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Abstract. The nuclear magnetic relaxation of 2>Na and 2°Si
in albite glass and liquid has been studied from 800 K to
1400 K. The dominant spin-lattice relaxation mechanism
for 23Na is found to be nuclear quadrupole interaction aris-
ing from the Na* diffusion. The activation energy of the
Na diffusion is found to be 7143 kJ/mol, in close agree-
ment with the results on electrical conductivity and on Na
self-diffusion from radio-tracer experiments. The correla-
tion time of the Na motion is estimated to be about
8.5x 107! s near the melting point (~ 1390 K). Both nu-
clear dipole-dipole interaction and chemical shift an-
isotropy interaction are large enough to contribute to the
29Si relaxation. However, calculations based on a simplified
model which employ single correlation time and exponen-
tial correlation function, with interactions typical of crystal-
line silicates, cannot completely account for the experimen-
tal data. NMR relaxation data also reveal that the Si mo-
tion is correlated to the Na motion and that the Si is rela-
tively immobile. Several possible motions of SiO, tetrahe-
dra that can cause 2°Si relaxation are suggested. The mo-
tion responsible for 2°Si relaxation differs from that which
is responsible for viscosity: the apparent activation energy
for the former is much lower. Measurements of spin-spin
relaxation times and linewidths are also presented and the
significance of their temperature dependence is discussed.

Introduction

Molten silicates play a fundamental role in many geological
processes, and are involved in a wide variety of technolo-
gies, from glass making to metals extraction. As complex,
difficult-to-study materials, they present great challenges
to chemists in a number of fields.

The traditional basis of our present understanding of
chemical and physical properties of molten silicates has
been studies of the bulk thermodynamic and transport
properties of the melts. Melts of albite (NaAlSi;Og) compo-
sition have been frequently chosen, because of the abun-
dance of this component in natural systems, its role as a
“simple” analog for silica-rich, highly viscous magmas, its
low melting point and its ease of glass formation. Recent
work has included phase equilibrium studies (Boettcher
etal. 1984), thermochemical measurements (Richet and
Bottinga 1983, Stebbins et al. 1983, Rammensee and Fraser
1982, Navrotsky et al. 1982), viscometry (Urbain et al.

1982, Cranmer and Uhlmann 1981), and electrical and dif-
fusion measurements (Jambon and Carron 1976, Jambon
and Semet 1973).

Interpretation of macroscopic properties in terms of mi-
croscopic mechanisms has been based primarily on spec-
troscopic data of glasses at room temperature. Recent stu-
dies of albite glass by Raman spectroscopy (e.g. Sharma
et al. 1978a, Mysen et al. 1980 and 1981, McMillan et al.
1982, Seifert et al. 1982, McKeown et al. 1984), by x-ray
scattering (Taylor and Brown 1979), by EXAFS spectros-
copy (McKeown et al. 1985a, b), and by 2°Si MAS NMR
(Kirkpatrick etal. 1985, Murdoch et al. 1985), lead to a
picture of structure which retains a considerable degree of
short-range order. The glass consists primarily of three-
dimensionally connected SiO,, and AlQO, tetrahedra, mostly
linked in six-membered rings. Sodium cations seem to play
an interstitial, charge-balancing role as in crystalline feld-
spars. Cation-oxygen bond distances are similar to those
in the crystal, but greater ranges of bond angles and second-
neighbor coordinations are present.

Because a glass generally is assumed to retain the
“quenched in”’ equivalent of the static liquid structure at
the glass transition, study of the glass is a sensible starting
point for understanding the liquid. Such a view is supported
by a few spectroscopic studies on silicate melts at high tem-
perature (Sharma et al. 1978b, Waseda 1980), which show
that the local, static glass and melt structure are quite simi-
lar. The same may not be true for borosilicates (Furukawa
and White 1981).

However, the thermodynamic properties of liquids are
quite distinct from those of glasses: substantial increases
in thermal expansion, compressibility, and heat capacity
occur on transition from the glass to the liquid. At tempera-
tures important in most solid-melt phase equilibria, these
changes result in entropies, enthalpies, and molar volumes
in the liquids which are significantly increased above the
glass values. Determination of the structural and dynamical
reasons for these differences is the subject of this paper.

