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The isothermal cold-crystallization of the glass-former low-molecular-weight compound, ethylene glycol
dimethacrylate (EGDMA), was monitored by real-time dielectric relaxation spectroscopy (DRS) and differential
scanning calorimetry (DSC). The a-relaxation associated with the dynamic glass transition as detected by
DRS was followed at different crystallization temperatures, 7, nearly above the glass transition temperature,
176 K (1.06 = T./T, < 1.12). It was found that the a-process depletes upon cold-crystallization with no
significant changes in either shape or location. At advanced crystallization states, a new relaxation, o’-process,
evolves that was assigned to the mobility of molecules lying adjacent to crystalline surfaces. From the time
evolution of the normalized permittivity, it was possible to get kinetic information that was complemented
with the calorimetric data. From DSC measurements that were also carried out under melt-crystallization, an
enlarged temperature range was covered (up to 7./T, = 1.24), allowing us to draw a diagram of
time—temperature crystallization for this system. Dielectric relaxation spectroscopy proved to be a sensitive
tool to probe the mobility in the remaining amorphous regions even at high crystallinities.

Introduction

In a previous work,! it was shown that ethylene glycol
dimethacrylate (EGDMA), used as a cross-linking agent in
dental restorative composites>* and ophthalmic applications,*’
can be obtained as a fully amorphous glass or in a nearly fully
crystalline state, depending on thermal treatment to which it is
subjected. Crystallization was observed as occurring from both
molten (melt-crystallization) and glassy (cold-crystallization)
states.

It was observed that crystallization is easily avoided for
n-ethyleneglycol dimethacrylates, with 2 < n < 4, allowing us
to classify these materials as molecular glass formers.®” The
respective dielectric characterization revealed, besides the
o-relaxation process associated with the dynamical glass transi-
tion, two secondary relaxations, 5 and y, on decreasing order
of temperature. The dynamical behavior of EGDMA (n = 1)
fits in the trend of their counterparts, finding that: (i) the onset
of calorimetric glass transition increases with the number of
ethylene glycol moieties (7, = 176, 181, 187, and 190 K,
respectively, for n = 1 to 4), the same happening with the
o-process that shifts to higher temperatures with n increasing;
(ii) the faster y-process is independent of the size of the ethylene
glycol group; and (iii) the S-relaxation slightly shifts to higher
relaxation times with the increase of n.!"’
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Due to the ability of EGDMA to crystallize, its real-time
isothermal crystallization can be monitored by both differential
scanning calorimetry (DSC) and dielectric relaxation spectros-
copy (DRS). Both techniques were used to monitor isothermal
cold-crystallization at several temperatures, 7., nearly above
the glass transition temperature (7/T, within the range 1.06 to
1.12). Furthermore, DSC has been applied to follow the
crystallization from the melt (188 K < T, < 218 K).

Usually, dielectric spectroscopy monitors isothermal crystal-
lization through a reduction of the dielectric strength of the
a-relaxation in either polymers like PET,*? PLLA,'%"3 and
polycarbonate/poly(e-caprolactone) blends'* or low molecular
weight materials such as isooctyloxycyanobiphenyl' and tri-
phenyl phosphite.'® For EGDMA, with the progress of crystal-
lization, the a-process depletes with no significant changes either
in position or in shape.! A similar behavior is reported for the
time evolution of the o-relaxation during crystallization in other
low molecular weight materials, namely, isooctyloxycyanobi-
phenyl'> and pharmaceutical drugs.'”'® Nevertheless, the in-
variance in the peak position under crystallization is not
universal, e.g., in sorbitol.'”” In a terephthalic acid dipropyl
ester,?’ changes in peak position are reported to lower frequen-
cies, while in 2-propanol a shift to higher frequencies (at
crystallinities lower than 80%)>?'*? and to lower frequencies from
80% onward has been observed.?

It was found previously' that another relaxation process
evolves in the low-frequency flank of the EGDMA a-peak,
designated o', when advanced crystallization stages are attained.
The appearance of the a’-relaxation process is common in
semicrystalline polymers being attributed to the relaxation of a
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highly confined amorphous fraction located within the spheru-
lites and on their surfaces: a rigid amorphous region.%!2:13.23-26
Thus, semicrystalline polymers are usually considered as three
phase systems: a more mobile amorphous region, a constrained
amorphous fraction, and a crystalline phase. Although low
molecular weight materials have different crystal morphology
and crystal growth, under certain conditions, the evolving of a
new relaxation process is also reported upon isothermal crystal-
lization, e.g., sorbitol!® and terephthalic acid dipropyl ester.?

