cm-*) of opals and the role of “water” in these SiO,-nH,O min-
erals. Fortschritte der Mineralogie, 52, 17-51.

Long, D.A. (1977) Raman Spectroscopy. McGraw-Hill, New York.

Maekawa, H., Maekawa, T., Kawamura, K., and Yokokawa, T. (1991) The
structural groups of alkali silicate glasses determined from 2Si MAS-
NMR. Journal of Non-Crystalline Solids, 127, 53-64.

Matson, D.W., Sharma, SK., and Philpotts, JA. (1983) The structure of
high-silica akali silicate glasses. A Raman spectroscopic investigation.
Journa of Non-Crystalline Solids, 58, 323—352.

McMillan, PF (1984) Structural studies of silicate glasses and melts—
applications and limitations of Raman spectroscopy. American Miner-
alogist, 69, 622—-644.

ZOTOV AND KEPPLER: EFFECTS OF WATER ON Na,Si,O, GLASSES

(1994) Water solubility and speciation models. In Mineralogical
Society of America Reviews in Mineralogy, 30, 131-156.

McMillan, PFE, Poe, B.T., Stanton, T.R., and Remmele, R.L. (1993) A
Raman spectroscopic study of H/D isotopically substituted hydrous alu-
mosilicate glasses. Physics and Chemistry of Minerals, 19, 454—459.

Mysen, B.O. and Virgo, D. (1986) Volatiles in silicate melts at high pres-
sure and temperature. 2. Water in melts along the join NaAlO,-SiO, and
a comparison of solubility mechanisms of water and fluorine. Chemical
Geology, 57, 333-358.

Mysen, B.O., Virgo, D., Harrison, W.J., and Scarfe, C.M. (1980) Solubility
mechanisms of H,O in silicate melts at high pressures and temperatures:
a Raman spectroscopic study. American Mineralogist, 65, 900-914.

Mysen, B.O., Finger, L.W,, Virgo, D., and Seifert, EA. (1982a) Curve-
fitting of Raman spectra of silicate glasses. American Mineralogist, 67,
686—695.

Mysen, B.O,, Virgo, D., and Seifert, FA. (1982b) The structure of silicate
melts: Implications for chemical and physical properties of natural mag-
ma. Reviews of Geophysics and Space Physics, 20, 353—-383.

Nakamoto, K., Margoshes, M., and Rundle, R.E. (1955) Stretching fre-
quencies as a function of distances in hydrogen bonds. Journal of the
American Chemical Society, 77, 6480-6488.

Newton, M.D. and Gibbs, G.V. (1980) Ab initio calculated geometries and
charge distribution for H,SiO, and H,Si, O, compared with experimental
values for silicates and siloxanes. Physics and Chemistry of Minerals,
6, 221-246.

Novak, A. (1974) Hydrogen bonding in solids. Correlation of spectro-
scopic and crystallographic data. Structure and Bonding, 18, 177-216.

Nowak, M. and Behrens, H. (1995) The speciation of water in haplogran-
itic glasses and melts determined by in situ near-IR spectroscopy. Geo-
chimica et Cosmochimica Acta, 59, 3445-3450.

Paterson, M.S. (1982) The determination of hydroxyl by IR absorption in
quartz, silicate glasses and similar materials. Bulletin de Minéralogie,
105, 20-29.

Pichavant, M., Holtz, F, and McMillan, PF (1992) Phase relations and
compositional dependence of H,O solubility in quartz-feldspar melts.
Chemical Geology, 96, 303-319.

Pimental, G.C. and McClellan, A.L. (1960) The Hydrogen Bond. Freeman,
San Francisco.

Schaller, T. and Sebald, A. (1995) One- and two-dimensional *H magic-
angle spinning experiments on hydrous silicate glasses. Solid State Nu-
clear Magnetic Resonance, 5, 89-102.

Scherer, J.R. (1978) The vibrational spectroscopy of water. In R.J.H. Clark
and R.E. Hesters, Eds., Advances in IR and Raman Spectroscopy, p.
149-216. Heyden, London.

Scholze, H. (1959) Der Einbau des Wasser in Glasern. Glastechnische
Berichte, 32, 81-88, 142-145, 278-281, 314-320, 381-386.

Shen, A. and Keppler, H. (1995) Infrared spectroscopy of hydrous silicate
melts to 1000 °C and 10 kbar: Direct observation of H,O speciation in
a diamond-anvil cell. American Mineralogist, 80, 1335-1338.

Silver, L.A. and Stolper, E.M. (1989) Water in abitic glasses. Journal of
Petrology, 30, 667—709.

Stolper, E.M. (1982) Water in silicate glasses: An IR Spectroscopic study.
Contributions to Mineralogy and Petrology, 81, 1-17.

Sykes, D. and Kubicky, J.D. (1993) A model for H,0O solubility mecha
nisms in albite melts from infrared spectroscopy and molecular orbital
calculations. Geochimica et Cosmochimica Acta, 57, 1039—-1052.

Yanev, Y. and Zotov, N. (1996) Infrared spectra of water in volcanic glass-
es. Experiment in Geosciences, 5, 1-10.

Zotov, N. and Keppler, H. (1998) The structure of sodium tetrasilicate
glass from neutron diffraction, reverse Monte Carlo simulations and
Raman Spectroscopy. Physics and Chemistry of Minerals, 25, 259-267.

Zotov, N., Keppler, H., Hannon, A.C., and Soper, A.K. (1996) The effect
of water on the structure of silicate glasses—A neutron diffraction
study. Journal of Non-Crystalline Solids, 202, 153-163.

Zotov, N., Michailova, B., Marinov, M., and Konstantinov, L. (1993) Vi-
brational spectra of ringsin silicate glasses-cal culation on isolated struc-
tura units with topological disorder. Physica A, 201, 402—4009.

MANUSCRIPT RECEIVED SePTEMBER 9, 1997
MANuUsSCRIPT AcceprTED FEBRUARY 10, 1998
PAPER HANDLED BY JONATHAN F STEBBINS



