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ABSTRACT: Our aim here is to gain new insight into the nature of the crystalline
phase formed in supercooled glycerol near the glass transition temperature and to
establish the interrelationship between the kinetics of crystal growth and
fundamental dynamic properties. The liquid’s dynamics and the crystalline
development in glycerol, a hydrogen-bonded liquid, is studied by means of
dielectric spectroscopy. We monitored the kinetics of crystallization by isothermal
treatment at temperatures between 220 and 240 K (Tg = 185 K). Given the thermal
protocol employed, we stimulated the growth of the crystalline phase from pre-
existing nuclei, in such a way that the observed kinetics is dominated by the crystal
growth step. Our experimental results are discussed in terms of the classical theory
of crystallization which predicts a significant correlation between the liquid’s
diffusion and the crystal growth rate. The coupling between dynamic properties,
such as dielectric α relaxation time, viscosity, and self-diffusion coefficient, and the characteristic crystal growth time is analyzed.
We find that the crystal growth time scales with the glycerol’s self-diffusion coefficient as τcryst ∝ D−0.85, confirming that the
liquid’s dynamics is the principal factor governing the crystal growth in glycerol above but close Tg.

■ INTRODUCTION
Supercooled liquids, that is, liquids below their melting
temperature Tm, have higher values of free energy with respect
to the crystalline state. This excess of free energy drives the
transformation of liquids into crystals through a first-order
phase transition. Crystallization is a complex phenomenon, in
which, apart from this thermodynamic driving force, several
factors are simultaneously involved. Molecular mobility of the
mother phase, surface tension of the liquid/crystal interface,
intermolecular attractions, purity of the sample and its
interactions with the environment, among others, are known
to govern the crystallization tendency of supercooled
liquids.1−6 Indeed, it is well established that the liquid’s
dynamics plays a major role in the crystalline development,
although the exact nature of this interrelationship is still a
matter of debate.1,7,8 Moreover, contrary to the general
impression, the study of crystallization may be seen as an
indirect strategy for learning more about the relaxation
dynamics of supercooled liquids.2,9,10

Seeking a better understanding of the structure−dynamics
correlations during crystallization, here we report on the crystal
growth behavior of the associated liquid glycerol. Glycerol is a
model in numerous studies from the glass-forming-system
community, and it has also attracted the attention of groups
interested in exploring its crystallization behavior.4,11−14 The
present report provides new information about the kinetics of
crystal growth above but close to the glass transition
temperature, Tg, as explored by dielectric relaxation spectros-
copy. We followed the thermal protocol proposed by Möbius
and co-workers, who considered the possibility that a glacial
phase could be formed near Tg.

12 Our hypothesis is that the

transformation of liquid glycerol into a metastable glacial phase
(presumably formed by nanocrystals dispersed in a liquid
matrix) would lead to the presence of an active dielectric
relaxation due to the incomplete molecular ordering. We
repeated our experiments several times and, with the exception
of one case, we found no evidence of formation of a glacial or
partially disordered crystal phase.
The characteristic crystallization time at different temper-

atures was estimated through the so-called Avrami equation
using the method proposed by Avramov and colleagues.15 The
Avramov approach also provided us information about the
dimensionality and morphology of the growing crystals. We
complemented these results by applying the Maxwell−Wagner
model for heterogeneous systems to our dielectric data as it has
been recently proposed in a real-time crystallization study.5

Finally, we investigate the coupling between the character-
istic time of crystal growth and the dielectric α relaxation time
and, since we discuss our results under the framework of the
classical theory, we also correlate our data with the liquid’s self-
diffusion coefficient. Our results indicate that the main factor
governing the crystallization tendency in supercooled glycerol
near Tg is the molecular mobility, at least for the thermal
protocol we employed.

■ EXPERIMENTAL SECTION
We used dry samples of glycerol purchased from Sigma-Aldrich
(CH2OH−CHOH−CH2OH, >99.5% purity). Without additional
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purification, fresh samples were used for every experiment and were
handled under nitrogen atmosphere inside a glovebag.
We explored the phase transformation of the supercooled liquid by

means of dielectric spectroscopy. With this purpose, we filled a two-
plate capacitor (electrodes made of brass) with 20 mm diameter and a
gap of 0.25 mm controlled by a Kapton polyimide spacer. Once the
capacitor was filled with the liquid material, it was transferred to the
measuring cryostat and collection of the sample capacitance as a
function of frequency was carried out. For a detailed description of the
dielectric setup and cryostat, we refer the reader to the following
publications.16,17 From the raw data, the complex dielectric
permittivity of the sample ε*(ω) = ε′(ω) − iε″(ω) is easily calculated
by dividing the complex capacitance of the capacitor filled with the
sample by the empty one.18

The procedure we used to induce the solidification of glycerol
consisted of the thermal protocol depicted in Figure 1. We cooled

down the liquid sample from 300 to 190 K at a cooling rate of
approximately 5 K/h. Then, an isothermal annealing, approximately 5
K above Tg, at 190 K during 19 h was followed by a second isothermal
treatment at the corresponding crystal growth temperature.

