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Anomalous generation and extinction of crystal nuclei in nonequilibrium supercooled
liquid o-benzylphenol
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Tokyo 152-8551, Japan
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Crystal-nucleation phenomena of supercooled liquido-benzylphenol are studied by differential scanning
calorimetry~DSC!. While crystallization proceeds with crystal nucleation and growth processes, only the latter
process can be observed calorimetrically. Whether there exist crystal nuclei in the supercooled liquid or not
was therefore judged by whether crystal growth does or does not proceed in the course of subsequent DSC
measurement. The liquid sample was cooled rapidly at 200 K min21 from above fusion temperature down to
each desired aging temperature (Ta) below thea-glass transition temperature (Tga5223 K), and annealed
there for different periods (ta) for enhancement of crystal nucleation, if any. The sample was then heated at
200 K min21 up to 213 K a little belowTga , and measured at 10 K min21 to examine if the crystallization/
fusion behaviors appear. It was discovered that~1! crystal nuclei are generated and increased in the number
during the aging at 143 K<Ta<213 K; ~2! they are generated immediately after the rapid cooling, then
extinguished and again generated at 128 K<Ta<133 K; and ~3! they are generated and decreased in the
number but some survive atTa<123 K. The generation and extinction of the crystal nuclei in a nonequilibrium
state much below theTga are discussed based on the ordered-clusters aggregation model for a supercooled-
liquid structure.
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I. INTRODUCTION

Gas, liquid, and crystal are three typical states of mole
lar aggregation. In the gaseous state, molecules are arra
randomly with respect to their positions and orientatio
Liquid can be formed through a continuous change of s
from gas by going around the liquid-gas critical point, and
is macroscopically isotropic and fluid without any long-ran
order in the molecular arrangement.1 Crystal, in principle,
has an ordered arrangement with respect to both posit
and orientations of molecules in the long range. The arran
ment of molecules is, accordingly, quite different betwee
liquid and a crystal. Crystallization from liquid, therefor
needs to begin with the generation of a crystal embr
nucleus as the formation of a small region within which t
molecules are arranged in the same ordered manner as i
crystal. Crystal nucleation as a microscopic process sho
occur through a fluctuation of the liquid structure, and
followed by crystal growth as a macroscopic crystallizati
process.2,3

We have found, in thea-glass transition regions o
o-terphenyl,4,5 triphenylethylene,6 and salol,7 a strange
crystal-growth process which is separate in the tempera
range from the ordinary growth process taking place in
middle betweenTga and fusion temperature (Tfus). The crys-
tals formed in the two processes were the same in struc
This new growth process has been interpreted as follo
The crystal embryos, being a kind of structured clusters,
generated and extinguished ubiquitously in supercooled
uid, but the embryos, generated right above the crystal
surface and possessing the same orientation as the cr
coalesce into the crystal and are stabilized as a proces
0163-1829/2002/65~14!/144202~6!/$20.00 65 1442
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crystal growth. This process was accordingly call
homogeneous-nucleation-based crystallization.4–7 The fact
that this crystal-growth process was found in more than
substance implies the universal occurrence of generation
extinction phenomena of crystal embryos.

The stability of a crystal embryo/nucleus is ordinari
measured in reference to the Gibbs energy of real liquid.8,9 If
this is the case, the following situation can be imagin
Assume that the liquid sample is brought to an extrem
nonequilibrium state, for example, by rapid cooling. T
Gibbs energy of the liquid is much larger than the equil
rium value, and therefore certain ordered-structural regi
such as a crystal nucleus tend to be generated as one of
stable states than liquid state. The liquid structure then
laxes toward an equilibrium structure with time. The Gib
energy of the liquid accordingly decreases upon approach
the equilibrium value, and the crystal nucleus becomes c
paratively unstable and is potentially extinguished with tim
The potential occurrence of such a generation/extinction p
nomenon of a crystal nucleus can also be imagined from
view that a supercooled liquid is composed of fluctuati
structured clusters, since the crystal embryo and nucleus
be recognized as representatives of the clusters. If this p
nomenon is found experimentally, it would provide, in som
sense, evidence supporting a picture10,11 of the cluster struc-
ture for supercooled liquid in an exaggerated way.