The present work envisages being a further contribution
concerning crystallization behavior of low molecular weight
glass formers. Moreover, the kinetics of isothermal crystalliza-
tions will be analyzed. The kinetic behavior is often investigated
by the classical Avrami law?’ which, in a double logarithmic
plot, linearizes the time dependence of the crystallinity degree.
However, such a plot does not hold for the entire range, and
deviations from linearity are observed at longer times attributed
to crystal impingement affecting the rate of crystal growth.?-3°

Therefore, the direct fit to the normalized real dielectric
permittivity, &'x(7), provided by DRS and of the normalized
enthalpy extracted from DSC, will be used to describe the
crystallization kinetics of EGDMA, allowing us to extract
several parameters as the constant rate, k, and the characteristic
time, 7., for crystallization taking as start values the ones found
by the approach recently proposed by Avramov et al.’! This
data analysis also takes in account the induction time for
crystallization, 7,, being more sensitive to changes in the time
scale of 7..%?

EGDMA, which shows simultaneously a high intense dielec-
tric o-relaxation and propensity to crystallize, proved to be a
good candidate to study the crystallization process through the
mobility of the coexistent amorphous fraction.

Experimental Section

Materials. Ethylene glycol dimethacrylate (EGDMA) with
structure:

was supplied by Aldrich, cat. nbr. 33,568-1, MW = 198.22, 98%
assay, and used as received. The purity of the compound was
verified by 'H NMR revealing the presence of only dimethacrylate-
substituted ethyleneglycol, with no evidence of byproducts.!
EGDMA has an intense dielectric response due to its large dipole
moment, 5.3—5.4 D, as estimated for the isolated molecule.?

Dielectric Relaxation Spectroscopy. Dielectric measure-
ments were carried out using the ALPHA-N impedance analyzer
from Novocontrol GmBH. A drop of EGDMA was placed
between two gold-plated electrodes (diameter 20 mm) of a
parallel plate capacitor, BDS 1200, with two silica spacers, 50
um thick. The sample cell was mounted on a cryostat, BDS
1100, and exposed to a heated gas stream being evaporated from
a liquid nitrogen Dewar. The temperature control is assured by
the Quatro Crysosystem and performed within + 0.5 K.
Novocontrol supplied all these modules.

To monitor isothermal cold-crystallization, the sample was

previously cooled from room temperature to 153 K at 11 Kemin ™',
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The respective isochronal plots of both ¢” and ¢” allowed checking
the status of the sample confirming that no crystallization occurred.
The & trace is especially sensitive to crystallization showing a
marked fall due to the transformation from isotropic liquid to
crystal.**3> No such feature was found during the cooling runs; an
illustrative plot is shown in ref 1.

Then, the sample was rapidly heated to the cold-crystallization
temperature, T, (187, 189, 191, 193, 195, and 197 K) to avoid
the growth of crystals. At T, successive frequency sweeps from
0.7 Hz to 1 MHz were collected every 90 s during two hours
(for T, = 187 K, the collection time was extended to 4 h due
to the observed slowness of crystallization). Between different
isothermal crystallization measurements, the sample was heated
to 298 K, deeply in the molten state, to erase its thermal history
and eliminate all crystalline nuclei.

X-ray Diffraction. The isothermal cold-crystallization at 193
K was also monitored by X-ray diffraction. An Enraf-Nonius
X-ray generator with copper anode (Cu Ka X-ray radiation)
and a graphite monochromator were used. The rotating anode
generator was operating at 4.5 kW. An imaging plate (a mar300
system from MAR-Research) was used as an X-ray detector.
The EGDMA sample was placed in a nylon loop (1.0 x 0.6
mm) and cooled to 153 K at a rate of 6 K-min~! and then heated
to 193 K at a heating rate of 6 K-min~'. X-ray diffraction
patterns were collected every 12 min while the sample was kept
at 193 K during 3 h. The sample was submitted to an X-ray
exposure time of 10 min while rotating 360° in a direction
perpendicular to the X-ray beam, during each scan.

Differential Scanning Calorimetry. DSC was performed
using a Perkin-Elmer Pyris 1 apparatus (melt crystallization
experiments) and a Mettler 823E (cold crystallization). Tem-
perature was calibrated by using zinc and indium. The melting
heat of indium was used for calibrating heat flow.

