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ABSTRACT: Nonisothermal crystallization of a seg-
mented copolymer constituted by glycolide and trimethy-
lene carbonate units was studied from both the melt and
the glass state by optical microscopy, differential scanning
calorimetry and time-resolved X-ray diffraction techniques.
Positive spherulites with a fibrilar appearance were always
obtained and corresponded to the crystallization of the
polyglycolide hard segments. A single crystallization regime
and the kinetic parameters were inferred from optical
microscopy data on crystallizations performed at different
cooling/heating rates. The parameters were in good agree-
ment with values previously deduced from isothermal experi-
ments. Isoconversional data of melt and glass nonisothermal
crystallizations were combined to obtain the Lauritzen and

Hoffman parameters from calorimetric data. Results
revealed again the existence of a single crystallization re-
gime with a secondary nucleation constant close to that
deduced from isothermal DSC experiments. Morphological
changes occurring during the hot and cold crystallization
were evaluated by time-resolved SAXS/WAXD experi-
ments employing synchrotron radiation. Measurements
showed that significant differences on the lamellar thick-
nesses exist depending on the crystallization process.
© 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 119: 1548-1559, 2011
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INTRODUCTION

Glycolide (GL) and its copolymers with different lac-
tones and/or cyclic carbonates are widely used in
the biomedical field due to their biodegradability,
biocompatibility, and physical properties, which
meet the requirements of specific applications.'™
Maxon™ (Syneture) is probably the most simple
bioabsorbable monofilament suture derived from GL
nowadays commercialized.”'® This copolymer incor-
porates trimethylene carbonate (TMC) units which
provide elastomeric characteristics that compensate
for the high stiffness of polyglycolide. In fact, the
sample has a segmented nature because of the two-
step synthesis procedure (Scheme 1). First, a middle
soft segment with a theoretically random distribu-
tion of the two-monomer units is prepared by
copolymerization of GL and TMC; second, hard seg-
ments derived from GL units are incorporated at
both ends of the polymer chain. The GL content is
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close to a molar percentage of 63%, whereas this
percentage decreases up to 12% in the middle soft
segment. This copolymer will therefore be called
PGL-P(GL-co-TMC)-PGL to emphasize its segmented
nature.

It has been proved that the hard and soft seg-
ments of this copolymer are completely miscible and
that only the polyglycolide blocks are involved in
the crystallization process.'’ This is very significant
as the crystallinity of the sample influences both the
mechanical properties and degradability, which are
determining features in uses such as bioabsorbable
sutures. Furthermore, comprehension of the crystalli-
zation process in a polymer system where amor-
phous and crystalline domains coexist is an interest-
ing topic.

Thus, an accurate isothermal crystallization study
of PGL-P(GL-co-TMC)-PGL was recently con-
ducted."" Tt was determined that crystallization is
characterized by a low primary nucleation density
and a secondary nucleation constant close to 1.82-
1.86 x 10° K? Interestingly, the isothermal studies
indicated that nucleation was athermal (i.e., the
number of nuclei remained constant during crystalli-
zation) and that the plot of the overall crystallization
rate versus the crystallization temperature matched
that of the crystal growth rate.
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Scheme 1 Two-step synthesis of the segmented copolymer.

The present work studies nonisothermal crystalli-
zation of PGL-P(GL-co-TMC)-PGL given that proc-
essing for industrial applications may sometimes
occur at a variable temperature. Moreover, the low
crystallization rate and athermal nucleation make
this polymer particularly suitable for evaluation of
recently developed methods for deriving crystalliza-
tion data from faster nonisothermal experiments.
These were conducted either from the glass and the
melt state and analyzed by both calorimetric and
optical microscopy techniques. Control of both crys-
tallinity and polymer morphology is a crucial point
since final properties and even degradation rate are
influenced by them. A final goal of this work corre-
sponds to the study by synchrotron analysis of mor-
phological changes that occurred during cold and
hot nonisothermal crystallizations and even during
thermal treatments from the glass state.

EXPERIMENTAL
Materials

Commercially available sutures of PGL-P(GL-co-
TMC)-PGL (Maxon™) were purchased from Tyco
Healthcare. Weight average molecular weight was
95,000 as determined by GPC from 1,1,1,3,3,3-hexa-
fluroisopropanol solutions and using poly(methyl
methacrylate) standards.