The glass transition is generally considered to be the
temperature (7,) at which, during cooling, structural relaxa-
tion in liquid can no longer keep pace with the cooling
rate, and equilibrium with respect to some kind of structural
motion can no longer be retained (e.g. Brawer 1985). On
reheating, a relatively abrupt change (resembling in some
ways a second order phase transition) occurs when structur-
al rearrangement again becomes possible. Because constant
volume heat capacities above T, are generally considerably
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higher than 3R per gram-atom, the additional disorder gen-
erated above T, is considered a contribution to the config-
urational entropy of the melt. The implied close relationship
between flow, the glass transition, and thermodynamic
properties has been emphasized recently by Richet (1984)
and Richet et al. (1986), who have shown that theories relat-
ing viscosity and configurational entropy (Adam and Gibbs
1965, Gibbs and DiMarzio 1958) can be applied accurately
to silicates.

The fundamental distinguishing feature of a liquid is
that local relatively large scale motions can take place to
allow flow and configurational change. Techniques such
as vibrational spectroscopy, which sample the structure at
a very short time scale, cannot reveal this kind of motion
(Eisenberg and Kauzmann 1969). We therefore know very
little about the mechanistic basis of the glass transition,
or about the real causes of the properties which make sili-
cate melt a liquid. Nuclear magnetic resonance (NMR) spec-
troscopy is, however, a potentially powerful tool to address
these questions at the heart of the relationship between
equilibrium and transport properties.

NMR has long been used to study low frequency motion
in liquids, glasses, and molecular solids (reviewed in stand-
ard textbooks, such as Fyfe 1983, Slichter 1980, Farrar
and Becker 1971, Abragam 1961). Several types of NMR
experiments are relevant to silicate melts. *°Si NMR spectra
of melts at a range of temperatures have shown, for exam-
ple, that silicon atoms exchange rapidly among sites, begin-
ning one or two hundred degrees above the glass transition
(Murdoch et al. 1984, Schneider 1985, Stebbins et al. 1985).
This kind of motion involves breaking and reforming of
Si—O bonds and may be directly related to viscous flow.

Another, more general aspect of NMR makes it an even
more powerful tool for studying motion. When a nucleus
is excited to a high energy state by a radio-frequency (rf)
pulse, the only important way that it can release that energy
and return to equilibrium is through stimulated emission.
This transfer of spin energy to random thermal energy is
termed ““spin-lattice relaxation” and the inverse of the re-
laxation rate is symbolized by “7,”. A dipolar nucleus
(such as 2°Si) must therefore experience a fluctuating mag-
netic field at its resonant frequency in order to undergo
this relaxation. A quadrupolar nucleus (such as 2*Na) can,
in addition, couple to fluctuations in the local electric field
gradient caused by motion of the atoms in the material.
Measurement of relaxation times can therefore reveal a
great deal about structural mobility.

A second type of nuclear relaxation is ““ spin-spin relaxa-
tion”, characterized by “7,”. T, is a measure of how
quickly the observed NMR signal decays, and is closely
related to the inverse of the overall linewidth of the spec-
trum. 7, in liquids is usually close to or equal to 7, but
may be much shorter than 77 in solids and in viscous liquids
where motional frequencies are too low to cause line-nar-
rowing. Under these conditions, measurement of 7, can
yield additional information about motion.

In this paper, we present the first NMR results collected
for NaAlSi;O4 glass and liquid at high temperature. We
show that local-scale, atomic motion of both silicon and
sodium cations are in some way closely related to the mac-
roscopic glass transition. The relaxation data presented are
a first step in understanding the details of how local motion
changes at the glass transition, and how flow and change
in structure occur in the liquid. Further results and interpre-

tations will be presented in a companion study of a series
of alkali silicate and alkali aluminosilicate glasses and melts
(Liu et al., submitted).

Experimental Considerations

Sample Preparation

Three samples of NaAlSi;O4 glass were studied. One was
prepared by melting a sample of an extremely pure natural
albite (Ab, 4, Neil and Apps 1979) for several h at 1550° C.
A second sample was prepared from high-purity Na,CO,,
Al, O3, and SiO,. The third sample was prepared using 95%
2%Si enriched SiO,. Both synthetic samples were heated at
about 1500° C for several h, re-ground, and remelted until
homogeneous. All three were confirmed to be crystal-free
by optical and x-ray techniques. Stoichiometry was con-
firmed by careful monitoring of weight loss during sample
preparation and by electron microprobe analysis.

High temperature NMR experiments were made with
0.5 to 0.7 g samples contained in crucibles made from hex-
agonal boron nitride (BN), blanketed by argon or argon
with a small percentage of hydrogen. Run times were kept
to a minimum (less than 1 h at the highest temperature)
to minimize compositional change. Under comparable or
more extreme conditions during sample synthesis, weight
loss was not significant, and evaporation of Na should
therefore be small during the actual NMR experiments (less
than 0.5% absolute). A small amount of the borate binder
in the crucible material did dissolve in the samples, how-
ever: analyses of the natural-abundance silicon samples
after the experiments showed that they both contained
about 0.4 weight percent B,O;.