To monitor isothermal cold-crystallization, the sample was
cooled from 298 to 153 K at 20 K-min~!, allowing for
equilibration, and then the temperature jumped to the crystal-
lization temperature, 7., (exactly the same six temperatures
tested by DRS were monitored by DSC). In the isothermal
crystallization from the melt experiments, the sample was cooled
at 20 K-min™! from 298 K to the crystallization temperature
T, (188, 193, 198, 203, 208, 213, 218, 218.6, 219, and 223 K),
and the heat flow was recorded isothermally as a function of
time.

Results

X-ray Diffraction. Figure 1 shows snapshots of X-ray diffrac-
tion patterns collected at several different crystallization times at
193 K. At 7, = 0 min, only the amorphous halo is observed
confirming that the sample is in the supercooled state. The sample
in the nylon loop is totally transparent. Debye—Scherrer rings
emerge as crystallization is occurring, which are clearly visible in
the image taken at 28 min (second image from the top). The
number and definition of the rings increases with the progress of
crystallization. After 2 h, no more changes were observed in the
diffraction patterns. The evolving of the Debye—Scherrer rings is
in reasonable agreement with the observed decrease of the dielectric
permittivity at 7o, = 193 K as described next.

Real-Time Dielectric Measurements during Cold-Crystal-
lization. Figure 2 shows the real-time evolution of the dielectric
loss during the isothermal cold-crystallization process for the
six different temperatures studied. The respective real part (not
shown) in the low frequency range is frequency independent,
which can be taken as an indication that each frequency sweep
is carried out in a time short enough to preserve the sample in
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Figure 1. Snapshots of X-ray diffraction pattern at 193 K upon
isothermal cold-crystallization taken at different crystallization times.
From the top: 0, 28, 73, and 120 min; after 120 min no further changes
were observed.

an isostructural state.'” The insets present the time dependence
of the real permittivity at 1 Hz.

At the earliest stages of crystallization, all spectra exhibit an
intense a-peak associated with the dynamical glass transition,
however, being influenced by the secondary y-process in the
high frequency flank. While crystallization progresses, three
main features are observed: (i) the intensity of the o process
reduces with the increase of crystallization time concomitantly
with a decrease in the increment of the real part of the complex
permittivity (not shown); (ii) the o peak does not show any
significant changes in either position or shape; and (iii) for 7,
> 191 K, at high crystallization degrees another relaxation
process evolves in the low frequency flank of the a-peak,
designated as o’. Under certain conditions when crystallization
is carried out at 193 K, the f-relaxation can also persist with
the a’-process after the complete extinction of the o-relaxation
as reported in ref 1.

To analyze the dielectric response in more detail, the model
function introduced by Havriliak—Negami*® was fitted to the
experimental data. Because multiple peaks are observed in the
available frequency window, a sum of HN-functions is employed

A,
e =e.+ D, b (1)

T+ (it
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where j is the index over which the relaxation processes are
summed; A¢ is the dielectric strength; 7y is the characteristic
HN relaxation time; and oy and Sy are fractional parameters
(0 <oyn = 1 and 0 < aynfun = 1) describing, respectively,
the symmetric and asymmetric broadening of the complex
dielectric function.’”

For crystallization carried out at 7, = 191 K, eq 1 was fitted
to the dielectric spectra considering three relaxations: (i) the
main relaxation, which is the major contribution in the first
crystallization times, (ii) the y-relaxation that becomes important
when the o-relaxation is significantly depleted, and (iii) the
relaxation located in the low frequency side of the a-process
identified as o’. After several tentative fitting analyses, it was
concluded that during isothermal crystallization only the
dielectric strength of the three relaxations and the aun shape
parameter of the o-process change; the fixed parameters for each
T, are summarized in Table 1. Figure 3 illustrates the time
dependence of Ae for the three considered processes for
crystallization carried out at 197 K.

While for crystallization temperatures above 193 K the a-peak
is completely extinguished, it persists when crystallization is
carried out at lower temperatures. At 189 and 187 K, the slower
evolution of crystallization did not allow observing the emer-
gence of the third process, and consequently, only two HN were
considered in the data treatment.