Measurements

Calorimetric data were obtained by differential scan-
ning calorimetry with a TA Instruments Q100 series
with T, technology and equipped with a refriger-
ated cooling system (RCS) operating at temperatures
from —90°C to 550°C. Experiments were conducted
under a flow of dry nitrogen with a sample weight
of ~ 5 mg and calibration was performed with in-
dium. T, calibration requested two experiments:
the first was done without samples and the second
was performed with sapphire disks.

The spherulitic growth rate was determined by
optical microscopy using a Zeiss Axioskop 40 Pol
light polarizing microscope equipped with a Linkam
temperature control system configured by a THMS

600 heating and freezing stage connected to a LNP
94 liquid nitrogen cooling system. Spherulites were
grown from homogeneous melt-crystallized thin
films obtained by melting 1 mg of the polymer over
microscope slides. Next, small sections of these films
were pressed or smeared between two cover slides
and inserted into the hot stage. The thickness of the
squeezed samples was in all cases close to 10 pm.
Samples were kept at 215°C (~ 10°C above the poly-
mer melting point of 202°C) for 5 min to wipe sam-
ple history effects. For hot crystallization experi-
ments, the samples were rapidly cooled to a selected
temperature (lower than the melting temperature),
isothermally maintained during 3 minutes at this
temperature for equilibration and then cooled at dif-
ferent rates (3 and 0.5°C/min) to increase the experi-
mental crystallization temperature range (Scheme 2).
It was stated that spherulites were not formed at the
end of the second isothermal step according to opti-
cal microscopy observations. For cold crystallization
experiments, the above melted samples were
quenched in liquid nitrogen and then heated at rates
of 1 and 0.5°C/min. The radius of the growing
spherulites was monitored during crystallization
with micrographs taken with a Zeiss AxiosCam
MRCS5 digital camera at appropriate time intervals.
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Scheme 2 Thermal program for optical microscopy hot
crystallization experiments.
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A first-order red tint plate was employed to deter-
mine the sign of spherulite birefringence under
crossed polarizers.

Simultaneous time-resolved SAXS/WAXD experi-
ments were carried out at the CRG beamline (BM16)
of the European synchrotron radiation facility of
Grenoble. The beam was monochromatized to a
wavelength of 0.098 nm. The capillary with the sam-
ple was held in a Linkam hot stage with tempera-
ture control within 0.1°C. SAXS and WAXD profiles
were acquired simultaneously during isothermal
and cooling experiments in time frames of 12 s. Two
linear position-sensitive detectors were used': the
SAXS detector was calibrated with different orders
of diffraction from silver behenate whereas the
WAXD detector was calibrated with diffractions of a
standard of an alumina (Al,O3) sample. The diffrac-
tion profiles were normalized to the beam intensity
and corrected considering the empty sample back-
ground. WAXD peaks were deconvoluted with the
PeakFit v4 program by Jandel Scientific Software
using a mathematical function known as “Gaussian
and Lorentzian area” (Pearson VII function). The cor-
relation function and corresponding parameters were
calculated with the CORFUNC program'® for Fiber
Diffraction/Noncrystalline Diffraction, CCP13, pro-
vided by the Collaborative Computational Project 13.

RESULTS AND DISCUSSION

Nonisothermal study of the spherulitic growth
rate of PGL-P(GL-co-TMC)-PGL

Nonisothermal procedures can be applied to study
the temperature dependence of the spherulitic
growth rate during cold and hot crystallization.'*
Thus, the spherulitic growth rate (G) can be esti-
mated by measuring the change of the spherulite ra-
dius (R) with temperature (T) when experiments are
performed at a constant cooling/heating rate (dT/d¢):

G = dR/dt = (dR/dT)(dT/dt) (1)

The plot of the radius versus temperature can be
fitted to a polynomial equation with a good regres-
sion coefficient (r) that allows the calculation of the
value of its first derivative (dR/dT) for each cool-
ing/heating rate as a function of the crystallization
temperature. Experimental problems lie in the choice
of the cooling/heating rate required to maximize the
crystallization temperature range where radii can be
well measured. For this reason, the use of various
rates is highly effective in expanding this range.

