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ABSTRACT: The phase transformations of the surfactant Triton X-100 were inves- 7
tigated by differential scanning calorimetry (DSC), polarized optical microscopy /
(POM), and dielectric relaxation spectroscopy (DRS). In particular, crystallization ¢
was induced at different cooling rates comprised between 13 and 0.5 K min .
Vitrification was detected by both DSC and DRS techniques with a glass transition
temperature of ~212 K (measured on heating by DSC) allowing classifying Triton
X-100 as a glass former. A fully amorphous material was obtained by cooling at a rate
>10 K min ', while crystallization was observed for lower cooling rates. The
temperature of the onset of melt-crystallization was found to be dependent on the
cooling scan rate, being higher the lower was the scan rate. In subsequent heating scans,
the material undergoes cold-crystallization except if cooled previously at a rate <1 K . : :
min~ . None of the different thermal histories led to a 100% crystalline material because o o8 T /:'g b h
always the jump typical of the glass transformation in both heat flux (DSC) and real ’

permittivity (DRS) is observed. It was also observed that the extent/morphology of the crystalline phase depends on the degree of
undercooling, with higher spherulites developing for lower undercooling degree (24K < T,,, — T, < 44 K) in melt-crystallization and
a grain-like morphology emerging for T,,, — T, ~ 57 K either in melt- or cold-crystallization. The isothermal cold- and melt-
crystallizations were monitored near above the calorimetric glass transition temperature by POM (221 K) and real-time DRS (T, =
219, 220, and 221 K) to evaluate the phase transformation from an amorphous to a semicrystalline material. By DRS, the ¢-relaxation
associated with the dynamic glass transition was followed, with the observation that it depletes upon both type of crystallizations with
no significant changes either in shape or in location. Kinetic parameters were obtained from the time evolution of the normalized
permittivity according to a modified Avrami model taking in account the induction time. The reason the isothermal crystallization
occurs to a great extent in the vicinity of the glass transition was rationalized as the simultaneous effect of (i) a high dynamic fragile
behavior and (ii) the occurrence of catastrophic nucleation/crystal growth probably enabled by a preordering tendency of the
surfactant molecules. This is compatible with the estimated low Avrami exponent (1.12 < n < 1.6), suggesting that relative short length
scale motions govern the crystal growth in Triton X-100 coherent with the observation of a grainy crystallization by POM.
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1. INTRODUCTION

The factors that govern the interconversion between amorphous
and crystalline states and their stability are fundamental aspects of
several areas of science and technology gaining special importance in
pharmaceutical' > and food* industries. Indeed, significant molec-
ular mobility can persist in the glassy state enabling, for instance, the
occurrence of phase transitions such as crystallization.>~” In this
context, understanding key questions such as under what conditions
an amorphous leads to crystal formation and the relation between
temperature and crystallization pathways is most relevant in materi-
als preservation.">>’

In this work, the water-soluble, liquid surfactant Triton-X 100, the
molecular formula of which is C,H,,0(C,H,0),, (with n=9—10),
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was chosen to explore the different aspects concerning tempera-
ture-driven phase transformations because it is able to undergo
both vitrification and crystallization. This nonionic detergent is
widely used in industrial and pharmaceutical formulations and in
biological applications such as solubilization of membrane pro-
teins without losing their activity'® and isolation of membrane
rafts,"" and it also forms transparent microemulsions capable of
dissolving both water and oil in relatively large amounts."?
Because of its high dielectric response and ability to crystallize
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Scheme 1. Chemical Structure of Triton X-100; n ~ 9—10
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from both molten (melt-crystallization) and glassy (cold-crystal-
lization) states, its isothermal crystallization was monitored in
real time by dielectric relaxation spectroscopy (DRS) at tem-
peratures nearly above the glass transition temperature (T + 6 <
T = Ty + 8) between 1 Hz and 1 MHz. The usual way that
dielectric spectroscopy is used to follow isothermal crystalliza-
tion is through the reduction of the dielectric strength of the
process associated with the dynamical glass transition, a-relaxa-
tion, either in polymers like PET,"*'* PLLA,">~'® and polycar-
bonate/poly(e-caprolactone) blends," or low molecular weight
materials such as isooctyloxycyanobiphenyl,*® triphenyl phosphate,**
sorbitol,** 2-propanol,* acetaminophen,”* and another pharma-
ceutical drug,” terephthalic acid dipropyl ester,”® and ethylene
glycol dimethacrylate.”” To our knowledge, studies involving
DRS, DSC, and POM to probe molecular mobility and phase
transformations (crystal—liquid, supercooled—crystal, super-
cooled liquid—glass) have not been reported for neat Triton
X-100. Published results refer mainly to mixtures of Triton X-100
with water;'? the dielectric behavior of the neat material is studied at
room temperature only in a frequency range from 10° to 10'° Hz."?

The present work represents an additional contribution con-
cerning crystallization behavior of low molecular weight glass
formers. Moreover, the kinetics of isothermal crystallizations
will be analyzed by the Avrami law”® taking into account the
induction time. Comparison with the kinetic behavior of another
glass former, ethylene glycol dimethacrylate (EGDMA), will
allow one to establish a correlation between the n Avrami
exponent and morphology as observed by POM.

2. EXPERIMENTAL SECTION

2.1. Materials. Triton X-100, polyethylene glycol tert-octylphe-
nyl ether, C;,H,,0(C,H,0), (see Scheme 1), with an average
number n = 9— 10 of oxyethylene units per molecule (MW = 625),
was reagent grade purchased from Fluka (catalog number 93420;
CAS number: 9002-93-1).

A Karl Fisher analysis showed water content of 0.28% (w/w).
It was used without further purification.

Results for Triton X-100 were compared to another glass
former, ethylene glycol dimethacrylate (EGDMA) supplied by
Aldrich, catalog no. 33,568-1, MW = 198.22, 98% assay (used as
received), which was measured by POM in the present work.

