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Determination of potentially homogeneous-nucleation-based crystallization in o-terphenyl
and an interpretation of the nucleation-enhancement mechanism
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A homogeneous-nucleation-based crystallization was found in 0-terphenyl in the glass-transition tern-

perature region with an adiabatic calorimeter, and the crystallization process was investigated by direct
microscopic observation. The crystallization showed its maximum rate at 248 and ceased at 250 K,
while the ordinary crystal-growth process was observed to proceed only above 255 K. The two crystals
formed at 248 and 297 K showed the same x-ray-diffraction patterns, indicating that they were in the
same crystalline phase. The nucleation-based crystallization was observed in the temperature range of
225 to 250 K as advance of the crystal front into the liquid phase under the microscope, and the crystal-
line phase exhibited the appearance of the aggregation of fine crystallites which was consistent with the
presence of residual entropy and the premelting property. From these results, the crystallization process
was interpreted to proceed through the coalescence of crystal embryos into the crystalline phase on the
liquid-crystal interface. It was concluded that the decrease in the effective interfacial energy of the em-

bryo due to the coalescence produced an enhancement of the crystal nucleation, and that the enhance-
ment mechanism must have played an essential role for the macroscopically observable crystallization
below 250 K.

I. INTRODUCTION

Crystallization is a typical phase transition of the erst
order: There exists a discontinuity in the molecular ar-
rangement and therefore in the thermodynamic quantity
between liquid and crystal. The transition proceeds with
two processes of nucleation and growth of crystal. ' In
the first process, molecules form their structural arrange-
ment, a so-called cluster, close to that in crystal as a
structural fluctuation in liquid. The cluster generally de-
velops with decreasing temperature, implying that the
homogeneous nucleation process is enhanced at low tem-
peratures. The process is, however, suppressed at too low
temperatures below the glass-transition point at which
the rearrangement of molecules is frozen kinetically. In
the second process, the crystal grows generally in a
molecule-by-molecule fashion on the crystal surface. The
growth rate is affected by the Gibbs energy difference be-
tween crystal and liquid resulting in the increase in the
rate with decreasing temperature below its fusing point,
but it is suppressed as the diffusion coefficient decreases
at yet lower temperatures. Thus temperature depen-
dences of homogeneous nucleation and growth rates are
expected generally as illustrated in Fig. 1. The tempera-
ture regions of maximum rates for the two processes have
been recognized generally as being separate. '

Classical theory of the nucleation process was pro-
posed by Volmer and Weber more than half a century
ago and was extended to the crystal nucleation in liquid
by Turnbull and Fisher: The Gibbs energy of the crystal
embryo or nucleus is expressed in terms of the sum of the
interfacial energy and the Gibbs energy difference be-
tween liquid and crystal, and is expected to show a max-
imum at some critical radius r ' of crystal
embryo/nucleus. However, to our knowledge, no direct
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FIG. 1. A schematic diagram illustrating the variation of the
rate of crystal growth and the rate of nucleation below fusing
point Tf„,.

observation of the nucleation process has been reported
so far, nor has a system been known for which both the
crystal nucleation rates and the Gibbs energy difference
have been measured precisely as functions of tempera-
ture. Information about the nucleation rate has been ob-
tained from experiments in which the homogeneous nu-
cleation processes are allowed to proceed for some
specified period and then the nuclei formed are counted
as the number of crystal particles after being allowed to
grow at some higher temperature, or in which the mac-
roscopic crystallization temperatures are measured as a
function of the heating and/or cooling rate by differential
thermal analysis or differential scanning calorimetry
(DSC). The complicated thermal history of the sample
in the experiments inevitably brings some difticulties in
detailed evaluation of the nucleation rates. Precise
calorimetry is also lacking for evaluation of the Gibbs en-
ergies. Thus the classical theory should be investigated
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quantitatively based on more reliable data of the nu-
cleation rates and the Gibbs energy difference.