■ RESULTS AND DATA ANALYSIS
We have recently discussed the effect of annealing at 190 K on
the dielectric signal in detail.10 We observed a direct
dependence of this annealing on the kinetics of crystal growth
at higher temperatures, demonstrating the effectiveness of such
annealing near the glass transition to induce the crystal
nucleation. In this paper we go a step further and we explore
the temperature dependence of the crystal growth kinetics. As
an example, Figure 2 shows the temporal evolution of the
complex dielectric permittivity of glycerol in the course of
crystal growth at 220 K.
As the molecules abandon the liquid phase and attach to the

surface of the growing crystalline lattice, the amplitude
(dielectric strength) of the α relaxation progressively decreases.
Assuming that dipole−dipole correlations do not undergo
significant modifications during the crystallization process, the
observed reduction in intensity of the dielectric relaxation curve
can be related to an increase of crystallinity. As the
crystallization proceeds, there is a concomitant reduction in
density of relaxing entities which, in accordance to the theory of
dielectric relaxation, must be reflected in a reduction of the

dielectric strength (Δε) as indicated by εΔ ∝ μ N
k T

2
d

b
.18 Here, μ is

the molecular dipole moment, kb is the Boltzmann constant, T

is the temperature, and Nd corresponds to the total number of
reorienting dipoles.
It is important to remark that the location of the α peak does

not shift during the whole crystallization process. Several
examples can be found in the literature in which, in the course
of crystallization, there is either absence of displacement in the
location of the α peak,19,20 shifting to lower8,21,22 or to
higher23,24 frequencies. The latter case has been interpreted
from two different angles. On one side, it has been suggested
that crystals would induce microscopic reorganizations of the
remaining liquid that would speed up the relaxation
dynamics.25,26 Meanwhile, a macroscopic approach has been
recently applied in which the displacement of the α peak
toward higher frequencies is explained by Maxwell−Wagner
effects in heterogeneous dielectrics.5

Finally, one observes the α relaxation totally vanishes. This is
consistent with the formation of a fully crystallized material.
With the aim of elucidating the nature of this solid phase, we
heated up the sample while measuring the complex permittivity.
We corroborated its crystalline nature due to the sharp increase
of the dielectric permittivity around 291 K as shown in Figure
3. This temperature corresponds to the melting point of the
orthorhombic structure of glycerol.13,27

Regarding the crystallization kinetics, as a first approach, the
fraction of crystalline phase against time is related to the
normalized dielectric loss α-peak intensity N, which can be
calculated by means of the following expression:7,8,10,19

ε ε

ε ε
=

″ − ″

″ − ″ ∞
α α

α α
N t

t
( )

(0) ( )

(0) ( )
peak peak

peak peak (1)

where εαpeak″ (0) is the value of the dielectric loss at the frequency

where the α peak is located for the pure liquid, εαpeak″ (t) takes the
corresponding values at different crystallization times and
εαpeak
″ (∞) corresponds to the value of the dielectric loss at the
same frequency for the pure crystal. In Figure 4, we observe
that in all cases the temporal evolution of the normalized

Figure 1. Thermal protocol for facilitating the transformation of liquid
glycerol into the crystalline phase. Nucleation is promoted by
annealing at 190 K during 19 h and crystal growth takes place at
220, 230, and 240 K. Melting and glass transition temperatures are
highlighted.

Figure 2. Complex dielectric permittivity of supercooled glycerol upon
crystallization at 220 K. Imaginary (top) and real (bottom) parts of the
complex permittivity are represented as a function of frequency at
different stages of crystallization as indicated in the bottom panel.
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dielectric loss α-peak intensity N(t) shows the typical sigmoidal
shape.