2.2. Differential Scanning Calorimetry. The Triton X-100
thermal properties were determined by differential scanning calorim-
etry (DSC) using a DSC 131 model Setaram calorimeter. Samples of
20 mg were weighed in 100 #L aluminum pans (6 mm base diameter,
42 mm deep). An empty pan was used as reference. An indium
sample was used as calibration standard for both temperature and
heat flow (mp 429.7 K, heat of melting 3263.5 ] mol ). Measure-
ments were carried out under a nitrogen atmosphere with a flow rate
of around 20 mL min .

The samples were submitted to a first heating for S min at 373 K
to eliminate the water residues.

The influence of cooling rate on the thermal properties of
Triton X-100 was evaluated carrying out different cooling/ heatin%
cycles between 373 and 143 K with cooling rates of 13 K min~
(cycle I), 9 Kmin~ ' (cycle IT), 5 K min~ " (cycle IIT), 1 K min ™'
(cycle V), and 0.5 K min~" (cycle V); the subsequent heating
scans were carried out from 143 to 373 K always at a heating rate of
10 K min~".

The reversibility of the thermal transitions was verified by
reheating the cooled sample just after the preceding scan up to its
transition temperature.

The resolution of the heat flow was 0.2 uW. The melting
temperatures (T,,) were obtained at the peak of the melting
endothermic transition, and in a similar way the crystallization
temperature (T,) either for cold- or for melt-crystallization was
obtained at the peak of the respective exothermic transition. The
glass transition temperatures (T,) were taken at the inflection
point (or midpoint) of the specific heat capacity increment in the
transition. The enthalpies of fusion (AH,,) and the enthalpies of
crystallization (AH) were obtained from the areas under the
curve that represents the overall calorimetric enthalpy of the
process.

2.3. Polarized Optical Microscopy. Polarized optical micro-
scopy was performed on an Olympus BxS1 optical microscope
equipped with a Linkam LTS360 liquid nitrogen-cooled cryo-
stage. The microstructure of the sample was monitored by taking
microphotographs at appropriate temperatures and intervals of
time, using an Olympus C5060 wide zoom camera. Images were
obtained at a magnification of S00x. A drop of the sample
(Triton X-100 and EGDMA) was squeezed between two micro-
scope slides and inserted in the hot stage. The thickness of each
squeezed sample was ca. SO um. Before each measurement, the
Triton X-100 sample was heated to 373 K and kept S min at this
temperature to allow complete melting. The same temperature
history as followed by DSC was applied to observe the emer-
gence of crystallinity under nonisothermal conditions by POM,;
to monitor isothermal cold- and melt-crystallization, the tem-
perature treatment was the one followed by DRS. For EGDMA,
the sample was kept 10 min at 313 K (T, = 271.2 K) and cooled
at 15 K min~ ' to T,, to follow melt-crystallization. For cold-
crystallization, the sample was cooled from 313 at 15 Kmin~ ' to
173 K and heated at the same rate to T,. Always a sporadic
growth of spherulites was observed for EGDMA.

2.4. Dielectric Relaxation Spectroscopy. Dielectric mea-
surements were carried out using the ALPHA-N impedance
analyzer from Novocontrol Technologies GmbH. A drop of
triton X-100 was placed between two gold plated electrodes
(diameter 10 mm) of a parallel plate capacitor, BDS 1200, with
two silica spacers, 50 um thickness. 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 Cryosystem and performed
within 3-0.5 K. Novocontrol Technologies GmbH supplied all of
these modules. Before all dielectric measurements, the Triton
X-100 sample was previously heated to 373 K, under the nitrogen
stream, to eliminate residual water.

To study the thermal transitions of Triton X-100, isochronal
measurements of the complex permittivity were carried out at
10” Hz, 10° Hz, 10* Hz, 10° Hz, and 1 MHz, during cooling/
heating cycles with different cooling rates, and the subsequent
heating was performed always at 9 K min™~ . The actual cooling
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Figure 1. Thermograms (heat flow in arbitrary units, au, vs tem-
perature) of Triton X-100 after water removal at 373 K collected at two
cooling rates, (a) 9 K min~' and (b) 1 K min" ", and subsequent
heating scans at 10 K min~ ' as measured by differential scanning
calorimetry; different heat flow scales were used for heating and
cooling. (c) Heating scans collected at 10 K min~" after all tested
cooling rates; the inset is a scale-up of the glass transition region
evidencing that the heat flux jump occurs in all heating scans.
Microphotographs taken by POM at the specified temperatures on
cooling from the liquid state at 10 K min~ " and on heating from the
glass at $ K min~ " are included in (a) and (b).

rates were 11 Kmin ' (cycle 1), 7 Kmin ' (cycle 2), 4 Kmin '
(cycle 3), 1 Kmin ™" (cycle 4), and 0.5 K min~" (cycle $).

To monitor isothermal cold-crystallization, the sample was
previously cooled from 373 to 173 K at 11 K min~'. The sample
then was rapidly heated to the cold-crystallization temperature,
T (219, 220, and 221 K), to avoid crystalline growth. Melt-
crystallization was also studied at the same temperatures, T, by
performing real time measurements in a sample directly cooled
at 11 K min~ " from 373 K to the crystallization temperature.

At each T, both cold- and melt-crystallizations were mon-
itored by measuring the complex permittivity during successive
frequency sweeps from 1 Hz to 1 MHz every 180 s over at least
5000 s.