A crystal nucleus is considered to be composed
102– 103 molecules. Therefore, while the nucleus is lar
enough to be recognized as a structured cluster in liquid,
nucleation phenomenon is rather difficult to observe by te
niques usually used for phase changes of bulk material c
posed of;1023 molecules. On the other hand, the crys
growth process can be observed macroscopically, for
©2002 The American Physical Society02-1
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ample, by differential scanning calorimetry~DSC!. However,
no growth proceeds without a crystal nucleus. Therefore,
presence or absence of crystal nuclei within a superco
liquid can be judged by whether the growth process can
observed or not.12,13 In the present work, by making a con
trivance for thermal treatment in the DSC, we examine h
processes of the nonappearance, generation, extinctio
reappearance of crystal nuclei proceed during the cours
aging at constant temperature after a rapid cooling.

II. EXPERIMENT

o-Benzylphenol@C6H4~OH!CH2C6H5#, purchased from
Tokyo Chemical Industry Co., Ltd., was purified by recry
tallization from an aqueous solution and sublimation at 3
K under reduced pressure. The obtained sample was
within a desiccator in coexistence with a dry silica gel. T
sample was repurified by sublimation every half a month
fear of any vitiation. A Perkin-Elmer DSC-7 instrument w
used, and 8–10 mg of the purified sample was loaded in e
aluminum DSC pan. The thermal treatments taken are sh
in Fig. 1: The initial, melt sample was obtained by heati
the loaded crystalline sample at 200 K min21 from room
temperature up to 343 K, which is above the fusion tempe
ture ~325 K! of the stable crystalline phase, and by holdi
there for 2 min. The melt sample was cooled in procesA
rapidly at 200 K min21 down to each specified aging tem
perature (Ta) which is below thea-glass transition tempera
ture (Tga5223 K), held there for each desired period (ta) in
processB, and then heated up to 213 K~a little belowTga! at
a rate of 200 K min21 in processC. The aging temperature
were taken to beTa5103, 123, 128, 133, 143, 153, 173, 19
and 213 K, and the aging periods (ta) to be in a range from
30 s to 316 min. The DSC measurement was carried ou
the temperature range 213–343 K at a heating rate o
K min21 in processD.

Whether crystal nuclei do or do not exist at the start

FIG. 1. Scheme of procedures taken in the present differen
scanning calorimetry~DSC!: A, rapid cooling at 200 K min21 from
343 K to each specified aging temperature (Ta); B, aging atTa ; C,
rapid heating at 200 K min21 from Ta to 213 K; D, DSC heating
measurement above 213 K at 10 K min21; ta , aging period atTa .
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DSC measurements is judged from whether crystal gro
and fusion phenomena are detected or not, respectively
the DSC chart as described below. After each heating ru
measurement in processD, the calorimeter pan was renewe
for fear of potential decomposition of the sample during t
measurement of one cooling/heating cycle. Such experim
were repeated more than five times at each set of aging
perature and period.

III. RESULTS

A. Differential scanning calorimetry

Figures 2, 3, and 4 show some typical results obtained
samples subjected to aging atTa5213, 128, and 103 K, re-
spectively. Runs 1–3 with the aging periods less than 5 m
in Fig. 2 exhibit nothing but a glass transition taking pla
at Tga5223 K. This indicates that essentially no cry
tal nucleus is generated during the cooling from 343
213 K and the aging within 5 min at 213 K. Runs 4–7, wi

al
FIG. 2. DSC curves of theo-benzylphenol samples aged fo

different periods atTa5213 K. The aging period (ta) is given, as
parenthesized, after run number of DSC measurement.

FIG. 3. DSC curves of the samples aged atTa5128 K.
2-2
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ANOMALOUS GENERATION AND EXTINCTION OF . . . PHYSICAL REVIEW B 65 144202
ta510– 316 min, show a crystal growth proceeding arou
Tcryst5280 K and a corresponding fusion atTfus5290 K.
The crystalline phase withTfus5290 K is metastable, sinc
the stable phase showsTfus5325 K. The peak area, or en
thalpy, of the fusion of the formed metastable crystal
creased with increasing aging period (ta). Provided that the
magnitude of the fusion enthalpy and thus the degree
progress of crystallization is proportional to the number
the crystal nuclei generated, the behavior of the cry
nucleation is consistent with the ordinary finding that t
number of nuclei increases with time after some incubat
time.2,3,12,13