Because of the potential importance of paramagnetic
impurities in nuclear spin relaxation, the natural abundance
silicon samples were also analysed for total Fe content,
which was 100+ 20 ppm. The ?°Si enriched glass, made
from SiO, originally containing less than 5 ppm Fe (data
sheet from Oak Ridge National Laboratory), probably con-
tained considerably less iron (most likely in the 10’s of ppm
range). However, the sample could not be analysed because
of the great value of the isotope.

High Temperature Apparatus

The high temperature apparatus consisted of several major
components: the water jacket, the furnace and furnace
power supply, and the NMR probe. The water jacket and
the furpnace design are similar to those reported earlier
(Stebbins et al. 1986). The NMR probe used here is, how-
ever, designed specifically for relaxation time studies and
is different from the shuttling probe described by Stebbins
et al. (1986). With the previous design, the sample is shut-
tled between the furnace and rf coil which is located outside
of the furnace. The disadvantages of using the shuttling
probe design for relaxation studies are, first of all, the aver-
age shuttling time of 0.2 s limits the relaxation times that
can be observed. Secondly, the abrupt change of sample
temperature after the sample is shuttled from the furnace
prevents accurate relaxation time and temperature measure-
ments. In the new system, therefore, the rf coil and the
sample are both fixed at the center of the furnace, as in
the apparati described by several other groups (e.g. Ploum-
bidis 1979, Aurora and Day 1982, Soller et al. 1979).



The drawbacks of using the static probe design are the
difficulties and inconveniences of dealing with high temper-
ature materials, and the construction of the NMR probe.
In particular, refractory metals used for the rf coil have
relatively high electrical resistances, especially at high tem-
perature, and hence a relatively low quality factor (Q) elec-
tronic circuit results. In order to maximize the signal-to-
noise ratio (S/N), a solenoidal rf coil was used, and the
sample container was designed to maximize the coil filling
factor. In addition, careful cooling arrangements have to
be made to provide thermal insulation between the furnace
and the electronic components. The new probe used to col-
lect the data presented here is about an order of magnitude
more sensitive than the shuttling probe under comparable
experimental conditions.

Typically, about 380 watts of DC power were required
at a temperature near 1100° C. The temperature of the sam-
ple was measured using a Pt/Pt—10 percent Rh thermocou-
ple placed roughly 3 mm above the sample. The actual sam-
ple temperature and temperature gradient have been cali-
brated with a second thermocouple temporarily placed in-
side a sample container. The temperature measurements
reported here are accurate to +5° C.

NMR Spectroscopy

All NMR measurements were recorded on a home-built
NMR spectrometer operating at 4.2 Tesla, corresponding
to a Larmor resonance frequency (f,) of 35.52 and
47.30 MHz for 2°Si and 23Na respectively. The NMR probe
consists of a solenoidal molybdenum rf coil and the tuning
electronic circuits which can be adjusted remotely outside
the magnet. The tank circuit gives a @ which is approxi-
mately 85 at room temperature but decreases to ~10 at
1100° C due to the increase of resistance of the coil wire
as temperature increases. This is, at present, the factor limit-
ing data collection to below ~1200° C. Typical #/2 pulse
length is 10 ps for 2*Na and 17 ps for ?°Si at room tempera-
ture.

The spin-lattice relaxation times (7, ) were measured us-
ing the conventional saturation/recovery pulse sequence.
The spin-spin relaxation times (7,) were obtained using
(n/2),—t— (), (Hahn spin echo) sequence (Hahn 1950).
The NMR lineshapes and linewidths were obtained by
Fourier transforming free induction decay (FID) signals
or spin echoes. Typically, 50 to 100 FIDs (or spin echoes)
were accumulated.

Experimental Results

23Na Relaxation Times

The 23Na nuclear relaxation times (7, T,) of both natural
and synthetic albite glass and liquid are shown in Figure 1
as a function of reciprocal temperature.