Data Analysis. To analyze the isothermal dielectric data, the
model function introduced by Havriliak—Negami* was fitted to
both imaginary and real components of complex permittivity.
Because multiple peaks are observed in the available frequency
window, a sum of HN-functions is employed:

Ag;
1 + (I(UT )aHN]ﬂHN

e*(f) = & + Z (1)

where j is the index over which the relaxation processes are
summed, A¢ is the dielectric strength, Ty is the characteristic
HN relaxation time, and @y and By are fractional parameters
(0 < apn < 1and 0 < aygn*fun < 1) describing, respectively,
the symmetric and asymmetric broadening of the complex
dielectric function.®® Conductivity effects were taken into ac-
count at the beginning of crystallization by adding a contribution
((0pc)/(eow)) to the imaginary part of the fit function where
Opc is the d.c. conductivity of the sample and & is the dielectric
permittivity of vacuum.

From the estimated values of Ty, Oy, and Sy fitting para-
meters, a model-independent relaxation time, Ty = 1/ (27Tfiay), Was
determined according to the following equation:™

—1/aun —1/omN
= v X |sin PN . M)
2 + 2‘ﬁHN 2 + 2ﬁHN

(2)
3. RESULTS AND DISCUSSION

3.1. Differential Scanning Calorimetry. The thermal beha-
vior of Triton X-100 was investigated in the temperature range
between 143 and 373 K. It was observed that it crystallizes or
vitrifies upon cooling from the equilibrium liquid depending on
the cooling rate.

Figure 1 presents the DSC thermograms collected on coohng
at two representative rates, (a) 9 Kmin ' and (b) 1 Kmm ! and
the subsequent heating run recorded at 10 K min~ . For the
thermogram collected at the highest cooling rate, no transition
occurs down to ~210 K, the temperature at which the heat flux
presents a discontinuity characteristic of the glass transition; the
same is true for the thermogram collected on cooling at 13 K min ™'
(not shown). Therefore, at these highest rates, it was possible to
circumvent crystallization allowing one to obtain Triton X-100 as a
supercooled liquid that becomes a glass upon further cooling, and so
it is classified as a glass former.

Mlcrophotographs taken by POM on cooling from 373 to
193 K at 10 K min~ ' show an isotropic structure in the liquid
state that remains in the supercooled region and glassy state (see
Figure 1a, cooling).
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Table 1. Thermal Properties of Triton X-100 Obtained by DSC during Different Cooling/Heating Cycles”

cooling scan

heating scan at 10 K min !

glass transition melt-crystallization

cycle  rate (Kmin ") T/K To/K AH./J g
I 13 206.7 n.o. n.o.
11 9 206.5 n.o. n.o.
I 5 208.0 227.3248.5 —14-038
v 1 no. 254.7 —71.9
Y 0.5 n.o. 260.3 —81.4

glass transition cold-crystallization melting
Ty/K To/K  AH/Jg'  T./K  AH./Jg"
212.2 232.2 —65.6 277.2 62.5
2119 232.1 —64.8 2772 61.6
212.0 231.5 —60.7 2772 61.4
214.1 n.o. n.o. 2732 72.0
data not available

* T, glass transition temperature determined at the inflection point; Ty, melting temperature corresponding to the endothermic peak of the melting
transition; T, crystallization temperature corresponding to the exothermic peak of the crystallization transition; AH,,, and AH,,, melting and
crystallization enthalpies, respectively. "It is not possible to give an accurate value.

By the other side, the thermogram collected at 1 K min~ ' shows
an exothermal peak centered at around 255 K (see Table 1). This
is due to spherulitic crystallization confirmed by POM (see micro-
photograph in Figure 1b, cooling).

Melt-crystallization is also observed during cooling at 5 and
0.5 Kmin ™" (not shown), with a temperature onset that increases
as the cooling rate decreases.

Concerning the subsequent heating runs presented in Figure 1a,
for the one collected after cooling at 9 K min ", the heat flow jump
reappears as the glass transition signature at a temperature of 212 K
taken at the midpoint of the transition region (data provided in
Table 1); this value of the glass transition temperature agrees with
the values provided for Triton X-100 by Jensen et al.*® (214.5 K
measured at the midpoint) and by Larraz et al>* (205.15 K
measured at the onset).

At higher temperatures, at 232 K, a sharp exothermic peak
characteristic of cold crystallization emerges followed by a
broad endothermic peak with minimum at 277 K, due to
melting; details on temperatures and enthalpies are provided
in Table 1. Cold-crystallization in the sample previously cooled
at 10 Kmin ' was also observed by POM by the appearance of a
grain-like structure (microphotograph in Figure la, heating).
This crystalline structure slowly melts, finally disappearing at
around 273 K in accordance with the broad melting endotherm
observed by DSC.

With the exception of the heating run taken after cooling at
1 Kmin ', all of the runs present the sharp exotherm due to cold-
crystallization and posterior endotherm due to melting (Figure 1c).
In fact, in the heating run measured after cooling at 1 K min~},
no crystallization is observed, the main thermal event being an
endotherm centered at 273 K corresponding to the melting of
the crystalline fraction previously formed. The microphotograph
taken by POM (Figure 1b, heating) evidences the partial melting
of the spherulite that exhibits a weaker intense birefringence pattern
as compared to the original one; once again, the melting occurs
gradually as observed also by DSC. The absolute values of the
enthalpies determined by DSC of previous crystallization and
subsequent melting on heating are equal (72 J g~ '), confirming
that the material in this condition did not undergo further cold
crystallization. Moreover, the detection of the glass transition (scale-
up in the inset of Figure 1c) reveals that the material, although
crystallizing to a great extent as denoted by the high value of the
crystallization enthalpy as compared to the other runs, is in the
semicrystalline state. The glass transition step was detected in all
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Figure 2. Isochronal plots of the real, ¢, and imaginary, £’ (inset), parts
of the complex permittivity at 10 kHz collected in a cooling ramp from
298 to 160 K (gray @) and the subsequent heating ramp (A) carried at
the specified rates; while crystallization was circumvented during cool-
ing, the drop in both & and &” traces reveals that it occurred upon
heating.

cases, as evidenced in the inset, revealing that indeed in all runs a
semicrystalline material was obtained.