Molecular liquids are classified according to the
"strong-fragile" concept by Angell; strong liquids show
temperature dependences of relaxation times of an Ar-
rhenius type, while fragile ones those of a non-Arrhenius
type. The non-Arrhenius property is reasonably inter-
preted to originate from the accelerated development of
structured clusters with decreasing temperature. ' It
follows therefore that more fragile liquids would have a
greater chance of homogeneous crystal nucleation on ac-
count of the emergence of more developed structured-
clusters-like crystalline particles. 0-terphenyl is known as
one of the typically glass-forming and most fragile sub-
stances, and is expected to have developed clusters and a
high possibility for direct observation of the crystal nu-
cleation immediately above the glass-transition tempera-
ture region. In this respect, it is worthwhile to investi-
gate in detail the crystallization process of 0-terphenyl at
very low temperatures. The rates of crystal growth have
so far been measured by some groups" in the range
255 —329 K, and the temperature dependence with only
one peak in the rate has been observed, indicating that all
the groups have observed only the process of the ordinary
crystal growth in a molecule-by-molecule fashion.

In the present work, first the crystallization process of
o-terphenyl is examined through observation of spontane-
ous heat evolution due to crystallization just above the
glass-transition region by an adiabatic calorimetry,
second, the structures of the crystals formed at different
temperatures are examined by a powder x-ray-diffraction
method, and thirdly the crystallization processes are ob-
served directly with an optical microscope as a function
of temperature. The potentially homogeneous-
nucleation-based crystallization is indeed found immedi-
ately above the glass-transition point separately from the
ordinary crystallization observed so far at high tempera-
tures. The mechanism of the nucleation-based crystalli-
zation is discussed on the basis of the classical nucleation
theory.

carried out by an intermittent heating method The
former equilibrium temperature Tf of the cell was fol-
lowed for IO min, some specified quantity of electrical en-
ergy hE corresponding to the temperature increase of
—1.5 K was supplied into the cell in 15 min, and then
the latter equilibrium temperature T& was followed again
for 10 min. The T, served as Tf in the next set of heat-
capacity measurements. Without any anomaly due to
sample, essentially no temperature drift appeared in the
temperature-rating periods under the adiabatic condi-
tions, and the gross heat capacity of the cell was given to
be b E divided by hT( = T&

—Tf ). The spontaneous heat
evolution or absorption associated with the enthalpy
change of sample due to a glass transition and to a crys-
tallization was monitored through observation of the
spontaneous temperature drift under the adiabatic condi-
tions of the calorimeter cell in the temperature-rating
periods, since the minus rate of the enthalpy change,

db, H/dt, —was equal to the temperature drift rate,
dT/dt, multiplied by the gross heat capacity of the cell
under the conditions.

The powder x-ray diffractometry for the crystals
formed at different temperatures was performed under
ambient condition by using a Mac Science MXP'
powder x-ray diffractometer with a Cu Ka line.

The direct observation of the crystallization process
was carried out for the purified sample in the temperature
range of 224 to 260 K by using an Olympus SZ1145 mi-
croscope with a filar eyepiece and a homemade variable-
temperature cold stage. The stage is shown schematically
in Fig. 2. ' The sample was melted at about 330 K be-
tween the stage and a glass cover slip under vacuum, was

to
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MeOH

II. EXPERIMENT

o-terphenyl, purchased from Tokyo Chemical Ind. Co.,
was purified by recrystallization from the methanol solu-
tion three times and then by sublimation under reduced
pressure at 320 K. Calorimetry of the purified sample
was carried out with a high-precision adiabatic calorime-
ter previously reported. ' The imprecision and the inac-
curacy of the heat capacity were estimated to be less than
+0.06 and +0.3%, respectively, and the imprecision of
thermometry within 10 K.' The amount of the sam-
ple used was 16.877 g (corresponding to 0.073279 mol)
and the purity was determined by a fractional melting ex-
periment described below to be 0.9997+0.0001 in the
mole fraction.

The calorimeter cell loaded with the sample was placed
under adiabatic conditions by keeping the adiabatic
shield, surrounding the cell, always at the same tempera-
ture as the cell and by evacuating the space within the
cryostat to 10 Pa. Heat-capacity measurements were

to
vacu'um

light

FIG. 2. Schematic sectional drawing of a variable-
temperature cold stage viewed from the top (a) and from the
side (b): (A) cover glass; (8) sample; (C) thermocouple; (D) o-
ring gasket; (E) stainless-steel Aange; (F) sample stage; (0) object
lens.
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quenched to the glass-transition temperature region, and
then was kept at a desired temperature controlled within
+0. 1 K. The thickness of the sample was confirmed not
to affect the crystallization properties within its used
range in the present experiment.