The variation of the reduced dielectric strength Ag, with the
crystallization time can be used to estimate the crystallinity
degree (), considering that the relaxation intensity is propor-
tional to the amount of noncrystalline phase.** Thus, the time
dependence of the degree of crystallinity for T, < 193 K was

estimated from the normalized dielectric strength according
t0!7:20.22

Ae (1)
Aal) =1 — ——— (2)
Ae (t = 0)

Since, for T,, = 191 K a third process is detected, the dielectric
strength of the remaining amorphous phase should account for
the contribution of both bulk-like (o-process) and constrained
(a-process) amorphous fractions. Several authors have shown
that this process, mainly observed in polymers, as mentioned
in the Introduction, should be taken into account through Aeq4o/
to agree with the structural development evaluated by the
magnitude of properties estimated independently such as SAXS
and WAXS,'**® WANS,* and the reduced intensity of the
secondary f-process.*” Therefore, Agy+(, shown in Figure 4a,
describes more properly the global crystallization process and
consequently the decrease of total amorphous region, being the
quantity considered to estimate the crystallinity degree, )., in
eq 2.

The time dependence of the crystallinity degree, ¥.., is shown
in Figure 4b (full circles). It attains a value close to unity for
the four highest temperatures. A value near below 0.6 is reached
for T., = 189 and 187 K; however, in the latter, a crystallization
time two times longer was necessary to achieve the same value
of ¥ (not shown).

Alternatively, the progress of crystallization can be analyzed
from the normalized real permittivity!'>-3234

A (ORRA0)

/ / G)
€(0) — €(e)

S,N(t)
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Figure 2. Real-time DRS monitoring of EGDMA isothermal cold-crystallization carried out at different temperatures during 2 h: the illustrated
dielectric loss spectra were collected every 3 min. Inset: Time evolution of the real permittivity at 1 Hz during crystallization.

where €’(0) is the dielectric permittivity at the start of the
crystallization; &’(e) is the long time limiting value; and &’(7)
is the value at the allowed time for crystallization, ¢. Since &'y
is independent of a model function, the good agreement
observed between &’y and y., (see Figure 4b) can be taken as a
validation of the way the HN function was fitted to the complex
permittivity. Figure 4c is the semilogarithmic plot of &’y that
will be analyzed later.

A widespread treatment in the literature to analyze the trans-
formation from the disordered amorphous into the ordered crystal-
line phase at a fixed temperature is the Avrami model.”’*'? In
this treatment of the isothermal crystallization kinetics, different

nucleation and growth mechanisms have correspondingly different
time dependences of the crystallization rate that can be modeled
by the Avrami law,?’ which in terms of &’y reads

&N =1 — exp(—ki") 4)

where k is a temperature-dependent rate constant and n is the
Avrami parameter that can take values between 1 and 7 depending
on nucleation type and crystal growth mechanism.!>¥+* A plot of
In[—In(1 — &n(2))] vs In ¢ (linearization of eq 4) is shown in Figure
5 for all tested temperatures. As mentioned previously in the
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TABLE 1: HN Fitting Parameters That Were Fixed during the Fitting Procedure of Data Corresponding to the Isothermal
Cold-Crystallization of EGDMA at the Crystallization Temperatures 7., Indicated Inside”

’

o o y

T [K] OHN Bun TaN/s OlHN Bun an/S OHN Bun TaN/S
187 0.95 0.49 2.5 1073 - - - 0.42 0.44 7.3 1073
189 0.95 0.48 8.1 107 - - - 0.42 0.44 5.5 1073
191 0.95 0.48 2.8 107 0.23 1.00 1.33 0.42 0.44 4.0 1073
193 0.96 0.45 1.1 107 0.22 1.00 0.93 0.42 0.44 3.1 1073
195 0.96 0.47 4.0 1073 0.21 1.00 0.65 0.42 0.44 2.3 1073
197 0.96 0.47 (1.3+£0.3) 1073 0.24 1.00 0.46 0.42 0.44 1.8 1073

“For T, = 193 and 195 K, a reasonable fit was only achieved when the oyn parameter was allowed to vary within the indicated limits.
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Figure 3. Time dependence of the dielectric strength obtained by fitting
a sum of HN functions to the data during isothermal cold-crystallization
at 197 K: filled circles correspond to the a-relaxation (left axis) and
open circles to o’- and crossed circles to y-process (right axis). Lines
are guides for the eyes. In the inset, the spectrum collected after 24
min of crystallization at 197 K is shown: individual HN functions are
represented as dotted lines and the overall HN fit as a solid line.
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Introduction, the Avrami plot does not hold for the entire time
range: data concerning the highest temperatures at which isothermal
crystallization was monitored reveal a change of slope, the flat
region at longer times corresponding to an invariant crystallization
degree achieved.