The T, data from the two samples agree well and have
the same temperature dependence as the 7, data from the
synthetic albite sample. The temperature dependence of the
relaxation data agrees with the results of linewidth study
and can be described by an Arrhenius relation (see below):

=1, exp (— E,/kT), 1)
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Fig. 1. NMR relaxation times (T, T,) of **Na in NaAlSi;O, glass
and super-cooled liquid as a function of reciprocal temperature.
The vertical scales are in seconds. A: Spin-lattice relaxation times
T, (scale at right) for sample derived from natural albite. Data
on curve 1 were collected on initial heating, data on curve 2 on
a second heating. T, is the macroscopic glass transition temperature
typically seen in an annealed sample (Arndt and Haberle 1973),
and T, is the melting point of the crystal. B: T, data for a synthetic
albite glass sample (scale at left). The scale of B (and C) is offset
from A by one decade; A and B are the same within error if
the two sets of data are not offset. C: Spin-spin relaxation times
T, for the same sample as B, plotted on the same scale as B.
Straight lines A and B are identical when plotted together, but
C is slightly offset. All are drawn with the same slope as the fit
to the linewidth data shown in Figure 3

where 7, is the exponential pre-factor, E, is the activation
energy and k is the Boltzmann constant.

The temperature range in the data for NaAlSi;Og was
not great enough to observe the 7, minima that were seen
for both #*Na and 2°Si in alkali silicate glasses (Liu et al.,
submitted). As described under ‘“Discussion” below, spin
lattice relaxation is caused by fluctuations in the local mag-
netic field or electric field gradient at the Larmor frequency
of the nucleus. These fluctuations are typically caused by
atomic or molecular motion at frequencies much lower than
those of typical inter-atomic vibrations. At low tempera-
tures, these frequencies are too low for efficient relaxation,
and T values are long. At high temperatures, average mo-
tional frequencies are much greater than the Larmor fre-
quency, and relaxation is again inefficient and slow. At
intermediate temperatures, a minimum in 7; is often
produced. For 2*Na in NaAlSi;Og liquid, the slope in Fig-
ure 1 shows that all of our data must be at temperature
higher than this minimum, which probably lies at about
900 K.

Distinct 7, anomalies were seen for both samples near
the glass transition temperature, as determined by thermal
expansion measurements (Arndt and Haberle 1973). For
the natural albite sample, the 7, anomaly peak moved to
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Fig. 2. 2°Si T, (solid circles, left scale) and T, (open circles, right
scale) for a 2°Si-enriched synthetic albite glass sample. Axes and
symbols as in Figure 1

lower temperature as the sample was annealed. This is indi-
cated in Figure 1 by curves 1 and 2.

298 Relaxation Times

Relaxation times T, and T, of synthetic *°Si-enriched albite
glass (NaAl?°Si;Og) are shown in Figure 2. The *°Si T,
values are approximately three to four orders of magnitude
longer than those for ?*Na and have a markedly different
temperature dependence.

Below T,, T increases with increasing temperature. At
T,, an abrupt change to the opposite slope is seen, suggest-
ing a change of relaxation mechanism. For T>T,, T; de-
creases as temperature increases. No 7 minimum is ob-
served up to the maximum temperature of the measure-
ments. The temperatures are therefore below the 7 mini-
mum for the high temperature relaxation. We note that
the 2°Si T, minimum, if observed, will be several hundred
degrees higher than the expected **Na 7, minimum. This
suggests that Si is relatively immobile compared to Na,
as expected from other studies of transport properties. Simi-
lar behavior is observed for all alkali silicate liquids exam-
ined in this laboratory (Liu et al., submitted) and is consid-
ered as a common signature of molten alkali silicates. In
addition, the 7, curve above T, shows a slight curvature
away from Arrhenius behavior.

In contrast, the 2°Si T, data are temperature indepen-
dent below 1250 K. This behavior is frequently seen in mo-
lecular solid and liquids, especially in the low temperature
limit where the correlation time t, for the motion responsi-
ble for line-narrowing (see below) is much longer than T,
and is usually referred as the ““rigid lattice” limit (Abragam
1961). At T> 1250 K, T, begins to decrease with increasing
temperature; this correlates well with the beginning of line
narrowing (see below).
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Fig. 3. The inverse of full width half-intensity linewidth plotted
against reciprocal temperature. Open triangles: #°Si data. Open
circles: 23Na data for sample derived from natural albite. Solid
circles: synthetic albite glass. Other symbols as in Figure 1. Note
coincidence of all three data sets at high temperature. The straight
line indicates a fit to Arrhenius relation (Equation 1), and give
an activation energy E,=71+3 kJ/mol. The same slope is also
indicated by solid lines A, B, and C in Figure 1

Linewidth Study

The inverse linewidth data (47~ %) for 2°Si and **Na (full
width and half-maximum intensity or FWHM) are plotted
against reciprocal temperature in Figure 3.