Kinetics of Crystal Growth. We have analyzed the kinetics
of crystal growth under the well-known Johnson−Mehl−
Avrami−Kolmogorov (JMAK) model.28−31 The JMAK model
describes isothermal phase transitions that take place through
nucleation and growth. Broadly speaking, this model assumes
that nucleation occurs randomly from a certain number of
embryos; the number of embryos decreases either by the
formation of nuclei of critical size or by absorption by the
growing phase; and the crystal growth rate is constant until
different crystalline fronts impinge on each other. According to
this model, the crystallization kinetics can be described by the
following expression:

τ
= − −

−⎡
⎣
⎢⎢

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎤
⎦
⎥⎥N t

t t
( ) 1 exp

n
0

crys (2)

where τcrys is the characteristic crystallization time, t0 is the
induction period, and n is the Avrami exponent, which is related
to the nature of the nucleation phenomenon and dimension of
the crystal growth. While, through fitting routines, one may
estimate the values of the parameters that best match the
experimental data, Avramov and co-workers have proposed an
alternative procedure that does not require curve fitting.15 This
method uses a new set of coordinates in which the fraction of
the new phase N(t) is represented against ln(t − t0). Then, the

first derivative of N(t) with respect to ln(t − t0) is numerically
computed. From the maximum of the first derivative curve
N′(t), we obtained the characteristic crystallization time and the
Avrami exponent. The maximum of N′(t) for the Avrami model
can be derived by nullifying the second derivative of N(t) with
respect to ln(t − t0), rendering the value of N′(t)max = n/e at t −
t0 = τcrys.

7,15,19 At the location of the maximum of N′(t), the
fraction of transformed phase N(t) should take a value of 0.63,
so values lower than 0.63 would indicate that t0 > 0.
In Figure 5 we present the crystallization kinetics at selected

temperatures and the first derivative of N(t) with respect to ln(t

− t0). In all cases, the numerical differentiation gave a well
resolved maximum at the characteristic crystal growth time, and
only the data at 220.2 K pointed to the existence of an
induction time t0 > 0. To determine the value of t0 shown in
Table 1 for 220.2 K, the coordinate ln(t − t0) is adjusted for

giving a value of N(t) of 0.63 coinciding with the maximum of
N′(t). The kinetic parameters obtained through this Avrami−
Avramov plot are collected in Table 1. They show that as
temperature increases the crystal growth time speeds up.
Meanwhile, the values of n do not vary systematically with
temperature, ranging between 2.2 and 1.3. Since we assume that
crystals grow from a constant density of nuclei, it indicates that
they probably grow in two dimensions.15

The JMAK model rationalizes isothermal crystallization
kinetics, and one of the assumptions is that the crystal growth
rate does not change in the course of the phase transition. But
this refers to the linear growth and depending on the
morphology of the growing crystals the growth rate might
change in different directions. Moreover, the crystal growth rate
will reduce when different crystalline fronts impinge on each

Figure 3. Real part of the dielectric permittivity at 10 kHz as a
function of temperature for a sample of glycerol crystallized at 230 K.
Dashed line is a guide to the eye.

Figure 4. Time dependence of the normalized dielectric loss peak
intensity (eq 1) at selected crystal growth temperatures.

Figure 5. Evolution of the normalized dielectric loss peak intensity
(N(t)) (open symbols) and its first derivative (×) as a function of ln(t
− t0) for crystallization processes at 220, 230, and 240 K.

Table 1. Crystal Growth Kinetics Parameters of Supercooled
Glycerol Obtained from the Avramov Procedure

T (K) log(t0 [s]) n log(τcrys [s])

220.2 3.97 2.2 ± 0.1 5.65
220.7 0 1.4 ± 0.1 5.57
230.4 0 1.8 ± 0.1 4.73
230.3 0 1.3 ± 0.1 4.90
230.1 0 1.4 ± 0.1 4.55
240.3 0 1.7 ± 0.1 3.89
240.3 0 1.5 ± 0.1 4.31
240.5 0 1.4 ± 0.1 4.27
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other. This implies that a true physical interpretation of the
resulting parameters is certainly difficult. The exponent n
principally depends on the characteristics of the nucleation
process and on the geometry of the growing crystals. This
means that such scattering in the n values might be explained
by variations in the morphology of the growing crystals that, as
a consequence, will affect the rate at which they grow. Given
the thermal history of the samples, where in all cases the
nucleation process is induced by long annealing just above Tg,
we expect the majority of nuclei already formed before the
crystal growth step. Thus, the observed scattering in n is
consistent with variations in the crystal growth process in such
a way that we cannot know for certain that the crystal growth
rate remains invariant during the whole crystallization process.
Maxwell−Wagner Analysis. In order to obtain more

information about the glycerol’s morphology during crystal-
lization, we have applied the Maxwell−Wagner model for
dielectric heterogeneous systems.32 In a recent publication,
Heckhser and co-workers studied systematically the crystal-
lization of n-butanol at different temperatures and under
different sample environments.5 In this work, in which one of
us was involved, the authors invoked Maxwell−Wagner effects
to explain the peak shift toward higher frequencies and the
strong reduction observed in the dielectric loss upon
crystallization, in particular, for the most intense relaxation
mode detected in monohydroxy alcohols.
According to the Maxwell−Wagner model, the shape and