3.2. Dielectric Relaxation Spectroscopy. 3.2.1. Thermal
Transitions Probed in Isochronal Mode. The influence of cooling
rate was also evaluated by DRS. Figure 2 presents the isochronal
plots of both & and €’ (in inset) at 10 kHz collected in the
descending run to 160 K at the highest cooling rate (11 K min_ ).
The corresponding heating run performed at 9 K min ™" is rep-
resented by black symbols.

The trace of the real part, ¢, of the complex permittivity after
an initial rise with the temperature decrease shows a marked fall
indicating the transformation, at the measuring frequency, from
the supercooled liquid to the glass; in the &” trace, this corre-
sponds to an intense peak, that is, the a-relaxation process
associated with the dynamical glass transition. At the lowest
temperatures, a broad and low intense peak is observed due to a
secondary relaxation. The detailed dielectric study of the differ-
ent relaxation processes as a function of temperature will be
reported elsewhere.

To confirm that no crystallization occurred during cooling, the
increase observed in € trace will be taken now for analysis. This
rise in the dielectric permittivity is related to the expected
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Figure 3. Isochronal plots of the real permittivity, £, at 10 kHz during
(a) cooling ramp experiments carried at different rates (see legend) and
(b) the heating run, followed immediately after the cooling, which
was performed always at the same rate (9 Kmin ') (same colors apply).
The inset presents the corresponding isochronal loss trace, £”, obtained
during heating, evidencing the depletion in the a-process due to
crystallization.

increase of the dielectric strength, which can be quantified
according to the Frohlich—Kirkwood equation:****

— /tggN/Ves(sw + 2>2
3€okBT3(2€5 + eoo)

(3)

& — &€

where (4, is the dipolar moment of the isolated dipole, g takes into
account the dipole—dipole correlation (for parallel or antiparallel
correlations between neighboring dipoles, g > 1 or 0 < g < 1,
respectively, while for a random orientation distribution of
dipoles, g = 1), & and &, are the limits of the real part of the
dielectric permittivity at low and high frequencies, respectively,
the latter being approximately the permittivity of the glass,®® & is
the vacuum permittivity, N/ Vis the number of dipoles per unit of
volume, and kg is the Boltzmann constant. Thus, from eq 3, the

dielectric strength (A¢ = &, — €,,) is proportional to u%g/ 9¢&okgT.
If it is assumed that g is constant, an increase in A¢ from 375.4 to
249.6 K of 33.5% is predicted. The observed rise is 34.9%
(¢'3754x = 6.73; € 1406k = 9.08), confirming that no dipolar
moment is lost due to immobilization that would occur if
crystallization had taken place. Therefore, the absence of dis-
continuity in both &’ and ¢” traces upon cooling at 11 K min ™'
until the region where the a-relaxation evolves led us to conclude
that Triton X-100 crystallization was circumvented, reinforcing
the DSC results.

Upon the subsequent heating, the fully amorphous sample under-
goes cold-crystallization,””** which is visible in the plot just above
230 K by an abrupt decrease in both € and ¢”. The further increase
in both real and imaginary parts observed near above 240 K is due to
the progressive melting of the crystalline fraction thus formed; the
¢ and €' values superimpose those of the equilibrium liquid at
a temperature around 280 K, which is a frequency-independent
thermal event. Both temperatures are in very good agreement with
the onset and midpoint of the melting endothermic peak detected in
the correspondent DSC heating thermogram, respectively, 243 K
(Tmon) and 277 K ( Toypea)-

Figure 3 shows the isochronal plots of €’ traces collected upon (a)
cooling at different rates and (b) subsequent heating at 9 K min~ !

The € trace obtained at a cooling rate of 11 Kmin ' (Figure 3 a)
acts as a reference for a run in which the sample does not undergo
crystallization from the melt. Therefore, it was concluded that the
sample undergoes crystallization in all runs except the one taken at
the highest cooling rate. Moreover, the temperature at which
crystallization occurs increases with the decrease of cooling rate.
These observations are coherent with the previous reported DSC
results.

In the following heating run, cold-crystallization is observed, as
was already mentioned from the drop in the & trace when the
sample was previously cooled at 11 K min~ ' and by the decrease
in the &” peak as well as shown in the inset (Figure 3b). In
general, the ¢” peak associated with the dynamic glass transition
observed on the heating run emerges smaller with the decrease of
the cooling rate of the preceding run. A more detailed analysis
reveals that in the heating run after cycle 3 no further cold-
crystallization occurs: no drop in either the & or the &” trace is
observed. This could lead us to conclude that the sample is fully
crystalline. However, it stills in the semicrystalline state because a
relaxational contribution associated with the glass transition
exists (see the respective &€’ peak in the inset in Figure 3b),
although it is significantly depleted.

For all runs, the endset of the melting is detected at the same
temperature, close to 280 K, as observed in DSC.

Ramp experiments carried out at different cooling rates by
either DSC or DRS proved that the glass-former Triton-X can be
obtained with different extents of crystallinity, the slower rates
promoting a higher crystallization, as expected.

DRS measurements evidence that a fully amorphous material
is obtained when cooling from the liquid state at cooling rates
higher than 10 K min~'. On the other hand, a fully crystalline
material could not be obtained by slow cooling experiments
neither by DRS nor DSC.