III. RESULTS

A. Calorimetry and x-ray di8ractometry

Glass was formed within the cryostat by cooling liquid
rapidly at about 8 Kmin ' from 340 to below 180 K
without crystallization. Heat capacities were measured
by the intermittent heating method under the adiabatic
conditions, as described above, in the temperature range
between 5 and 340 K. The results of the glass are plotted
in Fig. 3 with open squares together with those of two
difFerently prepared crystals as described later. Anoma-
lous spontaneous temperature drifts were observed in the
temperature-rating periods of each series of the measure-
ments in the direction of increasing the temperature of
the glass. The drift rates of the cell are plotted with filled
circles in Fig. 4. Spontaneous heat evolution first began
to appear at around 190 K, showed its maximum rate at
around 235 K, and then turned over to an endothermic
effect having its peak at 243 K. Such a systematic tern-
perature dependence of the spontaneous drift rates and
the associated appearance of a heat-capacity jump at
around 240 K are characteristic of a glass transition. '

Further increase in the temperature gave rise to a small
heat evolution efFect having its peak at around 248 K and
ceasing at 250 K, and to a large effect above 255 K. The
heat evolution efFect around 248 K became more remark-
able as the sample was annealed at 248 K for longer time
in advance, but it was observed to cease at 250 K in any
case. The annealing at 248 K enhanced the heat evolu-
tion effect above 255 K as well; the degree of the
enhancement was shown in Fig. 4 by the difFerence in the
drift rates above 250 K between the samples subjected
and not subjected to the annealing. This clearly indicates
that the process proceeding at 248 K produces the en-
largement of the crystal surface area and thus the heat
evolution around 248 K is due to a kind of crystalliza-
tion.
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180 200 220
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FIG. 4. Spontaneous temperature drift rates of the calorime-
ter cell observed under adiabatic conditions in the temperature-
rating periods in the intermittent heating process for o-

terphenyl: ~ as quenched from the melt; o annealed at 248 K
for 5 h; 0 annealed at 248 K for 10 h.

When was tracked for a long time at 248 K, the heat
evolution ceased in a week indicating the completion of
the process. The following temperature increase up to
room temperature brought no remarkable heat evolution
effect and solid polycrystalline sample was found in the
cell. Figures 5(a) and 5(b) show room-temperature x-ray-
diffraction patterns of the polycrystals formed at 297 and
248 K, respectively. Apart from their small differences in
the heights and widths, all the peaks are located at exact-
1 the same positions between the two. This means that
the processes proceeding at the two different tempera-
tures are the crystallizations yielding the same crystalline
phase. It is concluded from these structural data as well
as from the ceasing of spontaneous heat evolution at 250
K that, while the effect of heat evolution above 255 K is

400
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FIG. 3. Molar heat capacities of o-terphenyl: 0 glass and
liquid; crystal formed at 248 K; o crystal formed at 310K.
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FIG. 5. Powder x-ray-diffraction patterns of the crystals
formed at different temperatures: (a) crystal formed at 297 K; (1)
crystal formed at 248 K.
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ascribed to crystallization of the ordinary growth pro-
cess, the efFect around 248 K originates potentially from
the crystallization based on the homogeneous nucleation
due to the development of structured clusters. This con-
clusion is supported by the following calorimetric results
of the premelting property and the presence of residual
entropy of the crystal formed at 248 K; the crystal
formed based on the homogeneous nucleation must be an
aggregate of fine crystal nuclei.

Heat capacities of the two crystals formed at 248 and
310 K are plotted in Fig. 3 with filled and open circles,
respectively. The two sets of data showed differences
only in a temperature range near the fusing point. Thus a
single set of fractional-melting experiments was carried
out for each of the two crystals in order to examine the
detailed behaviors of the fusion. The equilibration of the
temperature of the calorimeter cell became sluggish dur-
ing the fusion. The temperature was followed for 1 h
after each intermittent energy supply, and the equilibri-
um temperature was estimated by extrapolating the tem-
perature vs time curve to infinite time in terms of an ex-
ponential function. The estimated temperatures are plot-
ted in Fig. 6 as a function of the reciprocal of fraction
melted, f '. The equilibrium temperatures for the crys-
tal formed at 310 K showed a little deviation from a
linear relation, as were fitted well by the Mastrangelo's
equation shown by a solid line. ' From the fitting, the
fusing temperature was given to be (329.3S+0.01) K and
the mole-fraction purity to be (0.9997+0.0001), respec-
tively. The apparent equilibrium temperatures for the
crystal formed at 248 K indicated that the fusion began
at an appreciably lower temperature than that of the
crystal formed at 310 K. The extrapolation of the tem-
peratures toward f '=0 in terms of the Mastrangelo's
equation yielded the fusing temperature of
(329.37+0.01) K which was lower by 0.01 K than that of
the crystal formed at 310 K. These can be only reason-
ably understood if the crystal formed at 248 K is com-

posed of fine crystallites. The crystallite has a larger
Gibbs energy on account of its smallness in size com-
pared to the bulk crystal so that it should melt at a rela-
tively lower temperature.