Previous isothermal studies on PGL-P(GL-co-
TMC)-PGL" indicate that spherulites with a fibrilar
texture, positive birefringence, and measurable
growth rate form in the temperature ranges of 75-
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97°C and 160-186°C for cold and hot crystallizations,
respectively. These values indicate the crystallization
range that should be covered by the nonisothermal
experiments. All hot crystallizations were performed
in two steps to avoid problems associated with the
long induction time required for nuclei to be active.
Thus, samples were first kept at a selected tempera-
ture, T;, and then cooled at a certain rate. Experi-
mental measurements could be extended to a wide
temperature range by choosing different T; tempera-
tures. Note that the nucleation density of the studied
thin films was very low at the hot crystallization
temperatures and that the spherulitic growth rate
was moderate. That is why the crystallization pro-
cess took a long time, and therefore a large tempera-
ture interval could be covered in these hot crystalli-
zation experiments. On the contrary, the nucleation
density was higher at the initial temperatures
required for the cold crystallizations experiments. In
this case, variation of the heating rate was the only
way to increase the temperature interval to obtain
cold crystallization experimental data.

Spherulites obtained at the end of cold and hot
nonisothermal crystallizations performed at a repre-
sentative cooling/heating rate are shown in Figure 1.
The fibrilar and positive spherulites observed in a
determined cold crystallization experiment have a
similar size, whereas greater variability was detected
in the few spherulites that formed in the hot crystal-
lized sample. In this case, nuclei became progres-
sively active during the cooling rate, the smaller
spherulites corresponding to those that appeared at
lower crystallization temperatures. A positive bire-
fringence and a fibrilar texture were again detected.

The change in the radius of a typical spherulite of
PGL-P(GL-co-TMC)-PGL during the temperature
ramp at different cooling/heating rates is illustrated
in Figure 2(a). In all crystallizations, a polynomial
fitting with a high regression coefficient was
obtained. Third-order equations were always chosen
(Table I) since the regression coefficients (> 0.998)
were slightly better than those calculated for lower-
order equations and remained constant when higher
orders were assayed.

The relationships between the spherulitic growth
rate and crystallization temperature were obtained
by differentiating the above third-order equations
with respect to the temperature and considering the
cooling/heating rate [eq. (1)]. Figure 2(b) plots the G
values deduced for different cooling/heating rates
and T; temperatures as a function of temperature. A
bell-shaped curve with a maximum at 125°C was
obtained. Note that experimental data practically
cover all temperatures at which the crystallization
rate is different from zero, a feature that was not pos-
sible when isothermal experiments were performed."'
Note also that growth rates could be measured in the
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Figure 1 Polarized optical micrographs showing spherulites of cold (a, b) and hot (c, d) nonisothermally crystallized
samples of PGL-P(GL-co-TMC)-PGL obtained at a heating/cooling rate of 0.5°C/min. Micrographs correspond to the ear-
lier (a,c) and later (b, d) stages of crystallization. Hot crystallization was performed from an initial temperature of 190°C.
Micrographs taken at the end of crystallization using a first-order tint plate revealed a positive birefringence for
both cold (e) and hot (f) crystallized samples. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

low temperature range (57-85°C) by considering
either cold or hot crystallization experiments. A good
agreement was found between data obtained from
these two different crystallization procedures.

Crystallization regimes were analyzed by consider-
ing the values of the radial growth rate (G) deduced
from the nonisothermal experiments and using the
well known Lauritzen and Hoffman equation'”:

where Gy is a constant pre-exponential factor, U
denotes the activation energy characteristic of the
transport of crystallizing segments across the liquid-

crystal interface, T, is a hypothetical temperature
below which such motion ceases, T, is the crystal-
lization temperature, T, is the equilibrium melting
point, R is the gas constant, K, is the nucleation
parameter, AT is the degree of supercooling mea-
sured as T2 -T., and f is a correction factor
accounting for the variation in the bulk melting
enthalpy per unit volume with temperature (f = 2
T. (TO, 4 T.)).

The glass transition temperature and equilibrium
melting point had values of 20 and 225°C, respec-
tively, as previously determined."!