3.2.2. Isothermal Crystallization. To get a further insight in the
crystallization behavior, isothermal crystallization from both
glassy and molten states was promoted and monitored in real
time by dielectric relaxation spectroscopy at 219, 220, and 221 K
(see Experimental Section). These temperatures were chosen
because they allow simultaneously the detection of the a-process
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Figure 4. Real-time evolution of the imaginary part of the complex
permittivity, €”(f), during isothermal cold-crystallization: only some
representative loss spectra are illustrated, the two first spectra being 180's
apart and the following being 360 s apart. The a-process dominates the
spectra, and the secondary relaxation influences the spectra in the high
frequency side, while a low frequency process is needed to adequately
simulate the loss data. Solid lines are the overall fit where a sum of 3 HN
individual processes was considered (see text); these 3 HN processes are
exemplified for T, = 220 K for the spectrum taken at 720 s (thicker solid
line). For T, = 219 K, the logarithmic derivative of the real permittivity
is represented for some crystallization times as gray thicker solid lines,
allowing one to eliminate the conductivity contribution from &”. For
T = 221 K, POM microphotographs taken at the initial time and after
1800 s were included; a scale-up of the grainy morphology observed at
te- = 1800 s is shown later in Figure 7. The inset represents the evolution
of the respective real part &' (f).

within the experimental frequency window and the amorphous—
crystalline interconversion in a reasonable time. Figure 4 shows the
collected loss spectra for cold-crystallization at some representative
times. It must be noted that the same profile was obtained during
real-time measurements for melt-crystallization at the same tem-
perature, at each T, that being the reason it is not shown here. The
main observation is the strong depletion of the a-process. At the high
frequency flank of the dominant process, the secondary relaxation is
detected; an additional process is also felt at the lowest frequencies.
Whether this process is a MWS one or an ¢'-process as found in
crystallizable systems of either polymeric'***~* or low molecular
weight materials,”>?**”* or even the simultaneous contribution of
a secondary process, which is merged under the main alpha process
in the fully amorphous material or a low frequency one, it is not clear
up to now. This process should not be confused with conductivity,
because the latter only affects the spectra at the first crystallization
times. This is demonstrated by carrying out the analysis proposed by
Wiibbenhorst and van Turnhout,® an alternative to the numerical
Kramers—Kronig transform, based on the logarithmic derivative
of the real permittivity given by &” 4., = —7/2(3¢'(®)/d In w)
that allows one to eliminate the conductivity contribution from &”.
In Figure 4 for T, = 219 K, &’ 4, is plotted at some definite crystal-
lization times (thicker solid lines) where the coincidence between
the experimental and the estimated €” for longer crystallization times
is obvious, reinforcing that the low frequency contribution is other
than conductivity. Therefore, a sum of three processes was con-
sidered in the HN fit to the experimental & and ¢” data (eq 1). The
parameters of the individual functions used to fit the complex
permittivity spectra for each temperature and type of crystallization
are summarized in Table 2; because the peak of the low frequency
process never shows up at any of the tested crystallization tempera-
tures, no fitting parameters will be provided here. It was found that
for all tested crystallization temperatures, both real and imaginary
parts of the complex permittivity spectra are perfectly fitted by
maintaining fixed both oy and B shape parameters and Ty of
the main process; the overall fit to ” is presented in Figure 4 as solid
lines. Therefore, the a-relaxation keeps both shape and location
invariants during isothermal crystallization (either cold or melt). The
secondary relaxation also keeps the same shape; the respective
relaxation times were allowed to vary, but no significant shift was
observed (see limits in Table 2).

From the HN fit, the dielectric strength, Ag, is also obtained
(see eq 1). Its time evolution during both cold- and melt-
crystallization for each T, is shown in Figure S.

The variation with the crystallization time of the dielectric
strength reduced by the initial value can be used to estimate the
crystallinity degree (%), considering that the relaxation intensity
is proportional to the amount of noncrystalline phase.*® When
crystallization leads to the extinction of the main a-process and
no significant dielectric response persists in the detected pro-
cesses observed in the frequency window that is being probed, it
is common to consider ¥, as 1 — (Ag,/ Asa,o).2572 However,
it is clear from both Figures 4 and 5 that the secondary process is
still active after the vanishing of the a-relaxation. Therefore, the
simultaneous contribution of both processes will be taken into
account to quantify the degree of crystallinity according to:

Aey(t) + Agg(t)
eyt = 0) + Agg(t = 0)

Xalt) =1 (4)

The time dependence of the crystallinity degree thus estimated at
each T, for cold- and melt-crystallization is plotted in Figure §
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Table 2. HN Parameters (&g, fun, Tun) Fixed in the Fitting Procedure to the Complex Permittivity Spectra during Isothermal

Cold- and Melt-Crystallization”

a-relaxation

secondary relaxation

T./K aun Pun TuN/S
cold-crystallization 219 0.58 0.57 135 x 1072
220 0.58 0.57 625%x10°
221 0.59 057  3.09x107°
melt-crystallization 219 0.60 0.57 134 x 1072
220 0.55+£0.04 0.6 (6£04) x 1073
221 0.58 057  35x107°

Trnax/$ OHN ﬁ HN Tun/ s’
549 x 1073 0.50 036  tps2.5 X 107° — tggq0s 1.3 X 107
251%x10°° 049 036 o 1.7 X 107 = tr560, 12 X 10°¢
128 x 1072 0.56 036  to; 1.6 X 107° — ty500s 1.1 X 107
5.64 %1073 0.45 0.36 fos 2.9 X 1076 = tgguoil .4 X 107°
(24402)x107° 042 036  to, 1.8 X 10 ®— ts60, 14 X 107
142x 103 0.51 036 5,27 X 107 = 4500, 1.6 X 10°¢

? Tinax is the model-independent relaxation time obtained from 73y (eq 2). ®The Ty values varied between the given limits during crystallization.

(red @), never attaining unity, which means that the final
material is not fully crystalline. Nevertheless, a highly crystalline
material was obtained at the end of each isothermal crystal-
lization coming from either glassy or molten states as evaluated
by the depletion of the dielectric strength of the remaining
processes that is much less than 1% of the original magnitude of
the main a-relaxation.