Figure 7 shows the molar entropies of glass, liquid, and
two batches of crystals as functions of temperature, on
the assumption that the zero-point entropy of the crystal
formed at 310 K is zero. The entropies were evaluated
according to the following standard equation;
S(T)=S(0)+J o(C~ /T)dT, where S(0) denotes some
residual entropy remaining even at 0 K, and the entropies
of all the samples were equated to be equal to one another
in the liquid state above the fusing point. Here the heat
capacities below 5 K were approximated by the Debye
low-temperature equation, C ( T)=a T; a was deter-
mined by using the experimental data between 5 and 7 K
to be 0.0103 JK mol ' and 0.00919 JK mol ' for
the crystals formed at 248 and 310 K, respectively. The
inset shows the temperature dependences approaching 0
K on an enlarged scale. The residual entropy of the crys-
tal formed at 248 K was found, taking the imprecision of
the heat-capacity data into consideration, to be
(0.5+0.3) J K ' mol ' which was quite small but appre-
ciable. The presence of the finite residual entropy is con-
sistent with the interpretation that the sample is the ag-
gregate of crystal nuclei; namely, the configurational de-
grees of freedom of a considerable number of molecules
present around the interface between the crystal particles
as well as those of the particles themselves would give
rise to some disorder within the aggregate.

B.Microscopic observation

The crystallization below 250 K was observed to begin
with an accidental emergence of crystallite, and it pro-
ceeded as an enlargement of the crystalline phase with
the advance of the crystal front into the liquid phase as
the ordinary crystal-growth process above 255 K pro-
ceeded. The liquid-crystal interface was revealed to be
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FICx. 6. Equilibrium temperatures of fusion vs the reciprocal
of fraction melted for the crystals formed at two different tem-
peratures: 0 crystal formed at 310 K; ~ crystal formed at 248
K. Solid lines represent the results of the fitting in terms of the
Mastrangelo's equation.
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FIG. 7. Molar entropies of 0-terphenyl estimated from the
heat-capacity data: ~ ~, glass and liquid; ———,crystal
formed at 248 K;, crystal formed at 310 K. Inset shows
the temperature dependences approaching 0 K on an enlarged
scale.
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smooth through the microscope with a resolving power
of 1 pm order, but the crystalline sample appeared to be
the aggregate of fine crystallites while that formed above
255 K appeared to be the gathering of relatively large
crystals with the respective particular orientations. The
observed manner of crystallization explains clearly the
enhancement of the heat-evolution effect by the annealing
treatment at 248 K in the calorimetry, since the enlarge-
ment of the crystal front area within the cell increases the
places where the crystallization potentially takes place.

Since the crystallization process below 250 K was ob-
served as the advance of the crystal front into the liquid
phase, the growth rate of the crystalline phase was evalu-
ated from the advancement length of the front in a
specified period. The rates obtained in the temperature
range between 220 and 260 K are plotted in Fig. 8 togeth-
er with those at higher temperatures reported in the
literature. ' The growth rate increased continuously with
increasing temperature from 220 to 248 K, showing its
peak of about 0.018 pms ' at around 248 K, but the
growth ceased suddenly at 250 K as it ceased in the
calorimetry. Further increase in the temperature
brought the ordinary crystal growth to occur, and the
growth rates obtained above 255 K were in good agree-
ment with previously reported values. '