The 2°Na linewidths of the natural and synthetic sample
agree very well and have the same temperature dependence
as the T, data in Figure 1. The straight line in Figure 3
indicates a fit according to equation (1) and gives an activa-
tion energy of 71 +3 kJ/mol. The same slope is also shown
in Figure 1 by the three solid lines A, B and C. Further-
more, an anomaly of linewidth measurements near T, is
also seen, as observed in the 7', data. At high temperatures,
where lineshapes close to a Lorentzian were observed, the
experimental value of Af™/T,~3.2 is almost identical to
the expected theoretical ratio A/ */T, == (Boden 1979).

The 2°Si linewidth is temperature independent for 7'<
1250 K, in agreement with the T, results in Figure 2. For
T>1250 K, it is surprising that the **Si linewidths are al-
most identical to the >>Na linewidths. It is not clear whether
the temperature dependence of linewidth and 2°Si 7, data
are related to the slight change of slope of 2°Si T, data
above 1250 K.

Discussion

NMR relaxation times provide information on the structure
as well as the dynamics of silicate melts. The standard first
step at quantifying these relationships is based on the theory
presented by Bloembergen, Purcell, and Pound (BPP) in
1948. They showed that fluctuating magnetic fields or elec-



tric field gradients arising from random molecular motions
are directly related to the relaxation processes in liquids.
The duration of the fluctuating local field is usually charac-
terized by the correlation time .. For small molecules in
typical non-viscous liquids, random isotropic motion in a
given time 7 can be described by a single correlation time
and exponential correlation function G () = G(0)exp(— t/7,).
The energy of interaction that is modulated by the molecu-
lar motion may give rise to a distribution of frequencies
which is the Fourier transformation of G(z) and is called the
spectral density J(w) ; J(w) is proportional to 7./(1 + w2 t2),
where w,=2nf,, and f, is the Larmor resonant frequency
in Hz. The spin-lattice relaxation rate is directly related
to the value of J(w) at the Larmor frequency of the nucleus.
Hence, the relaxation is most effective at the temperature
where w,7.~1. A minimum value of T is reached at this
point.

Because of the highly structured nature and high viscosi-
ty of glassy and molten silicates, a broad distribution of
correlation times might be expected. Therefore, a superposi-
tion of J(w) may be needed to describe the relaxation pro-
cess, and BPP theory will no longer be strictly valid. In
this case, the study of relaxation time can still be quite
informative but detailed analysis becomes more difficult.
However, one can still use the simple theory as an approxi-
mation to draw at least qualitative conclusions. One feature
of network liquids such as NaAlSi;Og that may tend to
simplify its behavior, is the observation that stress and
viscous relaxation in these system can usually be character-
ized by single correlation time (Angell 1984, Napolitano
and Macedo 1968).

The 23Na nucleus has nuclear spin /= 3,2, and the inter-
action of the nuclear quadrupole moment with the electric
field gradient (EFG) is usually the dominant source of re-
laxation. The fluctuations of the EFG arise from the diffu-
sive motion of the sodium ions. The spin-lattice relaxation
time with the quadrupole mechanism, in the rapid correla-
tion limit (i.e. on the high temperature side of the 7, mini-
mum where @,7,<1), is given (Abragam 1961) by

2 2 2

i:}_ 22I—|—3 |:1+;7_:| |:(1 Vo) € qQ} - @)
T, 40 I*/(21-1) 3 f

where #’ is the asymmetry parameter, e is the electron
charge, eQ is the quadrupole moment of the nucleus,
(1 —y4)eq is the electric field gradient at the nucleus, and
¥« 1is called the Sternheimer antishielding factor (Stern-
heimer and Foley 1956). The factor (1—y,) arises from
the polarization of the electron shells induced by the sur-
rounding ions. For Na*, Sternheimer and Foley (1956)
found (1—y,)~35, in close agreement with the calculation
done by Das and Bersohn (1956) using the same model.
The collective term (e*q Q/#) is known as the quadrupole
coupling constant.

Using the results from relaxation data for NaKSi,Oq
melt (Liu et al., submitted) where a 2*Na T; minimum was
observed, T, =2 x 10~ % s at the minimum, and the quadru-
pole coupling constant can be evaluated. At T minimum,
To~1/m,~3 %1072 s for >*Na is expected. From equation
(2), assuming #'=0, the quadrupole coupling constant
(e*qQ/h)~2.6 x 10° s ! results. Using this value, the corre-
lation time of Na motion in albite liquid can then be esti-
mated with equation (2). For »*Na relaxation near the melt-
ing point of albite, T, ~7 x 10~ * s, and the estimated value
of 7, is 8.5x107*"s. A similar calculation at T,, where
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T,~7.6x107°s, gives a value of 7,~7.8x1071%s. The
values of 7, given from the 2*Na T, data reveal that they
are approaching the expected 7, minimum: extrapolation
downward to the point at which w,r,=1 predicts the mini-
mum should be at about 883 K.

