The Journal of PhySiCQI ChemiSfl'y

© Copyright 1996 by the American Chemical Society

LETTERS

VOLUME 100, NUMBER 1, JANUARY 4, 1996

Supercooled Liquids and Polyamor phism?

Alice Ha, Itai Cohen, Xiaolin Zhao, Michelle Lee, and Daniel Kivelson*
Department of Chemistry and Biochemistry, University of California, Los Angeles, California 90095
Received: October 18, 1995; In Final Form: November 9, 1995%

We have discovered a solid, apparently amorphous phase of triphenyl phosphite to which the supercooled
liquid converts, a phase distinct from both the glass and the crystal. To date, this is the clearest and best
identified case of a first-order transition from a liquid to another apparently amorphous condensed phase.
We discuss this phenomenon in terms of a recently formulated theory of supercooled liquids that predicts
and naturally incorporates the existence of such low-temperature phases, thereby suggesting that its existence
is a general phenomenon intimately connected with the existence and properties of supercooled liquids. In
accord with the theory, we also suggest that although the X-ray scans do not indicate any lattice structure,
these apparently amorphous phases may in fact be defect-ordered structures with large unit cells.

Introduction

This is a study of what has been called! “polyamorphism”,
the existence of two or more “apparently amorphous condensed
phases’ in one-component systems, especially the liquid plus
another “apparently amorphous’ low-pressure phase. It haslong
been known that below atemperature Tq, which lies well below
the melting temperature Tp,, structura relaxations in a super-
cooled liquid (a metastable liquid below Ty,) become too slow
to alow loca equilibration in the experimental times, the
consequence being the formation of an amorphous solid or
glass;12 the glass is therefore merely the liquid (supercooled)
phase which is unable to equilibrate. We have identified a
formerly unknown, rigid, “apparently amorphous phase’ to
which at least one single-component supercooled liquid (tri-
phenyl phosphite denoted as TPP) converts by way of a first-
order transition. We tentatively denote this phase the “glacial
phase”, thereby suggesting amorphous, vitreous properties while
till distinguishing it from the glass. We believe this study to
be the most direct analysis to date of a first-order transition
between condensed amorphous states. For TPP thereisarange
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of temperatures between T, and Ty where the supercooled liquid
converts to the glacial phase, a metastable phase which, over
our experimental times, is stable unless heated and which upon
heating converts to the crystal at a temperature well below Tp,.
This glacia phase is distinct from both the normal crystal and,
though apparently amorphous, distinct from the glass as well.
Our preliminary experiments on other liquids, as well as
comparison with the results of others, lead us to believe that
this “glacia phase” is not restricted to TPP or to a small group
of “fragile” glass-forming materials but is a* supercooled phase”
associated with supercooled materials in general and that the
understanding of this phase is closely tied to understanding of
supercooled liquids and glasses. In this article we summarize
our experimental results, and secondarily we interpret them in
terms of arecently formulated theoretical model of supercooled
liquids,34 the only existing model that we have identified that
incorporates the possibility of the observed low-temperature
phase changes.

Brief Summary of Results. The characteristic temperatures
associated with TPP are given in Figure 1. If the liquid is
supercooled slowly, it crystallizes at about Tys ~ 245 K, but if
it is quick-quenched below Tj; &~ 225 K, it can remain liquid
without crystallization for long periods of time. However, if
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Figure 1. Schematic frustration versus temperature diagram. Broken
and horizontal lines indicate regions where crystallization dominates.
Each liquid has its specific frustration. Numbers given are for TPP.
Tg is taken as temperature at which viscosity equals 10'3 P, based on
data and extrapolation with eq 10 of: Zhao, X.; Kivelson, D. J. Phys.
Chem. 1995, 99, 6721. T* is aso obtained from this reference.

kept at a fixed temperature between 213 and 225 K, the
supercooled liquid converts, in a matter of hours, to the rigid,
amorphous glacial phase which seemsto be stable for indefinite
times. If the supercooled liquid is heated, it turns to crystal in
a matter of minutes at about Tis ~ 227 K, while if the glacial
phase is heated it turns to crystal in a matter of minutes at a
somewhat higher temperature, Tyg & 237 K. The time required
for the supercooled liquid to convert to glacial phase increases
as the temperature is lowered, and below about 213 K the time
needed exceeds that available to us; thus at temperatures below
213 K, we were unable to convert supercooled liquid to glacial
phase, but, of course, the glacial phase formed at higher
temperature can be brought down below 213 K, in fact below
the glass temperature Tq ~ 176 K, so that the glacial and glass
phases can be compared at low temperatures.

