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Low-Temperature Crystallization in Fragile Liquids
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A homogeneous-nucleation-based (HNB) crystallization, which has been discovered at the

low temperatures of glass transition temperature region in fragile liquids showing non-Arrhenius
properties in the temperature dependence of structural relaxation times, is explained with
summarizing classical theories for homogeneous nucleation and crystal growth. The mechanism
of HNB crystallization is elucidated, which makes a microscopic homogeneous crystal nucleation

process observable macroscopically as the crystallization, and the structural relaxation process

of liquids which governs the homogeneous nucleation rates is discussed based on the magnitude

and the temperature dependence of HNB crystallization rates.
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Fig.1 Schematic diagram illustrating the temperature

dependences of the rate of homogeneous
nucleation and the rate of crystal growth below

fusing temperature, Trus.
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Fig.2 Schematic curve of Gibbs energy of a spherical

embryo/nucleus as a function of the radius. Upper
and lower dashed lines represent the contributions
proportional to the interfacial area and to the

volume of embryo, respectively.
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Fig.3 Arrhenius plot of relaxation times in fragile
liquids: O, @, o-terphenyl;2130 [, salol;6 O,
triphenylethylene. Open marks correspond to

the a-relaxation and filled marks correspend to

B-relaxation process.
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Table 1 o-glass transition temperatures and thermo-dymnamic parameters of fusion in o-terphenyl, salol, and

triphenylethylene; R = 8.31451 J K~ ! mol~1.

o-terphenyl salol triphenylethylene
® wo ~ O,
e —_
S 00
o-glass transition
peratare, T, 240K 215K 248K
fusing ‘°;“P°‘"“'°’ 32938K 31497K 34095K
fus
enthalpy of fusion, 15 gy 10 19.16 kimot* 20.35 kJmol*
Al
entropy of fusion,
63R 72R 72R
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Fig.5 Molar heat capacities of o-terphenyl: [, glass

dT/dp) 7 pK s

1

250 240
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Fig.4 Spontaneous temperature drift rates of the

calorimeter cell observed under adiabatic
conditions in the temperature-measurement
periods in the intermittent heating processes
for quenched glass of (a) o-terphenyl, (b) salol,

and (c) triphenylethylene.
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and liquid; @, crystal formed at 248 X; O,
crystal formed at 310 K.
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Fig.6 X-ray diffraction patterns of o-terphenyl crystals
formed at different temperatures in situ in the
diffractometer cryostat. The measurements were
carried out at the same temperatures as the

crystals were formed.
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Fig.7 Temperature dependence of the enthalpy

associated with the fusion of o-terphenyl crystal:
O, crystal formed at 310 K; @, crystal formed
at 248 K. The upper dashed line indicates the
total enthalpy of fusion.

Fig.8 Photograph of crystallization in o-terphenyl at
247 K; (a), (b), (c), (d), and (e) represent
crystalline region formed at 245 K, 241 K, 235
K, 231 K, and 247 K, respectively; (f) represents

liquid phase.
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Fig.9 Crystal growth rate vs. temperature relation for
o-terphenyl.
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Fig.10 (a) Crystal-growth rate vs. temperature relation

for o-terphenyl: (O, data obtained in this study;
@, date cited from Ref.18: solid line, calculated
with normal growth model; dotted line, screw
dislocation growth model; dashed line, two-
dimensional nucleation growth model (of large
crystal case). (b) Temperature dependence of
homogeneous nucleation rate in o-terphenyl
calculated by using Eq.(7).
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Fig.11 Schematic diagram of two different ways of
crystal growth in the liquid-crystal interface: (a),
the HNB

embryos

growth proceeding through
which

appear/disappear homogeneously everywhere in

crystallization in crystal
the liquid as the structural fluctuation but are
stabilized as crystal nuclei or part of crystal only
close to the liquid-crystal interface due to their
coalescence with the pre-existent crystal. (b),
growth proceeding by the molecule-by-molecule

fashion as usually found at high temperatures.
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Fig.12 Crystal-growth rate vs. temperature relation for

o-terphenyl: (O, data obtained experimentally
in the present study; dotted line, the HNB
crystallization rate calculated according to a
classical nucleation theory; dashed line, the
rate calculated with including the nucleation
enhancement effect in the vicinity of the
crystalline surface; dot-dashed line, the rate
calculated with assuming that the fB-molecular
rearrangement process governs the homogeneous-
nucleation rate; solid line, the rate calculated
with including the nucleation enhancement effect
and assuming that the f-process governs the
homogeneous-nucleation rate.
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Fig.13 Schematic diagram illustrating the formation of

AG /10719

Fig.14

embryos/nuclei nearby the liquid-crystal interface:
(a), formation 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), formation in bulk liquid.
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Gibbs energy of a spherical embryo/nucleus in
o-terphenyl 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
the (b),
embryo/nucleus formed at a point in the liquid

just on liquid-crystal interface;
phase apart by 0.2r* from the liquid-crystal
interface; (c¢), by 0.5r*%; (d), formation in bulk

liquid.
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Fig.15 Time dependence of the advance length of the
crystal front in o-terphenyl before and after the
temperature jump: (a) from 248 to 240 K; (b)
from 240 to 245 K. Solid straight lines represent

of the fitting to the data before and after the
temperature jump, respectively.
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(a) o—relaxation process
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(b) B-relaxation process
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Fig.16 Time dependence of the advance length of the
crystal front in o-terphenyl calculated at 240 K
after a temperature jump from 248 K: (a),
assuming the o-relaxation process to govern
the growth rate of embryos/nuclei; (b), assuming

the B-relaxation process.
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Fig.17 Time dependence of the advance length of the
crystal front in o-terphenyl calculated at 245 K
after a temperature jump from 240 K: (a),
assuming the a-relaxation process to govern
the growth rate of embryos/nuclei; (b), assuming
the B-relaxation process.
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Fig.18 Line shapes of the (211) diffraction peak of
crystalline o-terphenyl in the powder X-ray
diffractometry: the upper curve, the experimental
result for crystalline samples formed by the HNB
crystallization at 235 K; the lower curves, the
results obtained by simulations for crystalline
particles with different sizes according to the
Scherrer formula. Figures written in the right
portion indicate the diameter of the particles

assumed in the simulation.
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Fig.19 Schematic diagram illustrating the crystalline
phase formed by the HNB crystallization and the
formation of embryos/nuclei in the vicinity of
the crystalline surface. Hatched lines indicate

molecular orientations in the embryos/nuclei.
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