distribution of the crystals across the sample determine the
resulting composite dielectric permittivity. It is important to
note that the calculation of the fraction of crystalline phase as a
function of time using eq 1 is based on the assumption that the
dielectric permittivity of the liquid/crystal system is an additive
quantity from the two domains. In case the crystal growth takes
place longitudinally from one electrode to the other in discrete
spots separated by gaps remaining in the liquid phase, such as
we illustrate through the model A in Figure 6a, the permittivity

of the semicrystalline material is correctly calculated by means
of eq 1. On the contrary, morphologies such as the ones
described in the representations B, C, and D (Figure 6a) need
to be interpreted by a more realistic model. For a crystalline
growth with well-defined layers parallel to the electrodes, the
composite complex dielectric permittivity in terms of the
Maxwell−Wagner model is expressed as follows:

ε
ε ε

ε ε
* =

* *

− * + *N N(1 )totalB
c l

c l (3)

where N is the volume fraction of the crystalline phase, εl* is the
complex permittivity of the pure liquid, and εc* corresponds to
the complex permittivity of the crystal phase. A more detailed
description of the model can be found elsewhere.5,18,32

Inspired by the work reported by Heckhser and colleagues,5

we also propose that two other models could describe the
morphology of crystal growth in supercooled glycerol. In these
two cases, we consider either the presence of liquid domains
dispersed in a crystalline medium (model C) or crystallites
dispersed in a continuous liquid phase in which percolation
pathways of disordered domains persist during crystallization
(model D). Using a mean-field approach the permittivity for
models C and D can be quantified as18,32,33

ε ε
ε ε ε ε
ε ε ε ε

* = *
* + * − − * − *
* + * + − * − *

N
N

2 2(1 )( )
2 (1 )( )totalC c

c l c l

c l c l (4)

ε ε
ε ε ε ε
ε ε ε ε

* = *
* + * − * − *
* + * + * − *

N
N

2 2 ( )
2 ( )totalD l

l c l c

l c l c (5)

where 1 − N in eq 4 corresponds to the fraction of liquid phase.
The fillers embedded in the continuous matrix are assumed to
be spherical and would correspond to the liquid phase and to
the crystallites for models C and D respectively. It is important
to remark that similar results are obtained considering fillers
with other shapes, for instance, ellipsoidal.
The validity of models B, C, and D has been tested by

calculating the total permittivity using the experimental values
of εl* and εc*. The significant shift of the α peak toward higher
frequencies for models B and C seen in Figure 6 allows us to
discard both a layer-like crystalline front from the electrodes
and a dispersion of discrete liquid droplets in a continuous
crystalline medium. Much better agreement with the
experimental data is found for model D. It is therefore
plausible to state that the two models which best fit the raw
data correspond to A and D. Accordingly, we have also
estimated the crystalline amount by fitting eq 5 to the raw data.
Selected snapshots of this fitting are presented in Figure 7,
together with the dependence of the crystalline volume fraction
as a function of the dielectric strength for models A and D. Let
us note that model A does not imply Maxwell−Wagner effects,
and the amount of solid phase over time is calculated by eq 1.
Nevertheless, the inset in Figure 7 shows that models A and D
give similar results that only differ by up to a 10% at the
intermediate steps of the phase transition. In order to unravel
this discrepancy, it would be of great help to use diffraction
methods coupled simultaneously with relaxation techni-
ques.23,34

Coupling between Molecular Mobility and Crystal
Growth Kinetics. Along with the thermodynamic barrier to
nucleation and crystal growth, the molecular mobility controls
the rate at which the crystallization takes place.35 Near the glass

Figure 6. (a) Schematic representation of the different models we
propose to illustrate the growth of the crystallites across the liquid
medium. Models B, C, and D have been interpreted according to the
Maxwell−Wagner model. The starting pure liquid state is also shown
where sample and electrodes form a two-plate capacitor. Sample
thickness is not to scale for the sake of clarity. (b) Dielectric loss as a
function of frequency for the pure liquid, full crystal, and intermediate
semicrystalline sample (crystallization time 7.7 × 104 s) at 230 K. The
experimental data are compared to the predicted curves assuming
Maxwell−Wagner effects for models B, C, and D.
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transition, the transport of molecular entities across the liquid−
crystal interface is generally identified to be the bottleneck for
the overall crystallization process.9,36,37 Moreover, it has been
widely debated what dynamic feature mainly couples with the
crystallization kinetics.7,35,38 Here, by controlling temperature,
we explored the correlation of the crystal growth rate with the
structural α relaxation.
Figure 8 shows the acceleration of the kinetics of crystal