Figure 9 shows the difference between the progress of
crystallization after a temperature jump from 247 to 263
K and the reverse from 263 to 247 K. In the former case,
the crystal front advanced immediately after the jump,
keeping the front line smooth and at the rate expected at
263 K. In the latter case, on the other hand, no continu-
ous advance was observed of the crystal front which was
formed at 263 K. The crystallization instead began with
forming nuclei heterogeneously at some spots on the
liquid-crystal interface and proceeded with forming a cir-
cular crystal front about each nucleus at the advance rate
expected at 247 K. These observations clearly indicate
that the crystal-growth processes are different between
above 255 and below 250 K. The observation that the
growth rate above 255 K is rather independent of the
crystal surface, is consistent with the interpretation that
the crystallization proceeds in the molecule-by-molecule

jb) ',.
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FIG. 9. Photomicrograph of crystalline o-terphenyl growing
into the supercooled liquid: (a) crystalline layer formed at 247
K; (b) crystalline layer formed at 263 K after a temperature
jump from 247 K; (c) fan-shaped crystal formed at 247 K after a
temperature jump from 263 K.

manner. The growth process below 250 K is deduced to
be considerably affected by the microscopic structure of
the crystal surface. This is also consistent with the inter-
pretation that the crystallization below 250 K is brought
through union of the structured cluster of crystal embryo
or nucleus on the crystal surface.

Figure 10 illustrates the temperature regions in which
the glass transition, the potentially homogeneous-
nucleation-based crystallization, and the ordinary crystal-
lization phenomena were found by calorimetry (a) and by
optical-microscopic observation (b). The region of glass

(a) calorimetry
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FIG. 8. Crystal-growth rate vs temperature relation for o-
terphenyl: 0 data obtained in this work; ~ data from Ref. 13.

FIG. 10. Diagram showing the temperature regions of the
glass transition (I), the potentially homogeneous-nucleation-
based crystallization (II), and the ordinary crystallization (III):
(a} found by the calorimetry; (b) found by the microscopic ob-
servation.
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transition is lacking in the diagram (h) in that the micro-
scopic observation is inadequate for investigation of the
glass transition. Thus the nucleation-based crystalliza-
tion could be detected by the method without interfer-
ence of the glass-transition phenomenon. It is noted that
the nucleation-based crystallization was observed with in-
creasing temperature by both methods to cease suddenly
at 250 K and to be completely separate in the tempera-
ture region from the ordinary crystal-growth process
found above 255 K. Any theory which has been pro-
posed so far for crystal growth cannot explain such an
anomalous temperature dependence especially of the
growth rates shown in Fig. 8.
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IV. DISCUSSIGN

A. Mechanism of homogeneous-nucleation rate
enhancement in the crystal growth

FIG. 11. Gibbs energy diagram for 0-terphenyl derived from
the heat-capacity data: ———,glass and liquid;, crystal
formed at 310 K.

The classical theory of homogeneous crystal nucleation
is given as follows. Assuming the spherical form for crys-
tal embryo and nucleus, size dependence of the Gibbs en-
ergy of the embryo AG can be expressed as

4AG= ——mr hG +4m.r o.

where r is radius of the embryo, EG~ is the difference in
the Gibbs energy between crystal and liquid phases per
unit volume, and cr is the interfacial energy per unit area
of the embryo facing the liquid. ' In view of the powers
of r in the two terms on the right-hand side of Eq. (1), the
EG has the maximum value AG* at some critical radius
r * at any temperature below a fusing point, as is
represented by any solid line in Fig. 12. Once the embryo
has a size larger than r*, it tends to grow to a crystal nu-
cleus having a lower Gibbs energy than AG*. The em-
bryo of the critical radius is called a critical nucleus, and
following expressions for r* and bG* can be deduced
from Eq. ( 1 ) according to the critical condition of
db6 /dr =0 at r =r*

IV =Xyv exp (4)

Iv is generally quite small at high temperatures on ac-
count of the small values of EG&, and increases with in-
crease in the AG& as the temperature is lowered. It is

Here Xz is the number of molecules per unit volume
since any molecule has a chance to become the central
one for formation of the critical nucleus, v is the frequen-
cy of molecular transport across the interface between
embryo/nucleus and liquid, and k is Boltzmann's con-
stant. ' ' The v has been ordinarily related to the bulk
viscosity g through the Stokes-Einstein relation'

k T /3~a o3'rI

where a 0 is molecular diameter. Then Eq. (4) is
transformed to

NykT
I&= exp

3+a op 36G~kT

316m.cr

366~
(3)

The Gibbs energy difference between liquid and crystal in
o-terphenyl can be derived from the present heat-capacity
data, as is shown in Fig. 11. Meanwhile, in the present
work, the interfacial energy of o.= 12.6 mJ m was used
as it had been reported by Onorato, Uhlmann, and
Hopper on the basis of their DSC experiment. Figure 12
shows the AG vs r relations evaluated at three different
temperatures of 220, 250, and 280 K. Increasing temper-
ature brings the enlargement of both the size r * and the
Gibbs energy AG* of critical nucleus. Uhlmann et al.
expressed the steady-state homogeneous nucleation rate
Iz per unit volume in liquid as