Isothermal crystallization was also monitored by POM at
some definite temperatures including 221 K. In Figure 4c, the
microphotographs taken at the beginning of crystallization
(100% amorphous sample) and after 30 min were included,
the latter clearly showing that the sample is crystalline at the
extent of the microscope resolution presenting a uniform
grain like morphology.

The fact that the a-relaxation depletes with no changes in
the relaxation time can be taken as an indication that the
domain size of the cooperative motion underlying the dy-
namic glass transition is sufficiently small relative to the
distance between crystallites, so the growing crystal units do
not perturb dipole relaxation.”>*® This behavior was observed
also for other nonpolymeric materials such as ethylenoglycol
dimethacrylate,”” isooctyloxycyanobiphenyl,”® and pharma-
ceutical drugs.”*** The detection of the secondary process
after the vanishing of the cooperative a-relaxation suggests
that the molecular motions that are in its origin occur in
dimensions below the length scale of cooperativity.

A common treatment in literature to analyze the transforma-
tion from the disordered amorphous into the ordered crgrstalline
phase at a fixed temperature is the Avrami model.”**”*" In this
treatment of the isothermal crystallization kinetics, different
nucleation and growth mechanisms have correspondingly differ-
ent time dependences of the crystallization rate that can be
modeled by the Avrami law,*® which can be described in terms of
the normalized real permittivity, £'x. Therefore, to extract kinetic
information of Triton X-100, the real permittivity at 500 Hz, a
frequency for which the low frequency process does not influ-
ence the a-process so strongly, was taken and normalized:*****

/oy £00) =€)
O =510~ teo) .

where ¢'(0) is the dielectric permittivity at the start of the
crystallization, €' (c0) is the long time limiting value, and €' (t)
is the value at the allowed time for crystallization, t. Figure 6
presents the semilogarithmic plot of €'y as a function of time at
each crystallization temperature; no significant differences were
found between the time evolution of the normalized values of
both type of crystallizations. For the case of considering &'y, the
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Avrami law reads:
(t) = 1— exp( — k") (6)

where k is a temperature-dependent rate constant, and # is the
Avrami parameter that can take values between 1 and 7 depend-
ing on nucleation type and crystal growth mechanism.***° A plot
of In[—In(1 — &'\(¢))] versus In ¢ gives a straight line having n as
the slope and —In k as the intercept (linearization of eq 6). The
corresponding plot is shown in the inset of Figure 6 for both
types of crystallization. The linearization does not hold for the
entire time range; nevertheless, for T, = 219 K, it was possible to
analyze the linear behavior at the shortest crystallization times;
the obtained n and k values for crystallization carried at 219 K are
presented in Table 3. The almost flat region at longer times at
each T, corresponds to an invariant crystallization degree
achieved.

Alternatively, the kinetic analysis can be carried out by
rewriting the Avrami equation taking into account t,, the induc-
tion time preceding crystallization and a characteristic time for

the isothermal crystallization, 7,28t

) = 1-ap| (2] )

TC!‘

where £'1(t) is the fraction transformed in the crystalline phase at
time (t), and 7, is obtainable from the Avrami parameters by the
relationship 7., = k™ '/". Equation 7 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.*’

Figure 6 shows the normalized values of the real permittivity
for cold- and melt-crystallizations carried out at the three
temperatures. To estimate 7, ty, and n, eq 7 was directly fitted
to &' n(t) data corresponding to the solid lines in the figure; the
semilogarithmic plot enhances the agreement obtained for the
shortest times being especially sensitive to the value of the
induction time. The estimated quantities are included in Table 3.

The 1 values found are below 2, which, in light of the model,
could be interpreted as a crystal growth of low dimensionality.

Concerning the 7, k, and n kinetic parameters here estimated
for Triton X-100, it is interesting to compare them to those found
for ethylene glycol dimethacrylate, EGDMA, which also carries
an ethylene oxide unity. While isothermal crystallization for
EGDMA was monitored in the temperature range 0.87 < T,/
T.. < 0.92,% for Triton X-100, the crystallization was followed
between 095 = T,/T., =< 0.96, much closer to the glass
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Figure 5. Real-time evolution of the dielectric strength, Ag, obtained from the fit of a sum of three HN functions to the complex permittivity spectra
collected during cold- (left plots) and melt-crystallization (right plots) at the indicated crystallization temperatures, T, = 219, 220, and 221 K; “O”
correspond to the ¢-relaxation and “*” to the secondary-process (both in the left axis). In the right axis, time dependence of the crystallinity degree,

Yo (red @), is reported. Lines are guides for the eyes.

transition temperature. In particular, the 7 and k kinetic para-
meters here estimated for Triton X-100 at 219 K, only 6 K above
T, are in close agreement with those found for ethylene glycol
dimethacrylate, EGDMA (7o pcpma = 1459 £ 56 s; kggpma =
8.66 x 10 ®s™)** for isothermal cold-crystallization carried at
193 K, that is, 17 K above T, Moreover, for the lowest
temperature at which isothermal crystallization of EGDMA
was monitored (187 K), 11 K above T,, with log(Tpmay) of the
o-relaxation close to —3, almost no crystallization was observed,
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while the crystallization of Triton X-100 was carried out at 221 K
(9 K above Tg) , having almost the same log(,.,), as it crystal-
lizes at a high rate and to a great extent over comparable scales
of time.