growth in supercooled liquid glycerol as the temperature

increases. In agreement with what we show here, several groups
have reported that near Tg, the crystallization of liquid glycerol
slows down as the temperature decreases,12,14 which, leaving
aside a possible variation of the thermodynamic driving force
with temperature, indicates a direct coupling between mobility
and crystal growth. The error bars in Figure 8 were defined by
the upper and lower limits with respect to the average value
obtained from three different measurements both at 230 and
240 K. Given the actual temperature (estimated from the

location of the α-peak) of these sets of measurements was very
similar, we decided to group them and calculate the average and
the corresponding limits of confidence. In contrast, between the
two points at low temperatures, 220.2 and 220.7 K, the gap in
frequency of the maximum loss for the α-peak was too large
(consequence of the dynamic fragility) to consider these two
temperatures as equivalent. This is why for these two low
temperature measurements we did not have the possibility of
averaging several crystallization times for getting the corre-
sponding error bar. Nevertheless, at low temperature we expect
less uncertainty in the characteristic crystallization times given
the much slower kinetics as the temperature approaches Tg. In
any case, we assume that the error bar for the low temperature
measurements is equivalent to the one shown by the 230 K
data. The linearity observed in Figure 8 allowed us to calculate
an activation barrier (Ea = 75.4 kJ/mol and τ0 ≈ 1 ps) by means
of the Arrhenius law. In order to assign a physical meaning to
this activation barrier, we emphasize the thermal history of the
sample. Given that the nucleation step mainly took place during
the preannealing at 190 K, it seems plausible to assume that
crystals grew from an almost constant density of pre-existing
nuclei. Therefore, despite the fact that, in general, the overall
crystallization time depends on both nucleation and growth,
here we report data that are mostly associated with the crystal
growth part. In this scenario and under the framework of the
JMAK model, the crystallization time τcrys is inversely
proportional to the crystal growth rate U (τ ∝

Ucrys
1 ).15

■ DISCUSSION

Our results indicate that glycerol crystallizes into the standard
orthorhombic phase with a crystal growth kinetics that slows
down as the temperature approaches Tg. Taking into account
the thermal history of the sample and the combination of
results from the Avramov and Maxwell−Wagner analyses,
glycerol’s crystals probably grow as spherical or disc-shape
particles homogeneously distributed across the liquid matrix,
along with some planar growth fronts.
Numerous studies have recently focused on the microscopic

origin of metastable phases formed in the supercooled regime,
normally characterized by distinct structural, dynamic, and
thermodynamic properties to those of the supercooled liquid
and crystalline phases.39−41 The transformation of supercooled
liquids into solid glacial phases or the existence of liquid−liquid
transitions has been proposed in a great variety of systems,
from pure inorganic liquids to water. As a general feature, these
liquids show the ability to create locally favored aggregates
cooperatively.42 The formation of these locally favored
structures competes against crystallization and has been
predicted by the theory of frustration-limited domains.43

Whether or not these locally favored structures are behind
the origin of the so-called glacial phase in systems, such as n-
butanol and tryphenyl phosphite, is still a matter of
debate.5,40,43,44 Our data do not support that liquid glycerol
transforms into a glacial or partially disordered phase. By
careful control of the experimental conditions and preparing
always the sample following the same protocol, we have tried to
minimize as much as possible external effects on the sample
behavior that could compromise the reproducibility of the
presented results. As we have reported in a recent publication,
we only observed a rare event in which the glycerol’s
crystallization was aborted at the very late stages.10 We
therefore believe that, in the case that glycerol formed a glacial

Figure 7. Fit of eq 5 (red solid lines) to the experimental data (○)
during the transformation of liquid glycerol into the crystalline phase
at 230 K. Crystallization time advances from top to bottom. Snapshots
every 3 h approximately. The inset displays the evolution of the
crystalline volume fraction as a function of the dielectric strength
according to models A (linear combination of amorphous and
crystalline domains, eq 1) and D (Maxwell−Wagner effect, eq 5).

