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Contrary to the common belief that a glassy state is stable against crystallization, Oguni and co-workers
discovered unusual enhancement of the crystal growth rate of a few molecular liquids below the glass transi-
tion temperature Tg. We studied this phenomenon using o-terphenyl �OTP� and phenyl salicylate �salol�,
focusing on the roles of volume contraction �V upon crystallization. We confirmed enhancement of crystal
growth below Tg for OTP. For salol, which has two kinds of crystal, the crystal growth rate below Tg is faster
for a crystal of larger �V than for another crystal of smaller �V. Our results suggest the following physical
scenario for the phenomenon: for a material having large �V, the volume contraction upon crystallization
provides a crystal-glass interface with large excess free volume, which results in the mobility increase at the
growth front and leads to enhancement of the crystal growth. This mechanism may be effective only below Tg,
where density fluctuations cannot be quickly relaxed by hydrodynamic transport.
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Usually it is believed that the growth of a crystal in a
glassy state is extremely slow because of its solid nature1,2

and thus we can essentially assume that a glassy state is
stable against crystallization. For example, this is the basis
for storing materials in a glassy state for a long period of
time while avoiding crystallization. However, this common
sense does not always work. For example, crystallization of-
ten takes place in printing paper, where dye molecules are
homogeneously dispersed in a glassy polymer matrix, even if
it is stored on a shelf below the glass transition temperature
Tg of the polymer matrix. Once crystallization takes place,
the spatial distribution of dye molecules becomes inhomoge-
neous and thus the printing paper can no longer be used
commercially. This problem has been recognized for a long
time in industry; however, the physical mechanism has re-
mained elusive.

Some time ago, Oguni and co-workers discovered a strik-
ing phenomenon relating to this issue. They observed the
growth of a crystal from the surface of a crystal previously
formed above Tg. They found discontinuous enhancement of
crystal growth �DECG� behavior just below Tg for some mo-
lecular liquids.3 The increase of the growth rate across Tg is
far more than one order of magnitude. They explained this
phenomenon by their homogeneous-nucleation-based crys-
tallization scenario. They thought that the peculiar type of
crystal nucleation occurring on a crystal surface helps the
enhancement of crystal growth below Tg. According to their
model, the kinetics of the crystal nucleation and crystal
growth should obey the slow � �or Johari-Goldstein�
process,1 which is decoupled from the � process at the so-
called TB�1.2Tg and possesses the Arrhenius-type tempera-
ture dependence. Indeed, it was shown that the growth rate
below Tg is similar to the rate of slow � relaxation. It was
also argued that this phenomenon occurs only in molecules
having phenyl rings.3 However, why the growth rate is sud-
denly accelerated by many orders of magnitude across Tg
and what the roles of phenyl rings are remain open questions.

First we review the classical theory of crystal growth in a
metastable supercooled liquid.1 The growth rate G of the
crystal is described by the thermodynamic driving force for
crystallization and material transport. The former is given by

the difference in the free energy between liquid and crystal,
�F, whereas the latter is given by the translational diffusion
constant D. Thus, we have the following relation:

G � �FD . �1�

If we use the Stokes-Einstein relation D=kBT /6��a, where
kB is Boltzmann’s constant, T is temperature, � is viscosity,
and a is molecular size, G is given by G��FT /�. The T
dependence of � is described by �=�0 exp�d*T0 / �T−T0��
where T0 is the so-called Vogel-Fulcher temperature, �0 is a
prefactor, and d* is the fragility index.1 The fragility charac-
terizes the super-Arrhenius nature of the dynamics, or
cooperativity:1,2 The smaller d* the more fragile the liquid.
�F is given by

�F � exp�− CTm/�T�T�� , �2�

where Tm is the melting point, �T= �Tm−T� is the degree of
supercooling, and C is a constant. G becomes extremely
small when T is near either Tm or Tg. This is the origin of the
bell shape of the T dependence of G.

However, it was recently revealed that the translational
diffusion is decoupled from the rotational diffusion, or the
structural relaxation characterized by �� �or ��, below
TB.1,2,4–6 In other words, the Stokes-Einstein relation as-
sumed in the above argument breaks down in a supercooled
state below TB. The behavior of D is linked to that of � as
D=�−�, where the exponent � takes a value between 0 and 1.
� decreases with an increase in the fragility, or with a de-
crease in d*. Furthermore, the kinetics of the crystal growth
below TB was found to obey the translational diffusion con-
stant and not the viscosity �.7–10 This implies that the kinet-
ics of the DECG behavior should also obey the translational
diffusion rather than the slow � process. Thus, the conven-
tional theory of crystallization cannot explain the DECG be-
havior.

To explain this counterintuitive phenomenon, Tanaka pro-
posed the following scenario.10 Crystal formation in a glassy
material should induce extensional stress �negative pressure�
around a nucleated crystal due to the volume contraction
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upon crystallization, which should provide free volume to
molecules surrounding the crystal, increase their mobility,
and help further crystallization.11 This feature should become
quite important especially below Tg, where the contraction
cannot be compensated by material flow. Here we aim at
experimentally checking the validity of this scenario con-
cerning the stability of a metastable glassy state against crys-
tallization, with the help of a free volume theory.

