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The Nature of the Glass Transition in a
Silica-Rich Oxide Melt

lan Farnan* and Jonathan F. Stebbinst

The atomic-scale dynamics of the glass-to-liquid transition are, in general, poorly un-
derstood in inorganic materials. Here, two-dimensional magic angle spinning nuclear
magnetic resonance spectra collected just above the glass transition of K,Si,O, at
temperatures as high as 583°C are presented. Rates of exchange for silicon among silicate
species, which involves Si-O bond breaking, have been measured and are shown to be
closely related in time scale to those defined by viscosity. Thus, even at viscosities as high
as 10"° pascal seconds, local bond breaking (in contrast to the cooperative motion of large
clusters) is of major importance in the control of macroscopic flow and diffusion.

Molten silicates play a major role in heat
and mass transfer in the crust and mantle of
the Earth, as well as being the precursors to
technological materials such as glass and
ceramics. If crystal nucleation and growth
rates are slow in comparison to the rate of
temperature decrease, cooling of a silicate
liquid will result in its transformation to a
glass at a rate-dependent temperature T,.
This transition is generally marked by sub-
stantial decreases in heat capacity, thermal
expansivity, and compressibility that reach
values in the glass that are similar to those
of the corresponding crystalline solid. The
glass transition is traditionally viewed as the
temperature at which the rate of change of
the structure of the liquid with cooling («
structural relaxation) becomes too slow to
remain in equilibrium at the given cooling
rate. More rapid B processes, while of rela-
tively minor bulk energetic consequence in
silicates, may contribute to ultrasonic and
dielectric relaxation both above and even
well below T, (1). The uncoupling of a
processes from [ processes during cooling
may be an important part of the transition
from liquid to glass (2).

The configurational entropy generated
by structural change above T, is quantita-
tively linked to viscosity (3). An under-
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standing of the structural mechanism of the
transition to a glass can thus provide in-
sights into both thermodynamic and trans-
port properties of the liquids, as well as the
relaxation that takes place during annealing
of glasses, which transforms them into us-
able materials. In this report, we describe
two-dimensional (2D) 2Si magic angle spin-
ning nuclear magnetic resonance (MAS-
NMR) experiments on K,Si,O, liquid at
temperatures just above T, that provide a
new quantitative link between bulk viscos-
ity and a microscopic mechanism of ex-
change among structural species.

As a liquid, K,Si,O, consists of a net-
work of SiO, tetrahedra, with some rela-
tively large sites occupied by network-mod-
ifying K* cations. In about half of the tet-
rahedra (Q* groups), all four oxygens are
linked to other tetrahedra (bridging oxy-
gens); in the other half (Q® species), one
oxygen is not shared by a second Si but is
coordinated by several K* cations (non-
bridging oxygens). A variety of minor spe-
cies are also present, including SiOs groups
(4). At normal laboratory cooling rates, T,
for this liquid is close to 500°C (5). In
previous one-dimensional (1D) static (non-
MAS) ?°Si NMR work at higher tempera-
tures (6), the presence of a single resonance
line indicated rapid chemical exchange of
silicon between Q° and Q% groups. The
measured rates at which these species ex-
change with each other, and also the rate at
which bridging and nonbridging oxygens
exchange, was used in a simple model to
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accurately predict the bulk viscosity down
to about 850°C (6, 7).

A possible mechanism for this process,
which is consistent with a number of pub-
lished molecular dynamics simulations, is
shown in Fig. 1. At these higher tempera-
tures this two-step exchange process passes
easily through the intermediate step to
complete exchange from Q° to Q* The
NMR exchange rate data could also be
collected down to 690°C, but in this lower
range, predicted viscosities were significant-
ly lower than experimental values. This
divergence is probably a result of the pro-
gressive inhibition of complete exchange
and the increased importance of self-ex-
change to 1D NMR line narrowing. Forma-
tion of the intermediate state (Fig. 1) fol-
lowed by decay back to original Q* and Q*
species without exchange but with changed
orientations with respect to the external
magnetic field will contribute to 1D NMR
peak narrowing but not to the flow mech-
anism of the liquid because there is no net
throughgoing motion of an oxide anion.
The 1D NMR spectra are limited because
they are sensitive only to motions with
frequencies within about an order of mag-
nitude of the frequency separation and
widths (in hertz) of their component peaks.
For the static 2°Si NMR spectrum of
K,Si,0,, this is ~10 kHz, and the slowest
motions that could be detected were thus
about 1 kHz.