Figure 8. Characteristic crystallization time against reciprocal
temperature. Solid line represents the fit of the experimental data to

the Arrhenius equation τ τ= ( )exp E
RTcrys 0

a . Here, Ea is an activation

energy, R is the gas constant, and τ0 is a pre-exponential factor with ps
time scale.
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phase, it would simply be the result of the frustration of the
growing of the standard orthorhombic lattice.
A great effort has been recently done to disentangle the

distinct role played by dynamics and thermodynamics during
nucleation and crystal growth.3,45 As we have mentioned
before, the experimental protocol we used to force glycerol to
crystallize is consistent with the formation of crystals that grow
mainly from pre-existing nuclei. According to the classical
theory of crystallization,3,46−51 the characteristic time of crystal
growth can be simplified as

τ =
− − −Δ Δ⎡

⎣⎢
⎤
⎦⎥( ) ( )

T
A

( )
1 exp expG T

k T
E T
k T

crys
( ) ( )

b b (6)

where A is a factor that depends on the type of crystal growth
mechanism and the density of crystal nuclei, ΔG is the
thermodynamic driving force, and ΔE is the activation energy
for transport across the liquid/crystal interface. ΔE, whose
maximum value is normally reached near Tg, governs the short
distance diffusion of the crystallizing elements across the phase
boundary and is therefore determined by the self-diffusion
coefficient. The kinetic contribution to the crystal growth rate
(second exponential in eq 6) is explicitly modulated by a scale
factor which accounts for the probability that a molecule has
the proper conformation to be accommodated onto the
crystalline surface.
We do not monitor the self-diffusion coefficient directly, but

a related property, namely, the dielectric α relaxation time. The
Debye model predicts the following proportionality between
viscosity η and α relaxation time τα:

52,53

τ π η
=

α

k T
r

1 2
8

b
3

(7)

being r a hydrodynamic radius. Known as Debye−Stokes−
Einstein (DSE), this relation holds to a certain degree in
glycerol for large variations in τα and η.54 In Figure 9 we
compare both our dielectric τα and the viscosity data extracted
from the article by Schröter and Donth54 with the crystal
growth time τcrys. We observe almost the same correlation. The
coupling coefficient is quantified as the slope of the linear
dependence of log(τα) or log(η) with log(τcrys).

2,7 The linear

fits in Figure 9 yield coupling coefficients with values of 0.75
and 0.74 for τα and viscosity respectively, revealing a
connection between the structural relaxation time (viscosity)
and the kinetics of crystal growth. Typically, in organic
molecular liquids the coupling coefficient takes values between
0.3 and 0.9.1,2,7,38,55−57

The extent to which the crystal growth rate decouples from
viscosity was empirically correlated with the dynamic fragility in
both organic and inorganic systems by Ediger and co-workers.2

It was proposed that the coupling coefficient ξ and fragility m
are related by the following linear dependence ξ = 1.1 −
0.005m.2 Our coupling coefficient matches reasonably well with
this expression since the predicted value is around 14% higher
than the observed one shown in Figure 9. For this estimation
we have used an isobaric fragility index of 48.10 This
interrelationship indicates that the decoupling between
viscosity and crystal growth rate is principally due to the
intrinsic nature of the liquid relaxation. Similarly, a connection
between the dynamic fragility and the crystalline nucleation rate
was postulated for polymeric systems.9

However, considering that in the classical picture of crystal
growth, molecular diffusion is behind the energy barrier to
transport of molecules across the phase boundary (second
exponential of eq 6), we expect a deeper correlation between
τcrys and self-diffusion coefficient in comparison to τα or η. With
this purpose, we have estimated the self-diffusion coefficient of
glycerol by means of the fractional Stokes−Einstein relation:

π η
= γD

k T
r6

b

(8)

To compute the values of D, we have used the shear viscosity
data by Schröter and Donth54 and the hydrodynamic radius
(0.145 nm) reported by Chen and co-workers.58 The fractional
exponent γ in eq 8 determines the decoupling between viscosity
and diffusion (violation of the Stokes−Einstein relation)
normally observed in viscous liquids near Tg. By NMR
experiments, Mallamace et al. have recently found that γ
takes a constant value of 0.85 in water−glycerol mixtures in a
wide range of compositions.59 In fact, these authors argue that
this value of 0.85 shows a universal character in a broad
spectrum of liquids, although different values can be found in
the literature.38,60,61 By using γ = 0.85, in Figure 10 we show
the evolution of the characteristic crystal growth time as a
function of the self-diffusion coefficient for pure glycerol. The
coupling coefficient now takes a value of −0.85 as indicated by
the slope of log(τcrys) vs log(D) . We must stress that for
glycerol the experimental values of D are unknown in our
temperature range of interest. Thus, we assume the reported
fractional exponent that relates viscosity with diffusion as D ∝
η−0.85 also holds between 220 and 240 K.
The correlation between τcrys and D is even stronger when

the observed data are corrected for the thermodynamic
component of eq 6. Thus, by multiplying the observed τcrys

by − − Δ⎡
⎣⎢

⎤
⎦⎥( )1 exp G T

k T
( )

b
, the kinetic part of the crystal growth

time is derived.2 It is commonly assumed that the Gibbs free
energy difference between the crystal and liquid phases ΔG(T)
can be rewritten as the product of the corresponding entropy
difference at the melting point ΔSm62,63 and the undercooling
ΔT.2,3,35 In this way, the kinetic part of the characteristic crystal
growth time τcrys* is given by