The Avrami equation can be rewritten taking in account f,
the induction time preceding crystallization and a characteristic

time for the isothermal crystallization, t.>"3"*

, t—t,\"
gy =1 —exp[—( . )]

where &'x(7) is the fraction transformed in the crystalline phase
at time (¢) and 7, is obtainable from the Avrami parameters by
the relationship 7., = k~'"". Equation 5 is the basis of a modified
method of data analysis proposed by Avramov et al.?! which is
more sensitive to the changes in the time scale of 7, avoiding
problems due to a noncorrect evaluation of #, or lack of thermal
stability in collecting the first experimental points.*?

To estimate 7., eq 5 was directly fitted to &'x(7) data having
also as fitting parameters fy and n; for iteration, the starting
values of 7y and n were obtained graphically according the
modified Avramov analysis.’!*? In Figure 4b, it is shown as
solid lines how &'x(7) (full circles) is well described by eq 5 in
all time ranges, and Figure 4c enhances the agreement obtained
for the shortest times in a semilogarithmic plot, being especially

)

sensitive to the value of the induction time. The estimated
quantities are included in Table 2. In general, it is observed
that ¢, and 7., increase with decreasing T, which will be analyzed
in more detail later, and n presents slightly higher values for
the lowest temperatures.

Calorimetric Studies. To allow a comparison with dielectric
experiments, cold crystallization isotherms were recorded by
DSC. Figure 6a shows the respective cold crystallization
thermograms.The integration of the experimental thermograms
allowed calculating the normalized crystallization enthalpy
(Ahe(t)/Ah(t=29)), as a function of crystallization times (inset
of Figure 6a). This quantity corresponds to the fraction
transformed in the crystalline phase at time (f), allowing an
identical analysis as done for DRS (eq 5). The solid lines in
the inset of Figure 6a represent the model calculated curves for
which corresponding Avrami parameters are listed in Table 3.

Isothermal crystallization from the melt conducted between
188 and 223 K was also followed calorimetrically; at 219 and
223 K no crystallization peak was detected during 200 min of
measurement (the heat flow was constant over this period). Only
some of the curves collected below 219 K are shown in Figure
6b for clarity. The exothermal heat flow against time shows a
symmetric peak (as found in cold-crystallization) in the tem-
perature range between 188 and 213 K, but above this
temperature the shape of the exotherm is quite irregular. The
time of the onset of melt-crystallization (Z,ps), i.€., at which
the peak shows up, shifts toward lower times between 188 and
213 K, and then starts increasing again up to 218.6 K as shown
in the inset of Figure 6b. The plot evidences the existence of a
minimum, i.e., maximum crystallization rate at around 213 K.

The crystallization exotherm from the cold-crystallization
recorded at 193K (curve c) is included in Figure 6b to allow a
comparison. This exothermal peak appears slightly shifted
toward shorter times with respect to melt-crystallization (curve
m) due to nucleation taking place in the former during cooling
to 153 K previous to the isothermal crystal growth. The position
of the onset of cold-crystallization curves is included in the inset
of Figure 6b.

After each isothermal treatment, a heating scan at 10 K+min~
was recorded showing the melting peak with a shape and
location independent of the crystallization temperature (7opse
=264.8 K; Tpeax = 271.2 K). The melting endotherm peak was
only detected for those temperatures in which crystallization
occurred in the previous isothermal treatment.The crystallization
enthalpy increments, Ah,,, are presented in Table 4.

Data corresponding to crystallization at 208 K were not
included since the respective exotherm was not complete due
to the lack of heat flow stabilization before the onset of
crystallization making very uncertain the integration of the peak.

1

Discussion

The isothermal crystallization of the EGDMA glass former
was monitored by both DRS and DSC techniques. The obtained
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Figure 4. (a) Time evolution of the dielectric strength, A&gtq s for
the amorphous fraction (mobile (o) and rigid (")), normalized by the
value measured for the complete amorphous state A&y (intensity of
the o-relaxation observed for crystallization time ¢+ = 0). Cold-
crystallization at 187 K was followed during 4 h. For T, < 193 K, the
o-process was not observed, thus Aeg o, = Agy,, the dielectric strength
of o-relaxation (for more details see text). (b) Time dependence of the
crystallinity degree, x.. (open circles), estimated from the dielectric
strength (eq 2) and normalized real permittivity, &'y (full circles). Solid
lines are fits to ¢’y data using eq 5. (¢) Semilogarithmic plot of ¢’y in
function of time evidencing how well eq 5 describes data for the initial
times and its sensitivity to the induction time.

results demonstrate that EGDMA is able to crystallize from both
glassy and molten states. X-ray patterns confirmed the occur-
rence of cold-crystallization.