In contrast, 2D chemical exchange
NMR experiments can detect much slower
motions and can also separate the complete
exchange from other peak-narrowing pro-
cesses. This approach has been developed
and elegantly applied to quantify dynamics
in organic polymers, including studies of the
nature of the glass transition (8,9). The
technique has been described in detail (10)
and involves a typical 2D NMR sequence of
preparation, evolution, mixing, and detec-
tion. The 2D Fourier transform produced at
the end of the experiment displays correla-
tions between the NMR frequency of a
nucleus at the start and at the end of the
mixing time. The mixing time (¢_,;,) is cho-
sen to probe characteristic times associated
with exchange in the sample, and observ-
able dynamics are thus not limited by



the width or frequency separation of lines.
In the event of no exchange, a nucleus will
retain the same frequency throughout ¢_,,
and all intensity in the 2D spectrum will be
along the diagonal (with the two frequen-
cies ®; = ®,). Nuclei that exchange from
one local environment to a different one
can be identified by off-diagonal cross
peaks. The intensity of the off-diagonal
peaks can also be analyzed as a function of
mixing time to estimate the exchange rate.
In our previous static 2D NMR study, we
were able to collect data at 571°C for a
single mixing time of 500 ms in which
considerable exchange took place (I1).
This was similar to the shear relaxation
time of 300 ms estimated from viscosity
data (see below). -

We have now considerably refined this
study by using MAS-NMR, which recently
has become possible at temperatures at high
as 600°C (12-14). The much higher reso-
lution obtainable in MAS experiments al-
lows more rapid data collection than with
nonspinning samples and permits much
slower exchange to be observed. We have

Q3

O Oxygen

Fig. 1. Sketch of a possible mechanism for the
exchange of silicon environments in a high silica
liquid. Oxygens are shown as open circles, net-
work modifying cations as shaded circles, and
silicon cations as dark circles. In step 1, a non-
bridging oxygen in a Q® group approaches a Q*
unit as the modifier cation moves away, and a
silicon originally in a Q* site becomes 5-coordinat-
ed. Perhaps depending on additional modifier cat-
ion motion, this SiO, transition complex then de-
cays back to a Q*, either reforming the original
configuration (self-exchange) or proceeding by
means of step 2 to form a new Q2 site in a com-
pleted exchange event. Only the latter contributes
to macroscopic flow, and at low temperatures at
least, it is much less frequent than the reversal of
step 1.

@ Silicon Alkali

. )tmix

therefore been able to collect data with a
range of mixing times at several temperatures
and have increased by about an order of mag-
nitude the time scale of exchange that can be
observed, allowing dynamics closer to T} to be
quantified (15).

A 1D MAS spectrum for K,Si, O, liquid
at 555°C (Fig. 2) is nearly identical to
ambient temperature spectra (4). Peaks for
(Q® and Q* sites are clearly resolved. The
lack of any indication of exchange places an
initial upper limit of ~70 Hz on the ex-
change frequency because the peak separa-
tion is ~700 Hz. In the 2D spectrum with a
of 500 ms (Fig. 3A), off-diagonal inten-
sity is low. This lowers the maximum ex-