0
r*

2

r (nm)

FIG. 12. Gibbs energy of a spherical crystal embryo/nucleus
as a function of the radius at three different temperatures:
T, =220 K, T, =250 K, and T3 =280 K.
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also quite sxnall at very low temperatures on account of
the large values of g, and increases with decrease in the g
as the temperature is raised. Thus the nucleation rate Iz
has a maximum at some temperature as it is depicted in
the case of o-terphenyl with a curve (d) in Fig. 13.

The homogeneous-nucleation-based crystallization pro-
cess was observed to proceed as the advance of the crys-
tal front into the liquid phase under the microscope, and
no crystal particle was observed to emerge in the central
part of liquid sample. These indicate that a certain mech-
anism of homogeneous-nucleation rate enhancement
must operate on the liquid-crystal interface. The homo-
geneous nucleation rate, as is indicated by Eq. (4), is
mainly dominated by the magnitude of EG* and thus by
the interfacial energy o through Eq. (3). When the nu-
cleation proceeds within the range of r' from the liquid-
crystal interface, the embryo formed will make contact
with the crystal, and the contact is expected to decrease
the effective interfacial energy on account of the decrease
in its area being in contact with liquid. This situation is
schematically illustrated in Fig. 14, in which cases (a), (b),
(c), and (d) show the nucleation at the point in the liquid
phase apart from the interface by 0, 0.2r *, 0.Sr, and r
respectively. In cases (a), (b), and (c), embryos with sizes
smaller than r' can make contact with the crystalline
phase resulting in reduction of the effective interfacial en-
ergies of embryos, and this effect produces the large
change in hG'. Lines (a), (b), and (c) in Fig. 15 represent
the Gibbs energies of the embryos EG as functions of ra-
dius r in cases (a), (b), and (c), respectively, in Fig. 14.
The critical values of the Gibbs energies, EG*(a),
b 6*(b), and b, G*(c), are considerably reduced compared
with b, G * in case (d) where no reduction of the interfacial
energy occurs, while the critical radii r (a), r'(b), and
r'(c) do not differ very much from r' in case (d). The
calculated critical Gibbs energies AG* are tabulated in
Table I together with the nucleation rates evaluated from
the hG* values according to Eqs. (4) and (5). The max-
imum nucleation rates of the Ir(a), Iz(b), and Ir(c),

liquid

Q5r
0.2 f'*

FIG. 14. Schematic diagram illustrating the formation of
embryos/nuclei nearby the liquid-crystal interface: (a) forma-
tion at a point just on the liquid-crystal interface; (b) formation
at a point in the liquid apart by 0.2r* from the interface, ' (c) by
0.5r*; (d) by r

which are shown in Fig. 13, amount to 3X10, 1X10,
and 7X10 times, respectively, the rate of the original
homogeneous crystal nucleation, Iv(d). This demon-
strates that the nucleation rate is enhanced drastically by
the decrease in the interfacial energy. This decrease is in-
terpreted to be the very nucleation-enhancement mecha-
nism enabling the homogeneous-nucleation-based crystal-
lization to be observed and dominating the crystallization
process at very low temperatures.

B. Evaluation of the crystal-growth rate
based on the classical theory and its comparison

with the experimental result

Assuming that the crystal front advances into the
liquid phase through taking the homogeneously formed
critical nuclei into the crystalline phase on the liquid-

20-
z c*((I)—

I-

10-

220 240 260
T(K)

280 300

FIG. 13. Temperature dependences of the calculated
homogeneous-nucleation rates of 0-terphenyl: (a) nucleation at a
point just on the liquid-crystal interface; (b) nucleation at a
point apart by 0.2r* from the interface; (c) by 0.5r; (d) by r
Here viscosity data were taken from the result by Laughlin and
Uhlmann (Ref. 20). See text for the detail.