The magnitude of the o-relaxation continuously decreases
upon isothermal crystallization without changing its position.
This insensitivity of the relaxation time suggests that the domain
size of the cooperative motion underlying the dynamic glass
transition is sufficiently small relative to the distance between

Viciosa et al.
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Figure 5. Avrami plot of the normalized real dielectric permittivity
&’y for all the cold-crystallization temperatures reported in Figure 4.

TABLE 2: Kinetic Parameters Obtained from the Fit of
Equation 5 to the Normalized Dielectric Permittivity Data,
&', for the Cold-Crystallization Temperatures T..,*

T./K to/s Tods n kis™"

187 1430 +£274 13700 & 200 3.0£02 389 x 10713
189 855 46 6660 + 43 248 £0.02 328 x 1071
191 256 + 61 3413 £ 65 2314+0.05 497 x107°
193 138 £ 50 1459 £ 56 1.60 £0.07 1.36 x 107°
195 32+3 879 £ 4 1.724+£0.01 2.85x 107°
197 22 £8 487 £ 8 1.924+0.04 1.15x 107°

“k is the temperature-dependent rate constant that verifies the
relation 7, = k7.

crystallites, so the growing crystal units do not perturb dipole
relaxation.!”*> At advanced crystallization states, only achieved
when 7., = 191 K, a new process emerges in the low frequency
flank of the a-process. This so-called o-process is generally
observed in semicrystalline polymers and some low molecular
weight materials as mentioned in the Introduction.

In many crystallized polymers, the material may become
100% spherulitic; however, only a part is crystalline, so the
amorphous fraction is constrained within the spherulites.®38
Therefore, during crystallization, the polymeric system evolutes
as a three-phase system: a more mobile amorphous region, a
constrained amorphous fraction, and a crystalline phase. In the
case of low molar mass systems, as here reported, the material
attains very high crystallinity degrees being unlikely that at the
end of crystallization a bulk constrained amorphous part could
exist within the crystallites; therefore, the relaxation detected
should be associated to the mobility of molecules lying adjacent
to crystalline surfaces.

Experimental evidence of this interface between crystals is
not as straightforward as in semicrystalline polymers where the
existence of a bulk rigid amorphous phase is established by a
reduction in the incremental step change in the heat capacity at
T, compared to what would be expected to the measured
crystalline degree, the latter determined independently.*® Nev-
ertheless, in the crystallized low molecular weight terephthalic
acid dipropyl ester,?’ a small amorphous fraction (2%) remains
after long-time crystallization, able to be detected by both DSC
and DRS revealing a shift of the glass transition to higher
temperatures; moreover, since the whole noncrystalline part
participates in the relaxation process, the authors found that the
system could be well described by the two-phase model. The
behavior was assigned to spatial confinement of the amorphous
interface between the lamellae-like crystals where a molecule
is unable to incorporate by sterical hindrance in a neighboring
crystal.
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Figure 6. (a) DSC crystallization isotherms (heat flow versus crystal-
lization time, f) of EGDMA cold-crystallized at several temperatures
T... The inset presents the normalized crystallization enthalpy (Ah.()/
Ah.(t=<)), as a function of crystallization time, at each T, and
illustrates the fit of the modified Avrami function for 7., = 191 and
189 K (gray lines). (b) DSC crystallization isotherms of EGDMA melt-
crystallized at several temperatures. Lines ¢ and m refer to cold and
melt crystallizations carried at 193 K. The inset shows the time of the
onset of the isothermal melt- (open squares) and cold-crystallization
peaks, obtained from DSC measurements, as a function of crystallization
temperature (7).

TABLE 3: Crystallization Enthalpy (Ah,) and Kinetic
Parameters Obtained from the Fit of Equation 5 to the
Normalized Crystallization Enthalpy for the
Cold-Crystallization Temperatures 7.

T./K Ahy/kJ-mol™! tols TolS n kis™

187 10.0 398 +£8 3688+8 444+0.1 1.58x 1071
189 11.5 178+ 6 1537+6 44+0.1 1.02x 107
191 10.4 17243 693+3 444+0.1 278 x 10713
193 11.4 142+4 306+4 394+0.1 831 x 10713
195 11.5 544+4 181+4 46401 4.12x 107"
197 11.5 5142 8442 42+0.1 8.66x 107°

“k is the temperature-dependent rate constant that verifies the
relation 7, = k="

It is worthwhile to mention that the relaxation strength in
crystallized EGDMA is reduced to much less than 1% of the
original a-process intensity (around 200 times) revealing much
higher crystallinity as compared with the above-mentioned low
molecular weight material, being unlikely that the remaining
noncrystalline fraction be detected/characterized by other means.
Nevertheless, the dielectric strength of both a- and o-processes
was taken into account while estimating the degree of crystallinity.