Intriguing, but hard to be explained immediately, ph
nomena are found in Fig. 3 to occur just after the ra
cooling from 343 K toTa5128 K. The samples aged for 3
s, and 1 and 5 min exhibit crystal growth and a correspo
ing fusion of the metastable crystalline phase withTfus
5290 K, as shown in runs 1–3. The samples aged for 10
100 min longer than these, meanwhile, do not show the c
tal growth and fusion in runs 4 and 5. The sample aged
316 min, however, again exhibits crystal growth and fusi
as shown in run 6. It must be concluded from these res
that crystal nuclei are generated during the aging imme
ately after the cooling toTa5128 K, and extinguished in 10
min of the aging. The crystal growth and fusion behavio
found in run 6 would be analogous to those in runs 4–7
Fig. 2.

Essentially all the samples aged at 103 K exhibit the cr
tal growth and fusion of the metastable crystalline phase
shown in Fig. 4. The peak area~enthalpy! of the fusion de-
creases at aroundta530 min, and then increases atta longer
than 100 min.

B. Gibbs energy relation between crystalline and liquid phases

In view of the thermodynamic relations that the Gib
energy of a crystal is equal to that of a liquid at the fusi
temperature, and that the change in the slope, (]G/]T)p , of

FIG. 4. Some DSC curves of the samples aged atTa5103 K.
The fusion of the metastable crystalline phase appeared in al
samples.
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the Gibbs energy vs temperature associated with the fusio
equal to minus of the fusion entropy, the schematic Gib
energy relation among the crystalline and liquid phases
given as shown by solid lines in Fig. 5. When the liquid
o-benzylphenol is cooled very rapidly from some high te
perature such as 343 K, the configurational entropy~and thus
the slope of the Gibbs energy vs temperature! remains rather
high as compared with the equilibrium value of supercoo
liquid at each temperature. The resulting Gibbs energy cu
of the rapidly cooled liquid, being in a nonequilibrium stat
is represented schematically as processA by a broken line
with an arrow. At the aging temperature, the nonequilibriu
supercooled liquid relaxes in its structure toward the equi
rium liquid, as indicated as processB by a dashed line with
arrow. In the present case ofo-benzylphenol, the crysta
nucleation of the metastable phase proceeds simultaneo
during the aging, shown as processC by dotted lines with
arrows and by a shade in the temperature range of 103–
K. The crystal growth~processD! of the metastable form
was observed around 280 K macroscopically, as represe
by a solid line with an arrow.

C. Presence or absence of crystal nuclei as functions
of aging temperature and aging period

The presence or absence of crystal nuclei in a superco
liquid is illustrated in Fig. 6 by circles and as regions on t
surface spanned by the aging temperature and the~common
logarithm of! aging period. Results obtained for all sampl
aged between 103 and 213 K are shown together. O
circles within region 1, enclosed by a solid line, repres

he FIG. 5. Schematic Gibbs energy diagram representing the s
of molecular aggregation: processA, rapid cooling from 343 K to
each desired aging temperature (Ta); processB, aging atTa ; pro-
cessC, nucleation of the metastable crystalline phase during
aging; processD, growth of the metastable crystalline phase in t
course of the DSC measurement; Liq, liquid phase; Cr(m), meta-
stable crystalline phase; Cr(s), stable crystalline phase. The stab
crystalline phase was found as the prepared sample, and only
metastable crystalline phase was formed in the present crysta
tion in DSC.
2-3



pr
w
he
ry
i

he
e
s

i
ow
s
tin
g
n
T
in

be

n
n
bl
io

th
gs

ap-
d 1
on
re-
the
in

en-

ing
213
in
the

ge-
hat
The
t of

ol
ing
ate
n
d
in
a
e-
th

of

nce
n the

FLORENTIN PALADI AND MASAHARU OGUNI PHYSICAL REVIEW B 65 144202
states where crystal nuclei were absent. Filled circles re
sent states where crystal nuclei of the metastable phase
found to exist. Half-filled circles, located mainly between t
open and filled circles, indicate that the presence of the c
tal nuclei was confirmed in some experiments but not
others. Regions 2 and 3, both corresponding to regions w
crystal nuclei of the metastable phase are present, are s
rated by a dotted line, surrounded by half-filled circle
around log10„ta (min)…51.6 ~namely,ta540 min!. It is con-
cluded from the diagram that, when the liquid sample
cooled rapidly to temperatures 128–133 K, much bel
Tga5223 K, the nuclei of the metastable crystalline pha
are generated during aging just after the rapid cooling, ex
guished within 10 min of the aging, and regenerated durin
longer aging than 100 min. A similar tendency is also fou
when the aging temperature is decreased below 128 K.
crystal nuclei generated immediately after the rapid cool
mostly disappear at aroundta540 min, as indicated by the
presence of half-filled circles, but increases in the num
during longer aging.