To rationalize this behavior, it is important to understand how
crystallization evolves. This phenomenon is usually interpreted>
in terms of a nucleation/growth process, meaning that the
occurrence of crystallization requires the presence of nuclei
(nanosize clusters) on which the crystals will subsequently
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growth (micrometer-size crystals).”* For a variety of materials,
the nucleation rate has a maximum above T}, while the maximum
growth rate is further displaced at higher temperatures some-
where between T, and T, The rate of nucleation and
growth of the clusters of the newly evolving crystalline phase is
dictated by the rate of the diffusion of the ions/molecules that
build the crystalline phase.”* Therefore, to allow diffusion to
occur, it seems reasonable to assume that some segmental
motion enabled by the a-process is required, as was observed
previously for EGDMA.>”

To compare the segmental mobility between the two
compounds, a Ty scaled plot of the respective relaxation times,
Tmaw corresponding to the a-process detected at each T, was
drawn in Figure 7; the relaxation times of EGDMA were
obtained from the Ty values taken from Table 1 of reference
27 by using eq 2.

It is evident the higher steepness of the mobility of Triton
X-100 with the temperature, revealing a higher fragility index, m,
relative to EGDMA. The fragility index is a quantitative measure
of the degree of deviation from Arrhenius-type temperature
dependence near Ty, providing a useful classification of glass
formers in terms of fragility. Materials are called “strong” if they
show a 7(T) dependence close to an Arrhenius-type behavior and
“fragile” if their T(T) significantly deviates from linearity, induced
by high cooperative molecular rearrangements.”” The fragility

14

AT =219K
O T, =220K
o T =21K

0.1 4

T T T
6 8 9

z

In(t/s)
T

0 2000 4000

time /s

Figure 6. Semilogarithmic plot of the time evolution of the normalized
real permittivity, &'y, for both cold- (open symbols) and melt-crystal-
lization (filled symbols), evidencing how well eq 7 describes data
from the initial times; the inset shows the double logarithmic Avrami
plot of &'y

index, m, is defined as the derivative:
dlog T(T))
m= S0 (®)
< d(T,/T) et

Fragility values typically range between m = 16 for strong systems
and m = 200 for fragile ones.

A high dynamic fragility is interpreted as a high cooperativity
between relaxing units, that is, a high coupling of the dynamics of
a specific relaxing unity with its environment. It was proposed by
Sanz et al.*® that this can have a positive impact on the probability
of occurrence of nuclei pointing to a correlation between
nucleation kinetics and dynamic fragility when crystallization
occurs near the glass transition, with higher fragility implying a
higher nucleation rate.

However, Mijévic and Sy15 suggested that a higher nuclea-
tion rate could be the origin of a grain-like morphology exhibited
by PLA upon cold-crystallization.

Applying these ideas to the systems here studied, we predict
that Triton X-100 by exhibiting higher dynamic fragility should
have a higher nucleation rate and therefore a crystalline mor-
phology closer to grain-like when crystallization occurs near T,
Indeed, this morphology was already observed for the tempera-
tures at which isothermal crystallization was carried out
(remember Figure 4 for T, = 221 K). To answer this question
in more detail, isothermal crystallization at different tempera-
tures was also monitored by POM for Triton X-100 and EGDMA
(see Experimental Section). For Triton X-100, in the tested T,
range (T, — T ~ 57 K), a grain-like microstructure with no
optically resolvable spherulites is always observed, while sporadic
growth of three-dimensional spherulites was observed for EGD-
MA in either melt- or cold-crystallization (see microphotographs
in Figure 7). Moreover, for Triton X-100, it was found that the
crystalline morphology depends on the degree of undercooling
(T — T), with it being observed that shperulites emerge when
crystallization is promoted at temperatures between 233 and 253
K (24 K = T, — T < 44 K); representative POM images are
included in Figure 7. A similar dependence of morphology with
the degree of undercooling is also reported for PLA'® and for a
semicrystalline polyimide.” For the latter, it is claimed that the
nucleation density increases sharply with small increases in the
degree of undercooling, with a concomitant decrease in the
spherulitic size, the fine grainy morphology being attributed to a
catastrophic nucleation density.>”

The correlation between dynamic fragility and the ability of
Triton X-100 to crystallize in the proximity of the glass transition
could also be analyzed under another perspective: the higher
fragility index of Triton X-100 means that for small temperature

Table 3. Kinetic Parameters Obtained from the Fit of Equation 7 to the Normalized Real Permittivity for Both Melt- and Cold-

Crystallizations at Each T,,"

cold-crystallization

melt-crystallization

temperature/K  t,/s Tee/s k/s™"

Avrami equation (eq 7) 221 34+£10 334+14
220 43+£17 646422
219 34427 1596 £32

double In Avrami plot 219 b

(1.540.5) x 107 1.12+ 0.05 584+ 16 405418
(1.7 4£0.5) x 107* 1.3440.04 4047 874+ 10

(742) x 107° 1.6140.03 39423 1675+28
(1.64+04) x 10° (1.9+03) x 10 ° 1.78 4002  —*

n to/s T/ k/s" n

(12403) x 1072 1.12+0.4
(842)x107* 1.05 +0.03
(9+2)x107° 1.57+ 0.03

(1.840.4) x 10° (3.5£0.6) x 10 ° 1.68 40.02

“In the last row, kinetic parameters obtained from the Avrami linearization (double logarithmic plot of &'x(t)) taken at the shortest times of both
crystallizations carried at 219 K. ” The f, value cannot be directly determined from the double logarithmic linearization.
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Figure 7. T, scaled plot of the temperature dependence of relaxation
times of the a-process for Triton X-100 and EGDMA; the slope of the
plot at T, is a measure of the fragility index, m, corresponding to the
derivative (9 log(z(T))/d(Ty/T))r—1g (see text), being higher for
Triton X-100. The solid lines were calculated according to the equation
proposed by Bohmer et al.%°

changes near T, coming from the glassy state, its relaxation time
decreases more deeply relative to the less fragile EGDMA, and
thus Triton X-100 becomes more mobile closer to T,. This could
promote the segmental motion that enables its crystallization to a
greater extent than EGDMA at the same T,/ T.. However, this is
not the only factor that determines the way how crystallization
evolves. As mentioned earlier, if we compare crystallization in the
two compounds at the same 7, (~10"7s), Triton X-100 (221 K)
undergoes a rapid crystallization and to a great extent ().,
TritonX-100 > 90%, in the first 25 min), while EGDMA (187 K)
almost does not crystallize (¥ egpma = 10% after 2 h 30 min).