- change frequency of silicons between (Q°

and Q* environments to less than ~2 Hz
[1/(500 ms)]. However, when ¢_,_ is length-
ened to 4 s (Fig. 3B), off-diagonal intensity
increases markedly, although resolution is
poor because of ranges in chemical shift for
each species (self-exchange that results in
changes in bond angles or distances at a
given site could also lead to broadening).
The effect of exchange among different spe-
cies can be most clearly seen in 1D slices
through the 2D spectrum taken at the po-
sition of the main Q* peak (Fig. 4). Again
with t_,, = 500 ms, only the broad Q* peak,
centered at a frequency shift of about —105
parts per million (ppm) is visible. With
longer values of ¢, a distinct second peak
appears at —95 ppm, corresponding to the
(9’ position in the 1D spectrum. By plotting
the relative peak intensities versus ¢, , we
estimate an average exchange time of about
3 = 2 s for Q3 to Q* exchange (16). The
near equality of the intensities of the Q*
and the exchange peak in the slice for the
longest mixing time indicates that ex-
change is essentially complete, that is, that
most or all Q* sites participate in exchange.
The quality of the spectra obtainable at this
time only permits an average exchange time
to be determined. We are not yet able to
determine the breadth of the distribution of
exchange times that must be present in a

Q3 ot

"0 20 -40 -60 -80 -100 -120 -140 160
Frequency shift (ppm)

Fig. 2. A 1D 2°8i MAS NMR spectrum of K,,Si,Og
liquid at 555°C spinning at 4060 Hz, with 100
2-us (w/10) pulses and a 3-s delay. Frequency
shifts, in parts per million (ppm), are referenced to
tetramethylsilane at room temperature. Solid cir-
cles mark spinning side bands.
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liquid that has considerable static and dy-
namic disorder.

At 583°C, a sample spinning rate of only
about 2.0 kHz was obtainable, leading to
considerable intensity in spinning side-
band peaks. In this case, the most obvious
exchange was between the central Q* peak
and the first Q> side band. Again, by ana-
lyzing 1D slices of the 2D spectrum through
the Q* position, we estimate the exchange
time to be 0.3 = 0.2 5. No exchange was
detectable below T, even at long mixing
times, indicating that Q*>-Q* exchange does
indeed “freeze out” at the glass transition
and that spin diffusion is not the cause of
the observed off-diagonal intensity. -

Several approaches can be taken to re-
late the time scale for a microscopic flow
event to that of macroscopic transport. As
in previous studies (7), a simple Eyring
model can relate viscous flow to the jump-
ing of a single species from one site to
another with a characteristic time T, dis-
tance d, and absolute temperature T, with
viscosity m = 2kpT7/d?, where kg is Boltz-
mann’s constant (Fig. 5) (17). Alternative-

®; (ppm)
2=
oo m
&5
<=

75 -85 -95 -105 -115 -125 -135

iB =/

@, (ppm)
<

'75_—|""r""l“"|"'rr""rr"'|'m1"'-|“' LAARAL AR LAARS RO
75 -85 95 -105 -115 -125 -135
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Fig. 3. A 2D 29Sij chemical exchange NMR spec-
tra of K,Si,O4 liquid at 555°C." Mixing time
(At x=05sand B)t,,, = 4.0s. The spinning
rate was 4060 Hz, with /2 pulses of 10.5 ws and
a recycle delay of 120 s. Two free induction de-
cays were added per t, increment, and the t
dimension was zero-filled to 512 points to make a

512 X 512 data matrix.
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ly, the Stokes-Einstein equation can be used
to link viscosity to diffusivity, with n =
kyT7/(3wad?), where a is an ionic radius
(6). Both predict viscosities close to the
measured values, with the latter having the
better agreement. Thus, it is clear that even
at only 55°C above the glass transition
(T/T 1.07), local species exchange is
closefy related to macroscopic viscous flow
(18).