The samples used were o-terphenyl �OTP� and phenyl
salicylate �salol�, which were purchased from Sigma-Aldrich
Chemical, Inc. and Nacalai Tesque, Inc., respectively. Tg and
Tm of OTP are 244 and 329 K, respectively.12 Salol has two
forms of crystal, a stable �form I� and a metastable �form II�
crystal.13 The Tm’s of forms I and II are 315 and 302 K,
respectively,13–16 and Tg of salol is 218 K. We observed the
process of crystal growth below and above Tg with optical
microscopy �Keyence VH-7000C and VH-Z450� equipped
with a temperature-controlled hot stage �Linkam LK-600PH�
and a cooling unit �Linkam L-600A�. We prepared a seed of
crystal in a sample at a certain temperature between Tg and
Tm, and measured the growth rate of the crystal G in a wide
temperature range including below Tg, following Ref. 3.

The DECG behavior was confirmed for OTP and forms I
and II of salol. Figures 1�a� and 1�b� show the T dependence
of G, respectively, for OTP and salol �forms I and II�. G
discontinuously increases by a factor of 102–103 across Tg,
with a decrease in the crystallization temperature Tx. For
salol the degree of the enhancement is smaller for form II
than for form I. According to Eq. �1�, G divided by �F,
which we express as Gkin, should be proportional to the
translational diffusion D. Magill and Li17 determined C

=36.4 K−1 and Tm=331.65 K from Eq. �2� for OTP. Com-
bining our data, the data of Neumann and Micus,16 and vis-
cosity data,18 we obtained C=43.0 K−1 and Tm=318 K from
Eq. �2� for the form I crystal of salol. �F of form II of salol
itself was not available, but we estimated it from our data
and viscosity data18 as C=32.0 K−1 and Tm=305.5 K using
Eq. �2�. The T dependence of Gkin estimated in this way is
shown for OTP and for forms I and II of salol, respectively,
in Figs. 1�c� and 1�d�.

For OTP the behavior of Gkin above TB is well described
by T�−1,19 whereas the behavior below TB is described by
�−0.74, where the exponent 0.74 is similar to that estimated
by Ngai et al.7 The degree of the discontinuous increase of
the crystal growth across Tg is 102–3. For salol the behavior
of Gkin above Tg is the same for forms I and II above Tg. Gkin
above TB is again well described by T�−1 �Ref. 18� for both
forms I and II, as expected. Gkin below TB is, on the other
hand, well fitted by �−� with �=0.71. The amount of discon-
tinuous increase across Tg is larger by a factor of 10 for form
I than for form II. We note that a scenario where the kinetics
of the DECG is governed by the slow � process cannot ex-
plain this difference, because the slow � process is a unique
process of a liquid and glass and not of a crystal: In this
scenario, the crystallization behavior below Tg should be the
same in that plot.

Now we explain the observed behavior, focusing on the
difference in the specific volume �V between a glass and
a crystal ��V=Vglass−Vcryst�, in terms of a free volume
theory.20 According to Doolittle,

D = D0 exp�− AVocc/Vf� , �3�

where A and D0 are constants, Vocc is the occupied volume,
and Vf is the free volume for molecules, Vf =V0−Vocc. If we
regard the volume at T0 as Vocc and assume the linear depen-
dence of Vf on T, the Doolittle equation �Eq. �3�� reduces to
the Vogel-Fulcher equation. We expect that for a material of
large �V the volume contraction upon crystallization pro-
vides the excess free volume Vef to molecules in the crystal-
glass interface, increases their mobility, and accelerates the
crystal growth. Figures 2�a� and 2�b� show the T dependence
of the specific volumes of crystal �Vcryst�, liquid �Vliq�, and
glass �Vglass�, respectively, for OTP and salol. Here the T
dependence of Vcryst, Vliq, and Vglass for OTP were taken from
data of Naoki and Koeda.12 For salol, the T dependence of
Vcryst and Vliq is estimated from experimental data of Comez
et al.,21 whereas the T dependence of Vcryst is estimated using
density data as 1.357 g /cm3 at 213 K,14 and 1.35 g /cm3 at
180 K,15 respectively, for forms I and II. From Fig. 2, �V is
estimated as 0.042 cm3 /g for OTP, 0.045 cm3 /g for form I
of salol, and 0.037 cm3 /g for form II. The values of �V for
OTP and form I of salol are similar, whereas the value of �V
for form II is smaller than that of form I. Our finding that
Gkin of form I of salol below Tg is larger than that of form II
is consistent with this difference in �V according to our sce-
nario, where the larger volume contraction �larger �V�
should provide larger excess free volume Vef and thus lead to
a larger enhancement of mobility at the growth interface.