To the best of our knowledge, similar calculations of
7, cannot be found elsewhere for silicate melts. However,
our results can be compared with a 2*Na relaxation study
of molten NaNOj;. Using a value of (e*¢ Q) ~3.1 x 10° s 1,
Filho et al. (1982) reported 7.~ 7.9 x 10~ 1% s for Na transla-
tional diffusion in molten NaNOj; near the melting point
(582 K), in good agreement with the 7, value obtained by
Harold-Smith (1973). We note that these types of calcula-
tions can only provide a first-order estimation of z.; it was
found, for example, from NMR spectroscopic analysis of
single crystal of NaNOj, that the term (1 —y,)e* g Q/# de-
creases from 2.2x10°s™!' at low temperature to
~2x10%s™ ! near its melt (Harold-Smith 1973). In con-
trast, we obtain a much larger value of (1—7,)e?qQ/h~
1.3x1077 s~ ! directly from our NaKS8i,O; T, data (Liu
et al., submitted). If we take the value for NaNOj; and fitted
to the **Na T, data for albite near the melting point, the
resulting 7,~3.6 x 1077 s cannot explain the data reported
here: the 2*Na T, data of albite is on the high temperature
side of T, minimum, and hence must satisfy the condition
W7, <1.

In a formal theory of quadrupole relaxation, the electric
field gradient at a nucleus located at the origin should de-
pend on the charge and relative distance of all other ions
in the sample. But since glasses do not have long range
order, the sum over the EFG contributions from all the
surrounding ions is difficult to calculate. However, by as-
suming the quadrupole coupling constant obtained from
NaKS8i,0;5 liquid is correct, the ionic separation can be
estimated to first-order by the relation: (1—y,)eqg=2(1—
yo)ed”? (Filho et al. 1982), where d is the nearest neighbor
distance. Given e*qQ/h~26x10°s"* and Q=145
x1072% cm? (Becker 1980), one obtains d=2.9 A. This is
closer than typical Na—Na distances in framework sili-
cates, but may be reasonable for a “jump” distance for
diffusing Na cations. Values for average Na— Na distances
obtained from molecular dynamics simulations of silicate
melts are typically also about 3 A (e.g. Soules and Varsh-
neya 1981), in good agreement with the separation pre-
dicted here. For comparison, in molten NaNO; close to
the melting temperature, x-ray diffraction data gave d=
2.4 A (Harold-Smith 1973).

Other possible mechanisms for 2*Na relaxation may ar-
ise from paramagnetic impurities or nuclear dipole-dipole
interactions. But calculations (Liu et al., submitted) have
confirmed that they are too weak to account for the 2*Na
T, data.

The experimental value of E,=7143 kJ/mol is very
close to the activation energy obtained from electric con-
ductivity data of E,~67 kJ/mol (Jambon and Carron
1976). Self-diffusion of Na measured by the same authors
gave a value Ep= 57412 kJ/mol, which seems to be signifi-
cantly lower. However, it was found (Jambon and Semet
1978) that Ep for Na™ diffusion is smaller than that for
Li*,K*, Rb", and Cs* diffusion in glass of albite composi-
tion, in contrast to the results in KAISi,O4 glass, where
the activation energies for Li*, Na*, and K* diffusion
are roughly equal. The Na data for albite thus seem some-
what anomalous. Hence, >>Na relaxation data observed
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here reflects the motion that also causes bulk diffusion.
Although local “rattling” motions may also exist, and may
be important at lower temperature, their frequencies are
probably too high to have an important contribution to
the **Na relaxation (Jain et al. 1985). At lower tempera-
tures, apparent activation energies for spin-lattice relaxa-
tion of alkali cations in silicate and borate glasses are indeed
reduced, falling to values as low as about 30 percent of
those for diffusion (Liu et al., submitted, Jain et al. 1985).
This change in behavior may be related to models proposed
recently (Ngai and Jain 1986) which involve coupling
among diffusing species.

The **Na 7; anomaly that occurs near T, is a small
but reproducible effect. The form of the anomaly indicates
that above T,, some component of the Na motion is de-
creased in frequency, increasing the efficiency of relaxation
and lowering T;. A cooperative type of motion, where Na*
is temporarily part of a slowly moving silicate group, could
be responsible for this effect.

The offset between 7, and T, data in Figure 1 is not
understood. In typical non-viscous liquids, quadrupole re-
laxation in the extreme narrowing limit should result in
T, =T,. The experimental results report here give T, /T, ~ 2.