Experimental Section

Validation of the picture given above comes from a number
of experiments presented in detail elsewhere If aliquid sample
of TPP is quick-quenched (in a matter of minutes) to a
temperature in the range 225—213 K and held at that temper-
ature, the sample gradually becomes turbid, then nearly opaque
(in a matter of hours), and then clear again (in a time about
twice the time to maximum opacity). Whereastheinitia liquid
form has a moderate viscosity (in the range 10*—10° P), the
final form is rigid (with an immeasurably high viscosity), has
visible cracks (presumably due to strain), and has a smaller
volume (higher density). Thefinal rigid form is what we denote
the “glacial phase”. Differentia scanning calorimetric measure-
ments (with the bath temperature rising at about 1 K/min)
indicate first-order transitions from liquid to crystal and from
glacia phase to crystal at Ty ~ 227 K and Ty ~ 237 K,
respectively, the enthalpy change in both cases being negative.
See Figure 2. The X-ray powder patterns of the supercooled
liquid at 218 and 200 K (where it has become very viscous)
are quite similar and much like what would be expected for an
amorphous material (e.g., it is not unlike the background signal
from the capillary used as a sample holder). The X-ray scans
of the glacial phase at these temperatures are very similar to
those of the liquid, and it is for this reason that we classify the
glacial phase as “apparently amorphous’; whether the small
observed differences will ultimately prove to be significant, or
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Figure2. Differentia scanning calorimetric curvesfor glacia (—) and
supercooled liquid (- - -) TPP.

whether low-angle or high-resolution experiments will detect
differencesis uncertain. The X-ray scan of the crystal is quite
different and has a series of Bragg peaks. Therefore, on the
molecular level, the X-ray scans exhibit marked differences
between the glacial and crystalline phases, but we turn to 3P
spin—lattice relaxation times, T;, to exhibit molecular differences
between the glacial and supercooled liquid (glass) phases: the
T1'sfor the liquid, glacial phase, and crystal, all at 200 K, are
17.5, 28.4, and 83.9 s, respectively. Although we have not
measured densities directly, it is readily seen, asindicated above,
that the glacial phase is denser than the liquid at the same
temperature; because upon slow heating many of our glass
sample holders broke during the transition from glacial phase
to crystal, it is clear that the glacial phase is also denser than
the crystal.

The increasing turbidity observed as the glacial phase begins
to develop is attributed to the formation and growth of clusters
of glacial phase floating in the supercooled liquid; the size and
number of these clusters as a function of time has been studied
by light scattering.> After some time, multiple scattering
becomes too significant for our light-scattering studies to be
effective, and at this stage the turbidity is quite high. We
attribute the decrease of turbidity at still longer times to the
dominance of the glacial phase, the scattering during these times
coming primarily from small pools of liquid within the solid,
and ultimately, when full conversion to the glacial phase has
occurred, the system is homogeneous and scatters little. The
time 7o, to maximum opacity (i.e., minimum transmitted light)
increases with decreasing temperature, a not unexpected
phenomenon since the higher viscosity at lower temperature is
indicative of slower dynamics. The viscosity itself changes
imperceptibly during the early stages of glacial phase growth
but ultimately increases very rapidly to immeasurably high
values consistent with the presence of arigid phase. Note that
in our experiments, crystals were prepared in the temperature
range 245—240 K, and glacial-phase samples were prepared
by alowing supercooled liquid to sit for several hours at constant
temperature in the range 225—213 K. Once prepared, the
systems can be cooled and maintained indefinitely at temper-
atures below 213 K. However, studies of supercooled liquid
in the range 225—213 K must be carried out rather quickly
because of the onset of the glacial phase: viscosity, opacity,
and X-ray studies were al carried out at various stages of
glacial-phase development. When cooled down to 77 K, both
the glacial and glass phases exhibit extensive cracking, a
phenomenon that we have not yet studied. In the temperature
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range 225—227 K the nature of the phases is somewhat
uncertain, this being a range where the rates of crystal and
glacial formation are competitive; the rate of heterogeneous
crystallization is somewhat irreproducible.