D. Effect of anomalous crystal nucleation on the apparent
incubation time for the ordinary crystal nucleation

proceeding in the range of long aging

An interesting fact, relevant to the generation, extinctio
and regeneration of crystal nuclei during the aging, is fou
with respect to the enthalpy of fusion at 290 K of metasta
crystals, as shown in Fig. 7 as a function of the aging per
(ta). The aging temperatures in Figs. 7~a!–7~e! are 213, 193,
128, 123, and 103 K, respectively, from the top through
bottom portions. The enthalpy found at around 1 min in Fi

FIG. 6. Presence or absence of crystal nuclei in the superco
liquid state of o-benzylphenol as represented on an ag
temperature-period surface: The open circle in region 1 indic
that no crystal nucleus was found. The closed circle in regio
indicates that crystal nuclei of the metastable phase were foun
exist at the initial stage of aging by DSC. The closed circle
region 3 indicates that the crystal nuclei of the metastable ph
were found in a period of long aging. The half-filled circle repr
sents the situation that the crystal nuclei were found in some of
measurements and not in the others.
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7~c!–7~e! decreases and disappears at around 10 min. It
pears again at around 60 min. The former effect at aroun
min must originate from a remarkable structural fluctuati
that takes place at the initial stage of nonequilibrium ir
versible relaxation process. The latter effect is due to
ordinary crystal nucleation which has been found so far
some materials.2,3,12,13The apparent incubation time (t i) for
the latter nucleation exhibits a peculiar aging-period dep
dence: The common logarithms of the time~in min unit! are
around 0.7, 1.6, 2.3, 1.9, and 1.8 atTa5213, 193, 128, 123,
and 103 K, respectively. It increases with decreasing ag
temperature in the range 128–213 K or in the range 153–
K according to the solid line separating regions 1 and 3
Fig. 6. This increase is understood as reasonable due to
elongation of the relaxation time of the molecular rearran
ment with decreasing temperature. What is peculiar is t
the apparent incubation time decreases below 128 K.
peculiar dependence definitely originates from the even
crystal nucleation found aroundta51 min below 128 K. As
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FIG. 7. Aging-period dependence of the enthalpy of fusion
the metastable crystals:~a! samples aged atTa5213 K, ~b! at Ta

5193 K, ~c! at Ta5128 K, ~d! at Ta5123 K, and ~e! at Ta

5103 K. The gray zone represents a situation in which the prese
or absence of crystal nuclei are ambiguous due to randomness i
nonequilibrium process.
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seen more clearly in Figs. 7~d! and 7~e! at Ta5123 and 103
K, respectively, it seems that some of the crystal nuclei g
erated aroundta51 min survive so as to work as embryo
or nuclei in the ordinary nucleation process at longer tim
The critical aging-period region for the disappearance or s
vival is indicated with a shade aroundta540 min in Figs.
7~d! and 7~e!.

IV. DISCUSSION

The above results indicate that an anomalous, but
pected~see Sec. I! crystal nucleation certainly occurs imme
diately after cooling to very low temperatures, and that
nuclei formed are then extinguished through a structu
fluctuation and an irreversible relaxation of liquid in th
course of aging. One might suspect that the nucleation
curred in the course of cooling. However, the nucleat
must occur in a range below 143 K, since the crystal nu
are considered to be absent for samples aged for 30 s a
143 K, as seen in Fig. 6. Thus it is reasonable to concl
that nucleation occurs in the very initial stage of agi
~namely, of nonequilibrium, irreversible relaxation of liqu
structure! at the temperatures below 143 K. The fact that
nucleation occurred only at such low temperatures indica
that the process is enhanced in the glassy state extreme
from equilibrium, and having a large Gibbs energy that ref
to the equilibrium value of a supercooled liquid.