I * (~) 2

r (nm)

FIG. 15. Gibbs energy of a spherical crystal embryo/nucleus
calculated at 248 K as a function of the radius with including
.the efFect of the reduction in the interfacial energy on the
liquid-crystal interface: (a) embryo/nucleus formed at a point
just on the liquid-crystal interface; (b) embryo/nucleus formed
at a point in the liquid phase apart by 0.2r* from the liquid-
crystal interface; (c) by 0.5r; (d) by r
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0.2
0.5) 1

0.51
0.64
1

Iy/Ivo

'The temperature at which the calculated homogeneous nu-

cleation rate had maximum value [see the solid line (a) in Fig.
9].
"I and r* denote the distance of the center of embryo from the
liquid-crystal interface and the critical radius of the embryo, re-
spectively.
'AGO represents the critical Gibbs energy of the embryo mak-

ing no contact with the crystal.
I«represents the homogeneous nucleation rate calculated in

the case with no interfacial energy of the embryo being
quenched.

TABLE I. Calculated values for the critical Gibbs energy of
the embryo AG* and the nucleation rate Iv in 0-terphenyl at
254 K.'
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FIG. 16. Temperature dependence of the calculated growth
rates due to the homogeneous-nucleation-based crystallization
in o-terphenyl: (a) nucleation at a point just on the liquid-crystal
interface; (d) nucleation at a point in the liquid phase apart by
r* from the liquid-crystal interface.

crystal interface, the advance rate u can be related to the
value of Iz as follows: The crystalline surface, when
covered with a layer of critical nuclei, gains its advance-
ment by 2r*. The number of the nuclei to cover the sur-
face area of A is of the order of A/(2r*), and the fre-
quency of the crystal nucleation in the region apart by r*
from the surface is approximated to be Iz Ar *. The time
required for the crystal front to advance by 2r is then
roughly estimated to be A [/(2r') (IV Ar*)]. Thus u is
expressed to a rough approximation by the relation

(2r') (IyAr*)
Q 2r

A
=8I~(r' )" . (7)

Temperature dependence of the growth rate can be evalu-
ated according to Eqs. (4) and (7); curves (a) and (d) in
Fig. 16 represent the rates evaluated for cases (a) and (d)
in Fig. 14, respectively. The maximum rate in case (d), in
which no reduction in the interfacial energy occurs, is es-
timated to be —10 pms '. The rate is smaller by 20
orders of magnitude than the observed growth rate of
—10 pm s ', indicating that the accumulation process
of critical nuclei is definitely unobservable macroscopical-
ly. This is consistent with the fact that no crystal nu-
cleation is observed in the central part of the liquid sam-
ple where no reduction in hG' occurs in the process.
The maximum rates in cases (a) —(c) with the reduction in
the interfacial energy are estimated to be —10
—10 ', and —10 ' pm s ', respectively. The rates are
strikingly enhanced as compared with that in case (d); the
enhancement factors amount to 10, 9, and 7 orders of
magnitude, respectively. This enhancement mechanism
is thus concluded to play an indispensable role for the
macroscopic crystallization at such low temperatures as
the glass-transition temperature.

Concerning the absolute value of the advanced rate u,
however, there still exists a large discrepancy of ten or-
ders of magnitude between the observed maximum value
10 pms ' and the above-evaluated maximum 10

pm s '. Further, the characteristic behavior that the ad-
vance ceases rather suddenly at 250 K is yet still unex-
plained at present. More detailed investigation is re-
quired in the future, including improvement of the classi-
cal nucleation theory itself which has been applied to the
crystallization in liquid.

V. CQNCLUSIDN

A potentially homogeneous-nucleation-based crystalli-
zation was discovered in the present study in fragile
liquid 0-terphenyl as a phenomenon of the crystal front
advancing into the liquid phase at very low temperatures.
The observable crystallization was reasonably interpret-
ed, on the basis of the classical nucleation theory, to
occur due to the decrease in the interfacial energy of the
crystal embryo by making contact with the crystal on the
liquid-crystal interface. This means also that, in the tem-
perature region where the homogeneous-nucleation-based
process is dominant, the crystallization proceeds with the
formation of a polycrystal but not a single crystal. Con-
sidering that. the fragility of liquid corresponds with the
accelerated developxnent of structured clusters of mole-
cules with decreasing temperature and that part of the
clusters correspond with the crystal embryos, the
homogeneous-nucleation-based crystallization would be
observed in the future in many systems of fragile liquids.
The accumulated and detailed observations of the pro-
cesses and the theoretical explanation of the results are
expected to make progress toward complete understand-
ing of the crystal nucleation process as an important ini-
tial, as yet still unclear, step of the whole crystallization.
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