How General Is This Phenomenon? Supercooled water and
two low-temperature amorphous forms of H,O have been
extensively studied.5-1® One of these is a low-density amor-
phous material (called LDA ice, or ASW for amorphous solid
water, or water 11) which can be prepared by vapor deposition
or hyperquenching at 77 K; the other is a distinct high density
amorphous form (HDA ice) which can be prepared by com-
pressing LDA ice a 77 K, and which persists even when the
pressure at 77 K is lowered to 1 atm but can be converted to
the LDA form by heating above 120 K. Becauseit crystallizes
readily at about Ty &~ 236 K where its viscosity is only 101
P, it is not easy to study deeply supercooled water much below
its melting point T, = 273 K, but studies by Speedy’ suggest
that the LDA cannot evolve continuoudly by supercooling water,
i.e, that the LDA must be an amorphous phase that is distinct
from water (and hence from the ordinary glass). Whether or
not thisis so, various studies have led to a glass temperature Tg
A 139 K671112 for the LDA, and to a crystallization temperature
upon heating at temperatures between Tis ~ 152 and 160 K.6714
Although H20O has been studied with focus on its specific and
unique properties,®711 here we would like to seek elements of
generdlity by tying the data to the properties we have presented
for TPP. In particular, we propose that the LDA ice may be
associated with the glacial phase of TPP. The viscosity of the
LDA form has not been directly measured, but it has been
estimated as being very high.® We conclude that there is at
least the interesting possibility of meaningful anal ogies between
the H,O and the TPP systems.

Polyamorphism of various kinds have recently been discussed
by Angell.X¥” Our somewhat different perspective on the
problem nevertheless draws from his analysis. It has been
proposed that in at least some of the systems discussed in ref
1,i.e, HyO,%% Y ,03—Al,03,18 and Si, 1920 first-order transitions
from supercooled liquid to an amorphous rigid or at least to a
highly viscous phase may be taking place. However, in none
of these examples has a one-component first-order transition
from one amorphous condensed phase to another been so
explicitly displayed. Whereas the low-temperature glacia phase
in TPP hasa“high” density, the low-pressure, low-temperature
amorphous, rigid phases in these other systems have low
densities. (The fact that crystalline ice and amorphous SiO,
under compression convert to higher density forms?-23 is also
presumably related to tetrahedral coordination.)

We also believe that there may be a connection between the
glacial phase we have detected in TPP and the low-temperature
clusters that Fischer and co-workers reported in deeply super-
cooled orthoterphenyl?* and other systems.?® Infact, in the early
stages of glacial-phase development TPP appears identical with
the cluster systems reported by Fischer and co-workers. (A
preliminary analysis of TPP clusters is given elsewhere.?
However, the clusters reported by Fischer and co-workers did
not develop into anew phase; whether they would do so if kept
supercooled sufficiently long, whether the phenomenon should
be considered some sort of polymer equilibrium rather than a
true phase change, or whether the Fischer clusters are a totally
different phenomenon is not yet clear.