Figure 9. Evolution of the characteristic crystallization time on a
double x-axes representation against τα (α relaxation time) and shear
viscosity (data from ref 54). Solid lines represent linear fits.
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τ τ* = − −
Δ Δ⎡

⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦
⎥⎥T

S T
k T

( ) 1 expcrys crys
m

b (9)

In Figure 10, we see that log(τcrys* ) also shows a linear
dependence with log(D), whose slope is −0.88. It is worth
noting that, as temperature decreases, the kinetic part of the
crystal growth rate converges with the observed values,
corroborating that near Tg the thermodynamic driving force
has less and less influence on the kinetics of crystal growth.
Even though we demonstrate that the thermodynamic driving
force slightly varies during our explored temperature range, it is
important to note that the factor A in eq 6 could be
temperature-dependent. For flat liquid/crystal interfaces that
growth laterally, A depends on both the thermodynamic driving
force and the surface tension of the liquid/crystal interface.
According to Jackson64 and due to its high entropy of melting
(ΔSm > 4R),2 glycerol is expected to show a flat liquid/crystal
interface growing laterally either by screw dislocation or surface
nucleation growth.3,49 Given this specific mechanism of crystal
growth expected for glycerol, the term A probably varies over
the temperature range explored. Therefore, along with other
variables discussed above, this reasoning might explain the
departure from a full correlation between self-diffusion
coefficient and crystal growth time revealed in the present
paper.
Regarding the poor crystallization ability of supercooled

glycerol, different arguments proposed that a high value of ΔSm
hinders the tendency to crystallize. On one side, the probability
that a liquid fluctuation fails to accommodate properly onto the
surface of the growing crystal is higher the more ordered the
crystal is with respect to the bulk liquid.2,65 On the other side,
at least for atomic systems, it was suggested that the interfacial
free energy is directly proportional to the entropy of
melting.3,66 Because of the distinct impact of the interfacial
free energy on the kinetics of nucleation and growth, a large
value of the surface tension increases the temperature gap
between the maximum of nucleation and growth rates, in such a
way the crystallization process takes places less easily.
In spite of its poor crystallization ability, we demonstrate that

glycerol does not form solid structures resembling those
created in glacial phases, at least on a regular basis in the
temperature range explored here.

■ CONCLUSION

An appropriate thermal protocol allowed us to control the
nucleation and crystal growth in glycerol near Tg. Our results
are consistent with the transformation of liquid glycerol into
the standard orthorhombic state, and we do not find any
evidence suggesting that it transforms into a peculiar solid
phase with distinct structural or mechanical properties. As we
have recently reported,10 in one single case we observed a rare
event in which the transformation into the crystalline state was
frustrated at the very late stages. A subtle balance between
kinetic and thermodynamic effects may explain the occurrence
of sporadic aborted crystal growth phenomena with total lack of
reproducibility.39 The existence of glycerol’s solid phases with
lower values of the shear modulus than that for the standard
crystalline phase as reported by Möbius and colleagues12 could
be explained by these random aborted crystallization processes.
We have also determined a strong dependence of the

molecular mobility in the kinetics of crystal growth. We find a
scaling exponent of −0.85 when the characteristic crystal
growth time is plotted against the self-diffusion coefficient in a
log−log representation. A perfect coupling between crystal
growth time and diffusion would render values of the coupling
coefficient very close to −1.
We did not study the crystallization at low temperatures, that

is, below 1.19Tg. It therefore remains a possibility that the
frustrated crystalline phase could form with higher reproduci-
bility in this range. However, it is worthy to remark that the
transformation of liquid glycerol into the crystalline phase
below 1.19Tg is expected to be completed after extremely long
waiting times. Nonetheless, dielectric and/or diffraction
experiments on the whole crystallization process in deeply
supercooled glycerol will be certainly of future interest.
We must also stress that our conclusions could be slightly

altered in case these experiments were repeated in different
sample environments. We have already mentioned that
crystallization is a complex phenomenon in which many factors
play a simultaneous role, including the physical interaction
between sample and container which could make samples
exhibit a different behavior.5 Exploring the crystallization of
glycerol samples enclosed by different kind of containers is an
interesting avenue for future research.
One limitation of dielectric spectroscopy is that it only

provides indirect information on the structural development.
To overcome this drawback and obtain a full picture of
glycerol’s crystallization from structural and dynamic points of
view, in future studies we propose the utilization of the
combined neutron diffraction-dielectrics cell developed by one
the authors which was successfully employed for crystallization
studies in monohydroxy alcohols.23,25,34,67