We now turn to the discussion of 2°Si relaxation. As
mentioned earlier, measurements of spin-lattice relaxation
times in albite and other alkali silicate glass reveal that
29Gi T, minima occur at temperatures several hundred de-
grees higher than those for the 2*Na. This strongly suggests
that the motion responsible for Si relaxation is not the same
as the Na diffusive motion and is probably related to the
local motion of the less mobile network forming cation
(Si).

One possible mechanism that can contribute to the 29Si
relaxation is the chemical shift anisotropy (CSA) interaction.
For axial site symmetry in molecules randomly tumbling
in a liquid, the following holds (Spiess 1978):

1 2, >
T, 15 wg(40)
where wo=yH, is the Larmor frequency in angular fre-
quency unit and Ao is the range of chemical shifts caused
by a change in orientation with respect to the magnetic
field (Hy). Such a simple picture cannot be correct in detail
for a framework silicate melt. However, random fluctua-
tions in the bond angles and distances around a silicon
atom in a melt could lead to an analogous relationship:
the significant factor is the range in resonant frequencies
that are “seen” by a nucleus as it and its neighbors move
relative to one another.

Since all 2°Si T, data for liquid NaAlSi,Og are at tem-
peratures below the 7'; minimum, an estimate of correlation
time at the minimum (z,=1/wo~4.5x107%s) should be
greater than all 7, values for the observed data. T calcua-
lated at this point, using equation (3), should thus be Jess
than expected values for the real data, if the CSA mecha-
nism dominates relaxation and the parameters chosen are
correct.

The CSA for 2°Si in crystalline tectosilicates is generally
quite small because of nearly tetrahedral symmetry of the
Si sites. The maximum static value of the CSA in the present
liquid sample must be less than the observed linewidth at
low temperatures when motion is too slow to cause line-
narrowing. The observed value of 4o is about 3400 Hz or
96 ppm, which results in a calculated 7', of 7 s at the mini-
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mum. This is a factor of about 15 higher than the lowest
value observed at the highest temperature.

This discrepancy could be the result of the inappropria-
teness of equation (3) in a viscous system which may have
a complicated distribution of correlation times. Perhaps
more likely, however, is a mechanism which can increase
the CSA (dog) term in equation (3) by 15Y2=3.9. Flow
in the liquid requires the breaking and re-forming of the
Si—O bonds. This is reflected in the chemical exchange
that is required to produce single, narrow 2°Si NMR lines
(Stebbins et al. 1985, Liu et al., submitted), and almost cer-
tainly requires the formation of short-lived, highly distorted
sites. Short-lived, extreme excursions of the chemical shift
would accompany such distortions. A total range of chemi-
cal shift values about three times that observed in any crys-
talline silicate would be required by equation (3), but this
could be produced by bond distance changes of perhaps
10-15 percent.

Other mechanisms may also contribute to the Si spin-
lattice relaxation. The contribution from the dipole-dipole
interaction can be roughly estimated by a calculation of
the rigid lattice dipolar linewidth. Again, a strictly accurate
calculation of linewidth cannot be obtained because of the
uncertain long range structure in a glass. Nevertheless, a
first-order approximation can be obtained using the method
of Van Vleck (1948) for the second moment (M,) and a
few assumptions based on a simplified model. In the ab-
sence of motion, the like-spins dipolar second moment for
powder samples containing crystallites of random orienta-
tions can be written (Abragam 1961) as

M, =2y*n* I+ 1){2} R;°. 4)

The Y. R™° in the above equation is called the lattice sum

and ( is the fractional concentration of the magnetic nuclei.
The lattice sum has been evaluated for various structures
frequently encountered in molecular solids. Taking a simple
cubic structure of lattice constant d, as a very rough approx-
imate, the lattice sum is 8.5 4 ¢ (Abragam 1961). We con-
sider only the Si—Si like-spin dipolar contribution and ne-
glect the unlike-spin terms that might be present. This is
a fairly good approximation because the most likely candi-
date for unlike-spin dipole interaction is Na—Si; but it
is more likely to be averaged out by the much faster motion

of Na. If we take d=3.1 A, for the nearest Si— Si separation
and £=0.95, we get M,=3.6x10% (rad/s)*>. Assuming a
Gaussian lineshape, the rigid dipolar FWHM linewidth can
be calculated from M, by (Abragam 1961) Af=(1/n)
[2(ln2)M,]'> =712 Hz. The rigid lattice linewidth calcu-
lated from this oversimplified model can then be compared
to the experimental rigid linewidth of 1700 Hz, and reflects
a T,=1/(ndf)~4x10"*s. Other factors probably also
contribute to the 2°Si linewidth. In particular, the isotopic
linewidth of albite with natural abundance 2°Si was meas-
ured by Murdoch et al. (1985) using the 2°Si MAS tech-
nique at room temperature. The integrated linewidth of
18 ppm (corresponding to 640 Hz here) is mainly due to
heterogeneous broadening. Furthermore, the contribution
from chemical shift anisotropy may also be significant.