Figure 2(c) shows the characteristic Lauritzen and
Hoffman plot obtained from the nonisothermal
growth data. A linear fit was found with U and T
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parameters of 1575 cal/mol and T, — 30 K, respec-
tively, which are very close to the conventional pa-
rameters reported by Suzuki and Kovacs' (U =
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1500 cal/mol and T, = T, — 30 K). The slope of the
Lauritzen and Hoffman plot indicated that the single
crystallization regime was defined by a secondary
nucleation constant of 2.45 10° K* which is in close
agreement with the value previously found from
isothermal analysis'" (1.82 10° K?).

Nonisothermal DSC crystallization study
of PGL-P(GL-co-TMC)-PGL

Figure 3 (insets) shows dynamic DSC curves
obtained from quenched and melted samples at dif-
ferent heating and cooling rates, respectively. Crys-
tallization peaks become sharper and their tempera-
ture progressively shifts to higher and lower values
when the heating and the cooling rates are respec-
tively increased. Cold crystallization peaks are char-
acterized by an asymmetric shape with a long tail,
suggesting a complex crystallization process. In fact,
previous isothermal crystallization studies'' indicate
that a subsequent crystallization occurred at temper-
atures slightly higher than those corresponding to
the main crystallization. On the contrary, hot crystal-
lization peaks are narrow and symmetric.

The relative degree of crystallinity at any tempera-
ture, x(T), and for each cooling/heating rate was
determined with calorimetric data by the expression:

Ji: (dH./dT)dT

[ (dH/dT)dT &

x(T)

where dH., is the enthalpy of crystallization released
during an infinitesimal temperature range dT, T,
denotes the initial crystallization temperature and T,
and T, are the crystallization temperature at time ¢
and after completion of the crystallization process,
respectively. Thus, the denominator corresponds to
the overall enthalpy of crystallization for specific
heating/cooling conditions.

The relative degree of crystallinity can be calcu-
lated as a function of time by the relationship:

(t—t)) =(To—T)/d = (T —To)/B 4)

where Ty is the temperature at which crystallization
begins (t = tp) and ¢ and P are the values of the
cooling and heating rates, respectively.

Figure 2 a) Variation in spherulite radius with tempera-
ture during heating (full symbols and right ordinate scale)
and cooling (empty symbols and left ordinate scale) at the
indicated rates and starting crystallization temperatures.
(b) Spherulitic growth rates determined by the equations
deduced for cooling (empty symbols) and heating (full
symbols) runs. (c) Kinetic analysis of growth rate data for
PGL-P(GL-co-TMC)-PGL by eq. (2) and parameters U* =
1575 cal/mol, T, = T, — 30 K and K, = 2.45 10° K*.
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TABLE I
Third Order Equations that Fit the Temperature Dependence of PGL-P(GL-co-TMC)-PGL Spherulitic Radius
During Hot and Cold Nonisothermal Crystallizations

Hot crystallization

Cold crystallization

Cooling Heating
rate (°C/min) Equation r rate (°C/min) Equation r
0.5° R = — 0.00864 T® + 4.6523 T* 0.9997 0.5 R = — 0.00322 T® + 0.73878 T> 0.9984
— 836.7747 T + 50261.936 — 53.1206 T + 1230.836
3P R = 0.00132 T° — 0.4902 T> 0.9999 1 R = 0.00036 T°+ 0.03136 T° 0.9997
+ 54.8728 T — 1599.845 — 84413 T + 323.4108
3¢ R = — 0.00059 T° + 0.0964 T? 0.9998

— 52156 T + 207.024

@ Starting crystallization temperature 190°C.
b Starting crystallization temperature 180°C.
¢ Starting crystallization temperature 110°C.

Figure 3 also illustrates the variation of the time-
dependent degree of crystallinity, x(t), at different
cooling/heating rates. This data allow performing a
kinetic analysis of hot/cold nonisothermal crystalli-
zation processes.
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Figure 3 Time evolution of relative crystallinity at the
indicated heating/cooling rates for the cold (a) and hot (b)
crystallization of PGL-P(GL-co-TMC)-PGL. Insets show the
corresponding dynamic DSC curves obtained at the indi-
cated heating/cooling rates.