In summary, supercooled glycerol transforms into the
crystalline state via nucleation and crystal growth without
significant modifications of the structural dynamics in the
remaining liquid phase during the whole process.10 Moreover,
we now show evidence of the relation between different
dynamic properties of the bulk liquid (relaxation time, viscosity
and diffusion) and the kinetics of crystal growth. There is not a
perfect correlation between the self-diffusion coefficient and the
characteristic time of crystal growth, even when the observed
values are corrected from the thermodynamic contribution,
although several arguments have been presented above that
could explain this. Nevertheless, the data we show here indicate
that molecular mobility of glycerol, not solely, is the principal

Figure 10. Experimentally observed crystal growth time as a function
of the estimated self-diffusion coefficient (eq 8). The graph also
displays the crystal growth time corrected for the thermodynamic
driving force (eq 9). Dotted and dashed lines correspond to the linear
fits of the observed and corrected data, respectively. The red solid line
represents an scaling with slope −1 as a reference.
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factor governing its crystal growth above but close to Tg. Given
the information we reveal about the dynamics−structure
interrelationships during nucleation and crystal growth, the
implications of our study are mainly related to fundamental and
practical questions of the crystallization phenomenon. More-
over, our research also offers new insights about the liquid’s
dynamics of one the most archetypal glass-forming systems.
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(54) Schröter, K.; Donth, E. Viscosity and shear response at the
dynamic glass transition of glycerol. J. Chem. Phys. 2000, 113, 9101−
9108.
(55) Zhou, D.; Zhang, G. G. Z.; Law, D.; Grant, D. J. W.; Schmitt, E.
A. Thermodynamics, Molecular Mobility and Crystallization Kinetics
of Amorphous Griseofulvin. Mol. Pharmaceutics 2008, 5, 927−936.
(56) Bhardwaj, S. P.; Arora, K. K.; Kwong, E.; Templeton, A.; Clas,
S.-D.; Suryanarayanan, R. Correlation between Molecular Mobility and
Physical Stability of Amorphous Itraconazole. Mol. Pharmaceutics
2013, 10, 694−700.
(57) Korhonen, O.; Bhugra, C.; Pikal, M. J. Correlation between
molecular mobility and crystal growth of amorphous phenobarbital

and phenobarbital with polyvinylpyrrolidone and L-proline. J. Pharm.
Sci. 2008, 97, 3830−3841.
(58) Chen, B.; Sigmund, E. E.; Halperin, W. P. Stokes-Einstein
Relation in Supercooled Aqueous Solutions of Glycerol. Phys. Rev. Lett.
2006, 96, 145502.
(59) Mallamace, F.; Corsaro, C.; Mallamace, D.; Vasi, S.; Vasi, C.;
Stanley, H. E. Some considerations on the transport properties of
water-glycerol suspensions. J. Chem. Phys. 2016, 144, 014501.
(60) Adrjanowicz, K.; Kaminski, K.; Tarnacka, M.; Szutkowski, K.;
Popenda, L.; Bartkowiak, G.; Paluch, M. The effect of hydrogen
bonding propensity and enantiomeric composition on the dynamics of
supercooled ketoprofen - dielectric, rheological and NMR studies.
Phys. Chem. Chem. Phys. 2016, 18, 10585−10593.
(61) Swallen, S. F.; Bonvallet, P. A.; McMahon, R. J.; Ediger, M. D.
Self-Diffusion of tris-Naphthylbenzene near the Glass Transition
Temperature. Phys. Rev. Lett. 2003, 90, 015901.
(62) Gibson, G.; Giauque, W. The third law of thermodynamics
evidence from the specific heats of glycerol that the entropy of a glass
exceeds that of a crystal at the absolute zero. J. Am. Chem. Soc. 1923,
45, 93−104.
(63) Ediger, M.; Angell, C.; Nagel, S. Supercooled liquids and glasses.
J. Phys. Chem. 1996, 100, 13200−13212.
(64) Jackson, K. Kinetic Processes; Wiley-VCH: Weinheim, 2004.
(65) Burke, E.; Broughton, J. Q.; Gilmer, G. H. Crystallization of fcc
(111) and (100) crystal-melt interfaces: A comparison by molecular
dynamics for the Lennard-Jones system. J. Chem. Phys. 1988, 89,
1030−1041.
(66) Spaepen, F. Structural model for solid-liquid interface in
monatomic systems. Acta Metall. 1975, 23, 729−743.
(67) Sanz, A.; Nogales, A.; Puente-Orench, I.; Jimeńez-Ruiz, M.;
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