In view of the result that crystal nuclei were found to ex
in some experiments but not in others, even under the s
conditions, there is a possibility that the nuclei were form
heterogeneously, for example, on the surface of the DSC
If this is the case, however, it is hard to understand
present results based only on the heterogeneity. The poi
the present observation is that the realization of the gen
tion and then extinction phenomena of a crystal nucleus
sentially reflects the effect of the real structure and its rel
ation of the liquid and glass on the stability of the nucleu

The crystal nucleus can be recognized as a represent
of structured clusters. Naturally, other kinds of structur
clusters must appear and disappear with time, so that a li

FIG. 8. Schematic diagram illustrating potential processes
generation and extinction phenomena of a crystal nucleus in
course of the irreversible structural relaxation of a nonequilibri
liquid. The encircled part stands for a crystal nucleus, and the o
part for a liquid region composed of corresponding clusters. T
darkness represents the degree of order in the molecular arra
ments, so that the liquid molecules should be ordered from~a! to
~b!, and the crystal nucleus in~c! is considered to possess mo
ordered arrangement of molecules than that in~a!.
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could be looked upon as an aggregate of clusters wit
diversity of structures. The generation, extinction, and reg
eration processes of crystal nucleus are schematically il
trated in Figs. 8~a!–8~c! in the order of the elapse of th
aging time. Immediately after cooling from a high temper
ture, molecules within the clusters characteristic of liquid a
arranged rather in the disordered way, and gradually
comes ordered with time, as represented by a change in
background darkness from white in Fig. 8~a! to light gray in
Fig. 8~b!. Meanwhile, the crystal nucleus formed would po
sess many aggregation faults of molecules. This is due to
fact that the Gibbs energy of the glass, as regards the stab
of the crystal nucleus, is much larger than that of an equi
rium liquid, as described above; therefore, any crys
nucleus with some faults tends to remain as a comparati
stable state of a molecular aggregation. As the molec
arrangement within the liquid clusters becomes more
dered, the nucleus appears to become unstable as regard
liquid clusters present, and tends to disappear, as show
the process from Fig. 8~a! to Fig. 8~b!. But the molecular
arrangement within the liquid clusters is frozen in at a cert
stage depending on the aging temperature much below
glass transition point,14 as shown by the lack of a change
the darkness of the gray in the process from Fig. 8~b! to Fig.
8~c!. Then, a crystal nucleus with fewer aggregation faults
molecules than the previous one@Fig. 8~a!# is formed at a
certain statistical rate with aging. As the aging temperat
decreases to a lower temperature such as 123 K, the mo
lar arrangement within the liquid clusters~which are not
drawn explicitly! is frozen in at lower degree of order, resu
ing in lower stability of the liquid clusters.14 Some crystal
nuclei, such as those shown in Fig. 8~a!, then develop to
those in Fig. 8~c! through a rearrangement of molecules s
rounding the initially generated nuclei.4,11,13 Thus clusters
generated as crystal nuclei tend to survive or decay acc
ing to whether they are more stable or less stable, res
tively, than the liquid clusters at each moment.

V. CONCLUSION

The peculiar generation and extinction of crystal nuc
were discovered in an extremely nonequilibrium state of
percooled liquid at low temperatures much belowTga . This
discovery is important in two respects. First, it provides
kind of evidence that supercooled liquid is an aggregation
somehow ordered clusters. The reason for this, as descr
above, is that a crystal embryo or nucleus is just a repres
tative of structured clusters. The observation of the exti
tion as well as generation of the nucleus could be stro
evidence of the presence of a diversity of ordered clust
The occurrence of such structural fluctuations in a tempe
ture range much belowTga also indicates that theb process
might be indispensable for the progress of crys
nucleation,10,11,15and further that a supercooled liquid wou
have a heterogeneous structure composed of regions of
ecules giving rise to thea andb processes, respectively.10,11

Second, the discovery explores quite a different method
crystallization of any liquid which is hard to crystallize
since to date it has been commonly recognized that the o
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FLORENTIN PALADI AND MASAHARU OGUNI PHYSICAL REVIEW B 65 144202
way to crystallization is to wait for a long time at som
temperatures. Considering that the crystal nucleation is
one extreme event in the fluctuation of a clustered struct
for example, another liquid phase with a different structu
from the ordinary one would also be potentially nucleated
a similar procedure, and then there is a possibility to fin
liquid-liquid phase transition in reality. The appearance
two amorphous phases in Y2O3-Al2O3 and potentially in
pure H2O systems16–18 would be intimately related to this
event.
U
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