Note that log 7 = log T, — 16 + 256 x (T,)/(T)/(m — (m —
16) x (Ty)/T), with mronx-100 = 125 and mpgpma = 81.
Microphotographs obtained by POM taken at the indicated
temperatures are included, evidencing how the crystalline mor-
phology of Triton X-100 varies with the undercooling degree
(T — To); @ POM microphotograph representative of the
spherulite morphology of EGDMA is also included.

The analysis of the mobility by one side and of the morphology
by the other side seems to suggest that the molecular motions
involved in the formation of the crystalline structure in the
proximity of the glass transition in Triton X-100 are of smaller
length scale relative to those governing crystallization in EGD-
MA, which is an interesting result. In fact, the mobility needed to
a molecule to be incorporated in the neighboring crystallite in a
grain-like morphology is of lower dimensionality than those that
lead to a three-dimensional spherulite, with the latter observed
for EGDMA. This is compatible with the lower values of the
estimated Avrami exponents for Triton X-100 (1.12 < n < 1.6)
as compared to those for EGDMA (1.6 < n < 3)*’ by DRS. We
must note that it is usual to obtain lower 7 values from dielectric
data for several glass former systems,'”***°" even when the
observed morphology is compatible with higher n values predicted
by the Avrami theory.*® It was claimed that this can be due an
inadequacy of the model to describe crystallization in complex
processes where it occurs concomitantly with the formation of a
rigid amorphous fraction (observed for EGDMA and conceivable

for Triton X-100)." If this is a failure of the model in these
complex processes or a true different nucleation/growth me-
chanism induced by a different experimental setup of DRS
relative to POM or DSC, it is not clear up to now. The
simultaneous utilization of all of these different techniques, as
done by Wurm et al,®? providing information on the molecular
mobility and on the emerging morphology, to probe the same
sample in the same holder under crystallization, would be
advantageous to clarify this aspect.

In any case, the n Avrami exponents for EGDMA and Triton
X-100 were estimated by following identical protocols, so there is
no doubt that the latter has a lower n value.

This behavior of Triton X-100 can be a consequence of the
particular dynamical behavior of surfactants that undergo self-
association and chain packing of the hydrophobic chain imprint-
ing some preorder that enables further crystallization. The high
fragility index (m ~ 125) indicates a high intermolecular
cooperative segmental dynamics, meaning that neighboring units
relax in a highly coupled way. This could lead to locally structured
domains like mesomorphic structures that act as an intermediate
preordering step preluding the crystal formation as was sug-
gested to occur in other materials.%?

Finally, no difference in the kinetic behavior was found for
Triton X-100 between cold- and melt-crystallization. In some
materials either polymeric as PLLA' or nonpolymeric as
EGDMA,”” there is an acceleration of the cold-crystallization
process relative to melt-crystallization due to the increment of
the number of crystallization nuclei at the beginning of cold-
crystallization, with a significant temperature shift between the
formation of crystallization nuclei and further growing. In Triton
X-100, the cooling below T, before the induction of cold-
crystallization did not accelerate the crystallization process
relative to melt-crystallization, at least in the probed crystal-
lization temperature range. This can indicate that no additional
nuclei formation occurred during additional cooling, and there-
fore its formation and growing may occur almost simultaneously
as rationalized for melt-crystallization.”” This seems compatible
with the occurrence of catastrophic nucleation/crystallization
that gives rise to a grainy morphology as observed by POM at the
tested T, coming from either molten or glassy states, giving rise
to the simultaneous crystallization of all of the sample as far as
optical resolution allows one to observe.

4. CONCLUSIONS

Temperature-driven phase transformations undergone by the
surfactant Triton X-100 were investigated by DSC and DRS and
complemented by POM. It was observed that crystallization can
be circumvented if the material is cooled at a rate =10 K min ™.
This means that under these specific conditions, it is possible to
enlarge ~60 K the temperature range where TritonX-100
exhibits liquid and supercooled liquid properties, with vitrifica-
tion occurring only around 206 K; this ability could advanta-
geously be used in different applications as cryopreservation of
biological systems.

For cooling rates under 10 K min ™, crystallization is always
observed, emerging at temperatures that are higher the lower is
the cooling rate. When the material is cooled at a rate =5 K
min ', cold-crystallization is always observed upon subsequent
heating.

It was observed by POM that the attained morphology
upon crystallization depends on the undercooling degree.
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In the proximity of the glass transition, for the highest undercooling
degree (T,, — T ~ 57 K), a grain-like morphology is detected,
while large and more perfect spherulites emerge for lower
undercooling degree (24 K < T, — T, < 44 K).

The evolution of the dielectric a-process and secondary
relaxation were followed during cold- and melt-crystallization
at T, = 219, 220, and 221 K, near the glass transition, with no
significant changes in either the position or the shape. The
secondary relaxation observed in the high frequency flank of the
a-peak still persists even when the complete depletion of the
a-relaxation was observed.

From the time evolution of the normalized real permittivity,
kinetic parameters were extracted considering a modified Avrami
law taking into account the induction time. The reason that
isothermal crystallization occurs to a great extent in the vicinity of
the glass transition was rationalized as the simultaneous effect of
(i) a high dynamic fragile behavior and (ii) the occurrence of
catastrophic nucleation/crystal growth probably enabled by a
preordering tendency of the surfactant molecules.

The ability of Triton X-100 to undergo vitrification and
crystallization coming from the molten state or from the glass
makes it a model compound to investigate temperature-driven
phase transformations.
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