The kinetics of these crystallizations have a non-
Arrheniusian behavior since two exponential func-
tions are implied in the classical Lauritzen and Hoff-
man equation.”” In this way, a temperature-depend-
ent effective activation energy of the growth rate
was defined and derived from this equation by Vya-
zovkin and Sbirrazzuoli'’:

E(T)= —Rd In G/dT!
= WT?/(T = Too)’] + KR[(2AT = T3.f)/(AT)’f]  (5)

A new methodology based on isoconversional
analysis was developed to estimate the indicated
temperature-dependent effective activation energies
and successfully applied to evaluate the typical crys-
tallization parameters from melt crystallization'® >
and combined melt and glass crystallizations.”**®
Note that this new approach can use nonisothermal
calorimetric data instead of optical microscopy
measures, which may be highly time consuming
experiments, especially when are performed under
isothermal conditions.

The isoconversional method of Friedman®’ consid-
ers a variation of the effective activation energy with
crystallinity that follows the equation:

[dy/d t]x = A exp (=E,/RT)f[x] (6)

where A is a preexponential factor and f [y] is the
crystallization model. Values of In [dy/dt], at differ-
ent temperatures and conversion degrees can be
obtained from the above indicated crystallization
experiments performed at different heating/cooling
rates. In this way, it is possible to determine E, from
the slopes of the linear plots of In [dy /dt], versus
1/T for hot and cold crystallization processes. The
temperature dependence of the effective activation
energy was finally derived by considering also
the average temperature associated with a given
conversion.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Experimental E, on T data for hot and noniso-
thermal cold crystallization of PGL-P(GL-co-TMC)-PGL.
Dashed line corresponds to the data calculated by eq. (5)
and the optimized crystallization parameters. Arrow indi-
cates the expected temperature for the maximum crystalli-
zation rate (i.e., effective activation energy equal to zero).

Figure 4 displays the deduced E, — T plot for the
hot and cold crystallization experiments. Effective
activation energy data were fit to eq. (5) to evaluate
the main kinetic parameters. The secondary nuclea-
tion constant was mainly deduced from the hot crys-
tallization data since the other parameters have little
influence on the temperature range, which is far
from the glass transition temperature. On the con-
trary, the activation energy of the transport process,
U*, and the temperature, T.,, were mainly deter-
mined from the cold crystallization data.

The best fit between experimental and theoretical
data was obtained with U, T, and K, parameters of
1675 cal/mol, T, — 30 K and 2.30 x 10° K?, respec-
tively. These values are fully consistent with those
deduced from the above explained optical micros-
copy experiments. It is also interesting to note that
previous isothermal crystallization studies'’ on PGL-
P(GL-co-TMC)-PGL samples indicated a great agree-
ment between the bell shaped curves that describe
the temperature dependence of the overall crystalli-
zation rate and the crystal growth rate, a feature that
suggests a linear dependence between the two indi-
cated rates for the studied polymer.

The simulated E, — T plot (dashed line in Fig. 5)
shows that the effective activation energy always
increased with decreasing the crystallization temper-
ature. This energy was negative at high crystalliza-
tion temperatures (i.e., the zone controlled by sec-
ondary nucleation) and progressively increased with
decreasing the temperature. The energy became zero
at the maximum crystallization rate temperature and
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positive at lower temperatures (i.e., the zone con-
trolled by the transport energy term). Negative and
positive signs only indicate that the crystallization
rate increased with decreasing and increasing tem-
peratures, respectively, as discussed at length by
Vyazovkin and Dranca.® The plot shows that the
maximum crystallization rate is expected for a tem-
perature of 127.4°C, which is in agreement with the
value deduced from the isothermal study (130°C)."*

Study on the nonisothermal crystallization of
PGL-P(GL-co-TMCO)-PGL by time-resolved
SAXS/WAXD experiments