Now we use the free volume concept to understand the
origin of the DECG behavior. Figures 3�a� and 3�b� show the
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FIG. 1. T dependence of G ��a� OTP and �b� salol� and Gkin ��c�
OTP and �d� salol�. In �b� and �d� squares are for form I of salol,
and triangles for form II. The solid curve in �b� represents the data
of Neumann and Micus �Ref. 16�. The solid curves in �c� and �d�
represent T /� calculated from the viscosity data, and the broken
lines in �c� and �d� represent �−� with �=0.74 for OTP and �
=0.71 for salol �see text�. The lines are vertically shifted to fit the
data.
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dependence of Gkin on Vliq and Vglass, respectively, for OTP
and salol. The V dependence of Gkin below Tg is parallel to
that above Tg for all the samples. We assume that the excess
free volume Vef provided by the volume contraction upon
crystallization is proportional to �V as Vef =��V. According
to the free volume theory �Eq. �3��, the translational diffusion
is a function of only the free volume. Thus, the translational
diffusion responsible for the DECG behavior below Tg
should be equivalent to that for �Vglass+��V�. For �=0.3,
the data for Gkin of the DECG for OTP and salol can be
superimposed on the data for Gkin above Tg, as shown in Fig.
3. The slopes of Gkin for crystallization above and below Tg,
which are different in Fig. 1, become the same in Fig. 3.

Furthermore, the shift by ��V in V axis leads to the super-
position. This strongly supports our scenario that the DECG
behavior is the consequence of the excess free volume pro-
vided by the volume contraction upon crystallization.

Next we consider the role of �V in the DECG behavior.
The data for �V are listed for several materials in Table I. We
note that the DECG behavior was reported for toluene.3,22

For indomethacin, it was also reported that the growth of
	-form crystals occurs very slowly below Tg �Refs. 23 and
24� but faster than expected:25 The increase of G across Tg is
at most about one order of magnitude. Combining these facts
and Table I, we speculate that the larger the value of �V is,
the more the DECG behavior is enhanced. The presence of
phenyl rings in a molecular structure may be positively cor-
related with �V, which is consistent with the proposition of
Oguni and co-workers.3 We note that the latent heat �H is
not correlated with the strength of the DECG behavior since
�H is actually smaller for materials with weaker DECG be-
havior �see Table I�. However, further studies on materials
with various �V’s are necessary to confirm our prediction.

Finally we consider a remaining important question, i.e.,
why the growth rate “discontinuously” increases at Tg. Usu-
ally, the glass transition is believed to be a continuous tran-
sition of kinetic origin. Thus, the origin of such a strong
discontinuity is not very obvious. We propose the following
scenario. The volume contraction upon crystallization, or
density change, can be relaxed only by material transport:
diffusion and hydrodynamic flow. In the liquid state, the den-
sity can be transported by a pressure gradient produced by
volume contraction, following the Navier-Stokes equation.
This transport process is much faster than the diffusion pro-
cess. So the density can be quickly relaxed above Tg. In the
glassy state, where shear elasticity appears associated with
the broken ergodicity, this transport by flow is prohibited.
Accordingly, the only transport process becomes diffusion.
Then the density cannot be relaxed before crystal growth,
and thus the excess free volume becomes available for crys-
tal growth. We speculate that this switching off of hydrody-
namic transport due to an ergodic-nonergodic transition may
be the origin of the discontinuity. The dynamic balance be-
tween the volume contraction rate determined by G and �V
and the volume relaxation rate determined by �V and D
determines the growth rate below Tg. We note that, without
the latter process, the steady growth could not be realized
and the growth rate would keep increasing. We also note that
the negative pressure is created only locally near the growth
front since it can be relaxed by the volume relaxation of the
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TABLE I. Values of �V and �H for several materials �Ref. 22�.
These values were calculated from the data in the references listed.

Materials �V �cm3 /g� �H �kJ/mol�

Toluene 0.052 �Refs. 28 and 29� 6.64 �Ref. 30�
OTP 0.042 �Ref. 12� 17.2 �Ref. 31�
Salol �form I� 0.045 �Refs. 14, 15, and 21� 18.6 �Ref. 32�
Salol �form II� 0.037 �Refs. 14, 15, and 21� 16.5 �Ref. 32�
Indomethacin �	� 0.021 �Ref. 23� 39.4 �Ref. 23�
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surrounding matrix phase. This local nature is essentially dif-
ferent from macroscopic negative pressure which may make
a system mechanically unstable26 �cavitations� or boundary-
condition dependent.27

In sum, we experimentally demonstrate that the DECG
behavior below Tg is well described by the excess free vol-
ume provided by volume contraction upon crystallization.
We found that about 30% of the volume contraction is used
as the free volume for crystal growth, although further stud-

ies are necessary for revealing the physical meaning of this
value. Our model suggests that a material of small �V may
be more stable against crystallization in the glassy state and
thus more suitable for a long-term storage. This proposition
should be checked carefully in the future.
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