A more thermodynamic approach can
be taken if a relaxation time is calculated as
the ratio of the viscosity to the infinite
frequency shear modulus (7, = m/G,,, with
G, = 10'° Pa). This relation has been
shown to accurately relate at least the
mean, macroscopic T, for enthalpic or volu-
metric relaxation to m (19). The quantity T
has been equated with a characteristic time
for microscopic flow events, as well (20,
21), and can thus be directly compared with
exchange times derived from NMR. The
latter are about 0.5 to 1 log unit above
(slower) than the curve predicted from
measured viscosities, both at high tempera-
tures and near T, (Fig. 5). This suggests that
the NMR may be sampling the longer time
scales in a distribution of relaxation times

Q3-Q Q4
exchange

\

-40 -80 -120 -160
Frequency shift (ppm)

Fig. 4. Slices parallel to the w, axis at the position
of the Q* diagonal peak in 2D 2°Si chemical ex-
change NMR spectra of K,Si,Og liquid at 565°C
for mixing times of (A) 4 s, (B) 2 s, and (C) 0.5 s.
Exchange is detected by the appearance of the
off-diagonal Q3 peak (~—95 ppm) with increased
mixing time. The Q* peak and the off-diagonal
Q*-Q3 exchange peak are labeled.

1208

slightly above the mean 7. This is not
surprising given that bulk shear relaxation
may involve significant structural motion
over distance scales shorter than those for
diffusive jumping.

The selectivity of the 2D NMR ex-
change experiment thus allows us to ob-
serve just the QQ species exchange, indepen-
dent of rotational self-exchange, and it ap-
pears to be the former process that consti-
tutes the flow event. ‘An extrapolation of
the results from 1D NMR at higher temper-
atures would show an increasing divergence
from the macroscopic data as temperature
decreased, indicating the presence of faster
motions that do not contribute to flow.
These are probably related to the reverse
step 1 in the mechanism proposed in Fig. 1.
This apparent decoupling of the time scales
for these two processes as T, is approached
is intriguingly similar to models involving
the decoupling of « and B relaxation pro-
cesses (22).

The observed silicon species exchange
requires the breaking and reforming of Si—-O
bonds. If flow occurred through a local,
nonmolecular mechanism, such as the dif-
fusion of oxygen ions [as has been suggested
by the success of the Eyring model in relat-
ing viscosity to oxygen tracer diffusion in
some silicate liquids (23)], the close relation
noted here is expected. However, other
mechanisms may be implied from some
models of silicate liquid structure. For ex-
ample, a number of models of entropies and
volumes of mixing in silicate liquids have
assumed highly polymerized clusters or mol-
ecules of silica-like (mostly Q*s) structure.
The surfaces of these clusters would consist
primarily of (Q® sites, and connection among

[ o
i O D
& 2%
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g 4~
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7 8 9 10 11 12 13 14
10,000/T(K)

Fig. 5. Plot of log,, of viscosity n and log,, of
shear relaxation time T for K,Si,Oq liquid versus
inverse temperature. The solid curve is a fit to
measurements of bulk viscosity (77), which can
be converted to mean shear relaxation times
(right-hand scale). Open circles are exchange
times derived directly from the NMR spectra; solid
triangles are viscosities derived from the NMR
data with the Eyring equation; and solid circles are
viscosities derived with the Stokes-Einstein equa-
tion (76). Uncertainties for the 1D points are sim-
ilar in size to the symbols; for clarity, those for the
2D MAS data are shown on one pair of points
only.
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clusters would consist primarily of weak
bonds between nonbridging oxygens and
K™ ions. Viscous flow could thus occur by
relative motion of the clusters with little
Si—O bond breaking or silicate species ex-
change (as in “reptation” models for flow in
organic polymers). This kind of mechanism
seems to be inconsistent with our results,
which show a close relation between local
species exchange and viscosity. Indeed, po-
tassium silicate liquids are thought to be
relatively unclustered because of the low
field strength of K*. Even in a system that
can be shown by NMR relaxation time
measurements to be compositionally heter-
ogeneous at the nanometer scale (Li,Si,O,
glass), clusters are fractal in character (24),
probably forming an interwoven network
that still requires Si—~O bond breaking for
flow to occur. However, in other liquids
containing higher field strength cations, or
in systems with lower contents of network-
forming oxides, it is possible that more clus-
tered silicate structural units could have a
much longer average lifetime than the shear
correlation time. A variety of silicate and
aluminate liquid compositions, including
some rich in Mg?* and some very low in
silica, have now been studied at tempera-
tures well above T, by high resolution static
1D NMR (25-29). In all of these, the spec-
tra were fully averaged, indicating complete
species exchange. These findings place only
a maximum limit on the exchange times. It
is clear that in high silica systems such as
K,Si,Oq, the complete Q species exchange
is intimately related to the mechanism of
viscous flow and « structural relaxation; in
fact, the exchange fits the criteria to be the
a process itself. The possibility of perform-
ing high-resolution MAS-NMR experi-
ments at temperatures above T, for a vari-
ety of liquids much lower in SiO, than
described here holds the potential for inves-
tigating the generality of this mechanism.
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Molecular Origins of Friction:
The Force on Adsorbed Layers