Figure 5 shows representative time-resolved SAXS
and WAXD profiles of PGL-P(GL-co-TMC)-PGL
obtained during a nonisothermal hot crystallization
performed at 5°C/min. A SAXS long period peak is
clearly seen at a value of the scattering vector, g =
[47t/A] sin(0), close to 0.045 A~! after subtraction of
the empty sample background observed near the
beam stop. This peak can be attributed to the lamel-
lar structure of the spherulites and starts to appear
at a temperature value which decreases with increas-
ing the crystallization cooling rate. Subsequently, the
peak intensity increases significantly with decreasing
temperature until reaching a plateau value. For each
cooling rate, the peak slightly shifts to higher g val-
ues during crystallization, the change being more
pronounced in the initial stages. The high intensity
of the final SAXS peaks, indicating a large difference
between the electronic density of the amorphous
and the crystalline phases, is worth pointing out. In
fact, the crystalline structure of polyglycolide®® is
characterized by a very tight packing, as opposed to
the less dense structures found in related aliphatic
polyesters (e.g., poly-B-propiolactone®).

The initial WAXD profiles show two amorphous
halos [inset of Fig. 5(b)] whose intensity decreases
when crystallization occurs and on which Bragg
reflections form. Those most intense appear at 0.400
nm (g = 15.7 nm ') and 0.310 nm (g =203 nm )
and can be indexed as the (110) (020) reflections of
the polyglycolide structure, defined by an ortho-
rhombic unit cell having 2 = 0.522 nm, b = 0.619 nm,
and ¢ = 0.702 nm.?® The intensities of these reflections
increase significantly at the beginning of crystalliza-
tion until reaching their maximum values after a short
time interval. For a given cooling rate, the SAXS long
period peak and crystal diffractions appear simultane-
ously, as expected for a crystallization process con-
trolled by nucleation and crystal growth.

Similar trends were observed in the cold crystalli-
zation experiments performed at different heating
rates. In this case, the scattering vector appeared at
slightly higher values than those observed in the hot
crystallization experiments performed at a similar
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Figure 5 Time-resolved SAXS (a) and WAXD (b) three-
dimensional profiles of PGL-P(GL-co-TMC)-PGL during
nonisothermal hot crystallization at 5°C/min. SAXS curves
are shown after subtraction of empty sample background
and Lorentz correction. Inset of (b) shows the deconvolu-
tion of the WAXD profile at the end of nonisothermal
crystallization.

rate (heating instead of cooling). SAXS profiles [Fig.
6(a)] showed also a continuous increase of the peak
intensity after reaching the temperature at which
cold crystallization could be considered finished
according to the exothermic peak observed in the
DSC thermogramas. This increase suggests a
decrease of the electronic density of the interlamellar
amorphous phase with increasing temperatures. The
increase of the peak intensity was especially noticea-
ble at some degrees before fusion. On the contrary,
WAXD profiles [Fig. 6(b)] showed that crystalline
reflections had a practically constant intensity after
reaching the temperature at which cold crystalliza-
tion could be considered finished. Thus, a significant
increase on the degree of crystallinity could not be
detected at high temperatures.

SAXS data were analyzed considering the normal-
ized one-dimensional correlation function,® v(r),
which corresponds to the Fourier transform of the
Lorentz-corrected SAXS profile:

1555

y(r) = / 71(q) cos(qr)dq / / 71(q)dg )
0 0

SAXS data were collected within a limited angular
range only. That is why extrapolations to low and
high g values were performed using Vonk’s model®'
and Porod’s law, respectively.

Figure 7(b) illustrates the correlation functions cal-
culated for the SAXS profiles [Fig. 7(a)] obtained at
the end of the nonisothermal experiments conducted
at different cooling rates (i.e., at temperatures at
which crystallization was ended according to DSC
thermograms), whereas Figure 8 compares the corre-
lation functions at the end of the hot and cold crys-
tallizations performed at the lowest rate (3°C/min).
The analysis of these functions generally allows the
determination of: (1) the long period, L,, (i.e., the r
value of the first maximum of the correlation func-
tion); (2) the amorphous layer thickness, I,, (i.e., the
r value for the intersection of the linear regression in
the autocorrelation triangle with the ordinate equal
to the first minimum of the correlation function); (3)
the crystalline lamellar thickness, I, (calculated as
L,((1a); (4) the crystallinity within the lamellar stacks,

- 1400

a) it

I -q“{n.u.)