J. Phys. Chem. B, Vol. 113, No. 43, 2009 14215

TABLE 4: Crystallization Enthalpy (Ah,) and Kinetic
Parameters Obtained from the Fit of Equation 5 to the
Normalized Crystallization Enthalpy for the
Melt-Crystallization Temperatures 7"

T./K Ahy/kJ-mol™! tols TolS n kis™"

188 11.5 400 £76 2843 +£78 454+0.1 2.87 x 1071¢
193 12.0 150+ 16 362+ 14 49+0.2 2.90 x 1071
198 12.8 325437 125+£38 742 210x 1078
203 13.7 3124+17 8 +£17 5+1 213 x1071°
213 14.3 2554+17 85+£17 44+1 192x1078

“k is the temperature-dependent rate constant that verifies the
relation 7, = k="
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Figure 7. Temperature dependence of 7., obtained from the Avrami
model fit to dielectric data (7..,prs, open squares) and to DSC data:
cold-crystallization (. psc, open circles) and melt-crystallization (filled
circles).

The systematic decrease of the normalized dielectric permit-
tivity at a single frequency and the ratio Ak (t)/Ah(t=<0) were
used to compute the crystallization kinetics from dielectric and
DSC experiments, respectively. Both properties were fitted with
a modified Avrami equation allowing extracting the induction
time, f,, the time for crystallization, 7., and the Avrami
parameter n. Table 2 summarizes the fitting parameters obtained
by DRS, and Tables 3 and 4 present the respective parameters
obtained from DSC data from, respectively, cold- and melt-
crystallization.

The crystallization process is faster in DSC than in dielectric
experiments, a fact that must be ascribed to the different
geometry of the sample holders in both techniques. In the
dielectric cell, the liquid was allocated in a thin layer of around
50 um between the electrodes, while in DSC, although the
sample mass is small, the thickness of the layer is larger. The
difference in the crystallization behavior of EGDMA between
the two techniques was also found in a previous work under
the same temperature protocols.’

While the estimated induction time for cold-crystallization,
in the studied temperature interval, increases with a decrease
in temperature, for melt-crystallization that covers a more
extended temperature range, and #, generally follows the
temperature dependence observed for the experimental time of
onset for crystallization shown earlier in the inset of Figure 6b.

The temperature dependence of the estimated time for
crystallization, 7., is shown in Figure 7. The fact that, in the
temperature range of the dielectric experiments, crystallization
rate increases with the temperature increase, as also seen by
the augment of k with T, increase (Tables 2, 3, and 4), means
that both cold- and melt-crystallization are dominated by the



14216 J. Phys. Chem. B, Vol. 113, No. 43, 2009

diffusion of molecules that control crystal growth rather than
nucleation, for which the rate would decrease with increasing
Tcr~34

DSC allows a comparison of the kinetics of cold- and melt-
crystallization. The higher crystallization rate of cold-crystal-
lization compared to melt can be attributed to the formation of
additional nuclei during previous undercooling in the former
since the nucleation rate increases with decreasing temperature.
Thus, in cold crystallization, most of the crystallization nuclei
already exist at the beginning of the crystallization process.

Concerning the estimation of n that plays a key role for the
kinetics of the crystallization process accounting for the
dimensionality of crystal growth, eq 5 was directly fitted to
the time-dependent normalized real permittivity and crystal-
lization enthalpy. This procedure diminishes the importance of
the contribution of the initial stages as well as that of the stages
near the end of the process that in the conventional double
logarithmic Avrami’s plot are exaggerated going to infinity. No
significant differences were found in the n parameter determined
for cold- or melt-crystallization by DSC with values between 4
and 5, in general. On the other hand, dielectric data were well-
represented by low Avrami exponents, which in light of the
model could be interpreted as a crystal growth of low dimen-
sionality. Nevertheless, such low n values were also estimated
from dielectric data for other glass-former systems,'*!3283* even
when complementary techniques, such as optical microscopy,
show the formation of spherulites compatible with higher n
values predicted by the Avrami theory.!43*

Some authors'* claim that the transformation process is rather
complex involving simultaneously crystallization and formation
of a rigid amorphous fraction, the latter confirmed by the
existence of the a’-process as observed for EGDMA, and
therefore, the crystallization description by a simple kinetic
treatment such as the Avrami model could be inappropriate.
We also note that the n values obtained for EGDMA from
dielectric results are lower than those derived from the
calorimetric measurements, the latter consistent with a crystal
growth of higher dimensionality; nevertheless, the sample
geometry used in those techniques is different which could also
affect the growth mechanism as already mentioned. Therefore,
complementary information is needed to reach a conclusion
about the geometry of the growth.