Marek Cieplak,* Elizabeth D. Smith, Mark O. Robbins

Simulations and perturbation theory are used to study the molecular origins of friction in
an ideal model system, a layer of adsorbed molecules sliding over a substrate. These
calculations reproduce several surprising features of experimental results. In most cases,
the frictional force on a solid monolayer has a different form-from that observed between
macroscopic solids. No threshold force or static friction is needed to initiate sliding;
instead, the velocity is proportional to the force. As in'experiments, incommensurate solid
layers actually slide more readily than fluid layers. A comparison of experiment, simulation,
and analytic results shows that dissipation arises from anharmonic coupling between
phonon modes and substrate-induced deformations in the adsorbate.

Friction plays a key role in holding our
buildings and clothes together, determining
the function and failure of our machines,
and allowing us to sense the outside world.
However, our understanding of the molec-
ular origins of this force is relatively primi-
tive. The goal of this report is to provide a
detailed molecular description of friction in
an ideal model system, a layer of molecules
adsorbed on a solid substrate.

The frictional force between macroscop-
ic solids is normally described by phenom-
enological laws. Fluid dynamics implies that
the friction F for a lubricated contact is
proportional to the relative velocity v of the
solids. We will refer to this linear velocity
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dependence as “viscous” friction. The be-
havior of dry contacts is normally very dif-
ferent. A static frictional force F_, must be
exceeded to initiate sliding, and there is a
smaller kinetic friction F, between sliding
solids that is only weakly dependent on v.
We will refer to this type of behavior as
“static” friction.

New, experimental methods have made
it possible to study friction in single con-
tacts of well-defined area. The results are
often strikingly different from those expect-
ed from macroscopic laws. For example,
static friction and stick-slip motion are ob-
served in lubricated contacts when the film
thickness becomes comparable to molecular
dimensions (1, 2). Recent simulations indi-
cate that this unusual behavior is due to
solidification of the lubricant by the con-
fining solid walls (3, 4).

Experimental studies of the frictional
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force between a substrate and an adsorbed
monolayer also produce surprising results
(5, 6). Crystalline layers exhibit viscous
rather than static friction laws. Indeed,
crystalline monolayers slide more readily
than fluid monolayers. The measured forces
for both phases are smaller by roughly three
orders of magnitude than expected from the
bulk viscosity of the adsorbed phase. We
show here that these counterintuitive re-
sults can be reproduced by simulations and
perturbation theory. These calculations
provide a quantitative description of the
frictional force in terms of the excitation
and subsequent decay of phonon modes in
the adsorbed film.

Most experimental studies of the fric-
tional force on adsorbed films have used
noble gas atoms adsorbed on the (111) sur-
faces of noble metal substrates (Au or Ag)
(5-7). The equilibrium properties of these
systems have been extensively studied by
researchers interested in two-dimensional
phase transitions (8). Because the substrate
is much more rigid than the adsorbate, the
displacement of substrate molecules from
ideal lattice sites is usually ignored. The
substrate then produces a fixed periodic
potential that acts on the adsorbed layer.
We made this approximation in most of our
calculations and discuss its limitations be-
low.

The interactions between noble gas ad-
sorbate atoms are well described by a Len-
nard-Jones potential

V(r) = 4e[(a/n)'? — (a/n)°] (1)

where r is the atomic separation and € and
o are characteristic energy and length
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