In order to investigate the dipolar contribution to the
Si spin-lattice relaxation, a calculation similar to that for
CSA mechanism will be presented. For isotropic, random
molecular motion, the like-spin dipole-dipole contribution
to the spin-lattice relaxation can be written (Boden 1979)
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In this case, the 7, minimum occurs when w7, ~0.62. Tak-
ing 7, ~2.8 x 107? s and using the M, value derived earlier,
equation (5) gives T, ~65 s. On the other hand, if we take
the observed linewidth of 1700 Hz at low temperature as
a maximum estimate of the rigid lattice dipolar linewidth,
the resulting M,~2x107 (rad/s)* gives T,~11s using
equation (5). Since the observed relaxation rate (1/7,) must
be the sum of all contributions, the Si—Si dipolar interac-
tion calculated with these assumptions can play only a mi-
nor role. These calculations probably indicate the maximum
effect of Si—Si dipolar couplings: recent measurements on
both *°Si enriched and unenriched NaAlSi; Oy glass suggest
that the coupling is smaller than a few hundred Hz at room
temperature (Stebbins and Liu, in preparation).

The 2°Si T, data above T, show curvature slightly away
from Arrhenius behavior, probably because of an approach
to a minimum at higher temperature. If one fits the T,
data thoughout the high temperature range, using equation
(1), the activation energy is ~ 125 kJ/mol. The activation
energy for viscous flow in albite liquid is E,~ 398 kJ/mol
(Cranmer and Uhlmann 1981), close to the Si—O bond
strength of ~444 kJ/mol. Hence, the result obtained from
our 2°Si T; data suggest that the motions responsible for
Si diffusion or viscosity are not identical to those which
cause spin-lattice relaxation. It is likely that the spin-lattice
relaxation is dominated by some kind of local motion,
whereas viscous flow (and probably the motional narrowing
of 2?Si NMR spectra) involves the cooperative motion of
several silicons and oxygens. As in the case of sodium mo-
tion, the property involving coupling among species will
exhibit the higher activation energy (Liu et al., submitted).

Finally, it is surprising that the last few points of the
29Gi T, and 2°Si linewidth measurements seem to have the
same temperature dependence as the **Na data. Although
this behavior may be more than a coincidence, it is not
yet understood.

Conclusions

The first data presented on nuclear relaxation in glassy and
liquid NaAlSi;Og provide suggestions concerning the low-
frequency atomic motion that occurs in molten silicates,
and how this motion changes at the glass transition.

Spin-lattice relaxation time data show that the entire
temperature range studied (about 600 to 1200° C) is above
the 7, minimum for 23Na, but below the minimum for
29Si. This confirms the general picture of the relatively high
mobility of the alkali cation that has been drawn from stud-
ies of bulk transport properties. The activation energy for
relaxation of 2*Na is the same as for electrical conductivity,
and the relaxation mechanism is probably through quadru-
polar interactions coupled through the same type of motion
that is responsible for through-going diffusion.

The relaxation mechanism for 2°Si is less certain, but
possibly involves the formation of short-lived, distorted
sites with extreme chemical shift values. These distortions
are presumably produced when the structure becomes mo-
bile above the glass transition. This local mobility is prob-
ably an important factor in the “liquid” component of
thermodynamic properties, but long-range viscous flow also
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probably includes less frequent Si—O bond-breaking
events. These are more directly related to the site-exchange
mechanism more clearly seen in alkali silicate samples (Steb-
bins et al. 1985, Liu et al., submitted).

Most importantly, the spin-lattice relaxation mechanism
for 2°Si changes dramatically at the bulk glass transition
temperature, indicating that relaxation does involve struc-
tural motion which begins only when the well-known breaks
in thermodynamic properties occur. This may be the first
instance in which the changes in configuration that are as-
sumed to begin on heating through 7, have been linked
to local motion of network-forming cations.

The relaxation of **Na is slightly perturbed at T, indi-
cating that some ““flow events” probably also involve coop-
erative motion of both network-modifying and network-
forming cations.

Several aspects of relaxation and structural motion in
molten silicates are seen more completely in new data on
alkali silicates (Liu et al., submitted). Complete confirma-
tion of proposed relaxation mechanisms, and their relation
to structural mobility, await further measurements, particu-
larly those made at varying frequency.
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