With respect to the crystallization degree attained, it is difficult
to establish if the full crystalline state was achieved by DSC.
The crystallization enthalpy decreases with undercooling below
the melting point, T, — T, and is always lower than the melting
enthalpy (Ahy, = 20.2 + 0.6 kJ+mol™").! The reason for that is
obviously the temperature dependence of the enthalpy of the
liquid and the solid according to their respective heat capacity
¢pi and cps. Thus, assuming that the difference Ac, = ¢ — cps
is independent of temperature, the enthalpy increment of the
crystallization at temperature 7, can be written

lAhc(Tcr)l = hl(Tcr) - hs(Tcr) = hl(Tm) - hs(Tm) -
(cpp = )Ty, — Ty)  (6)

T being the equilibrium melting temperature. Equation 6
explains the linear dependence of Ak with temperature and
allows determining Ac, = ¢, — ¢ from the experimental
results, obtaining a value of Ac, = ¢y — ¢ = 138.6
J+(K-mol)~!, slightly higher than the heat capacity difference
between the liquid and the glass (Acy(Ty) = 114.9 J+(K-mol)~!
determined in heating scans).' The fit of eq 6 to the experimental
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values yields h(Ty,) — hy(Tw) = 21.4 kI+mol™!, close to the
values determined by integration of the melting endotherms
detected during the heating scans; however, it can not be
unambiguously concluded that complete crystallization from the
melt was attained as probed by DSC.

Concerning cold-crystallization, dielectric results showed that
even when it was promoted at the highest temperatures (7, =
193 K), despite most of the material being almost in a full
crystalline state, some residual mobility still persists occurring
adjacent to the crystalline surfaces as revealed by the detection
of the hindered o-process.

The way the crystallinity degree is evaluated through the value
of the dielectric strength assumes that only the effective dipole
moment is changing due to crystallization. However, the density
increases and the Kirkwood correlation factor, g, could also
change due to extra correlations that establish under continuous
crystallization, and thus the y. values should be considered
carefully. Even so, there is no doubt that elevated crystallinities
were achieved as the vanishing of the o-process demonstrates
being important to stress the sensitivity of dielectric relaxation
spectroscopy that still probes the mobility in the amorphous
regions when approaching so high crystalline degrees.

Conclusions

The isothermal crystallization of the low molecular weight
glass-former EGDMA was followed in real-time by DRS and
DSC.

The intense a-peak detected by dielectric relaxation spec-
troscopy associated with the dynamic glass transition was used
to monitor the real-time isothermal cold-crystallization nearly
at and above T, (176 K). In general, no significant changes in
either position or shape were detected in the o-peak upon
crystallization in the first stages of crystallization. Furthermore,
at high crystallization degrees achieved for crystallization
temperatures above 193 K, a new relaxation process (o)
emerges in the low frequency flank of the a-peak, attributed to
conformational mobility originated in the remaining amorphous
fraction adjacent to the crystal surfaces.

The calorimetric data which covered a more extended
temperature range for melt-crystallization allowed defining a
time—temperature diagram where a maximum crystallization
rate (minimum time onset for crystallization) was found close
to 213 K.

The time evolution of both normalized dielectric permittivity
and normalized crystallization enthalpy was analyzed by the
Avrami model taking into account the induction time, f,
allowing also extraction of the crystallization times, 7., and the
Avrami exponents, n. The decreasing of 7., with the temperature
increase for T,, < 198 K is compatible, in this temperature range,
with a diffusion-controlled process in either cold- or melt-
crystallization. The Avrami exponents estimated from dielectric
data are low in contrast with the values found from calorimetric
data. This discrepancy also observed by others could suggest
an inadequacy of the Avrami model to describe the complexity
of the crystallization process or a different crystal dimensionality
due to different geometries of sample holders in DRS vs DSC.
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