Theoretical Implications. In accord with many, if not most,
models of supercooled liquids, we envisage them as composed
of molecular clusters or domains rather than of individual
molecules.32728 The size of such domains provides a larger
than molecular length scale which grows with decreasing
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temperature and can provide a rationalization of the very slow
relaxation observed as the temperature of a supercooled liquid
is reduced toward Tg. In the supercooled liquid, these domains
presumbly have a distribution of sizes (which corresponds to a
distribution of relaxation times) and are arranged randomly. We
believe that at some temperature, well below T, but sometimes
well above T, these domains can themselves form a crystal, a
State of matter sometimes known as a defect-ordered crystal 22—
such as those observed in Frank—Kasper phases and cholesteric
blue phases.2®® Such a phase, in which the unit cells are
themselves large collections of molecules, should be quite
general and not too dependent upon the specific molecular
characteristics of the material. We believe that the glacial phase
may be such a defect-ordered crystal. If so, athough glacial
phases may be ubiquitous, we may still have been fortunate to
find a supercooled liquid that formed such a phase in a finite
time at a temperature in a range well above Ty and where
crystallization did not intrude. Below we outline some theoreti-
cal justification for this picture.

The fact that the characteristic length scale, i.e., domain size,
associated with the salient properties of supercooled liquids are
larger than molecular, suggests that the supercooled liquid, as
well as the glacial phase, might be described by a mesoscopic
thermodynamic theory, in particular a critical theory. On the
other hand, in contrast to usual critical behavior, there does not
seem to be any critical point that can be approached arbitrarily
closely; quite the contrary, it would seem that if there is an
underlying critica point, it isinherently inaccessible for dynamic
reasons or avoided for structural reasons. These concepts are
intrinsic to many theories, theories that differ, among other
features, on their placements of the critical point.

We follow a model® that envisages a narrowly avoided
critical point at a temperature T* near or dightly above the
melting point Ty, acrossover temperature above which the liquid
ismolecular and below which it is collective, i.e., clustered into
domains. The physical picture that we associate with this theory
is one in which the preferred local structure could give rise to
continuous crystallization at T* were it not for the fact that it is
not possible to tile space with thislocal structure; consequently,
spatia extension of the preferred local structure is accompanied
by geometric frustration (weak frustration in the case of fragile
supercooled liquids) and increasing strain.  Therefore, frustration
aborts critical crystallization at T*, and although the preferred
local structure may extend somewhat, it will become more and
more strained as it grows. Ultimately, the free energy increase
due to strain overcomes the reduction obtained by extending
the preferred local structure, and the system then breaks up into
domains (frustration-limited domains) or forms defect-ordered
phases.® If the critical point is truly “avoided”, then at
temperatures just below T* it is the breakup into domains that
takes place, and only at still lower temperatures, Ty, does the
system crystallize into a defect-ordered phase. See Figure 1.
In this picture, the supercooled liquid, with its high viscosity,
is asystem of randomly distributed domains whose behavior is
determined by its proximity to the avoided critical point T*,
and not, as in some theories,3%3 to its approach to the defect
aligned transition at Tq, the latter very possibly being first order.
We interpret our TPP data in this manner and associate the
glacia phase with the defect-aligned phase. We know of no
other theoretical model for the transition between low-temper-
ature condensed, apparently amorphous, phases, let alone one
that connects this phenomenon to the behavior of supercooled
liquids.

The model outlined above has a theoretical base in that spin
hamiltonians do exist in which weak, long-range frustration
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gives rise to avoided (not merely shifted) critical points with
defect-ordered phases arising at distinct, lower temperatures T.
(See ref 4 which discusses a frustrated spherical model.)
Unfortunately no spin model with any obvious direct connection
to the actual physical systems has as yet been solved; thus full
quantitative comparison between theory and experiment is still
not possible. However, it has been shown that merely with the
postulate of a critical point narrowly avoided due to weak
frustration (asin the frustrated spherical model), one can obtain
avariety of physically significant results,? in particular, a very
successful expression for the temperature dependence of the
viscosity and relaxation times of supercooled liquids.33®

It should be noted that the apparently amorphous glacia phase
is structurally distinct from both the ordinary crystal and the
glass and that whereas the glass exists only at temperatures
below Ty, the glacial phase exists at temperatures above Ty.
Furthermore, as understood by our model, the glass is “out-of -
equilibrium”, whereas the glacial phaseisat equilibrium, in fact,
it isastabler state than the supercooled liquid itself. (Of course,
asin al such thermodynamic equilibrium theories, the crystalline
part of phase space is excised.)
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