13 I8 15 16

g (nm")

Figure 6 Time resolved SAXS (a) and WAXD (b) three-
dimensional profiles of PGL-P(GL-co-TMC)-PGL during
cold nonisothermal crystallization at 3°C/min. SAXS
curves are shown after subtraction of empty sample back-
ground and Lorentz correction.
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Figure 7 Final SAXS profiles (a) and corresponding cor-
relation functions (b) at different cooling rates for noniso-
thermal hot crystallization of PGL-P(GL-co-TMC)-PGL.
(c) Lg, Ly, I, and [, values obtained at the end of noniso-
thermal cold (full symbols) and hot (empty symbols) crys-
tallization performed at different heating/cooling rates.
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XSMS (calculated as lc/L,; and (5) the scattering
invariant, Q.

The long period deduced from the peak observed
in the SAXS profiles (Lg) or from the correlation
function (L,) clearly increases with the cooling rate
[i.e., from 13.5-14.8 to 12.9-13.9 nm for rates
between 3 and 20°C/min, as can be seen in Fig.
7(c)]. Increasing rates conduced to an increase (from
9.9-10.8 nm) of the crystalline lamellar thickness
whereas the amorphous layer was not significantly
affected. Interestingly, both crystalline and amor-
phous thicknesses remained practically constant in
the cold crystallization experiments [Fig. 7(c)]. Com-
parison between cold and hot crystallization at a
given rate (Fig. 8) clearly demonstrates that lamellae
were thinner when spherulites were obtained from
the glass state, that is, from lower crystallization
temperatures (e.g., 9.7 and 12.9 nm were measured
for samples crystallized at 3°C/min). Figure 8 shows
also the correlation function of a cold crystallized
sample just at some degrees ) (20°C) before fusion.
In this case, it is clear that the crystalline lamellar
thickness increased significantly during the later
heating step, whereas the amorphous thickness
remained practically constant. This behavior clearly
suggests that a melt-recrystallization process of the
initial lamellae took place before melting.

The L, values were in all cases higher than the
long period determined from twice the value of the
first minimum of the correlation function (e.g., 12.9
nm and 11.4 nm for the crystallization performed at
3°C/min). Thus, the most probable distance between

y (r)

0.5

0 50 100 150 200 250 300
r (A)

Figure 8 Comparison between correlation functions for
cold (@) and hot (O) crystallized samples of PGL-P(GL-co-
TMC)-PGL at a heating/cooling rate of 3°C/min. The cor-
relation function of a heated sample (3°C/min) after com-
pleting both cold and hot recrystallization processes is also
shown (OJ).
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Figure 9 Time evolution of the Bragg spacing, Lg, long
period from correlation function, Ly i, crystal thickness, [,
amorphous thickness, I,, and scattering invariant, Q, dur-
ing nonisothermal hot (a) and cold (b) crystallization per-
formed at 3°C/min with PGL-P(GL-co-TMC)-PGL samples.

the centers of gravity of two adjacent crystals
appears to be higher than twice the most probable
distance between the centers of gravity of a crystal
and its adjacent amorphous layer. This suggests a
broader distribution of the layer widths of the major
component, which in this case corresponds to the
crystal phase. Differences were more significative for
the cold crystallized samples (9.7 nm respect 7.6 nm)
before the melt-recrystallization process took place.
Data obtained during a nonisothermal hot crystal-
lization reveal a decrease in both Lz and L, long
spacings at the beginning of the process (i.e., during
primary crystallization), as shown in Figure 9(a). These
changes are basically due to the decrease on the amor-
phous layer thickness, which suggests an improved
arrangement of folding surfaces. Furthermore, it is
also possible to determine that crystalline lamellar
thickness decreases significantly throughout the
crystallization process, which means that a lamellar
insertion mechanism occurs (i.e., formation of thin-

ner lamellar crystals between loosely stacked pri-
mary lamellae). This insertion is more important
when the cooling rate is slower and explains the dif-
ferences between morphological parameters found
when the cooling rate was varied [Fig. 7(c)]. Note that
crystallization takes place at lower temperatures when
the cooling rate is increased. Consequently, a lower
crystalline lamellar thickness should be expected if the
insertion mechanism were not relevant. It is also inter-
esting that the long period at the beginning of crystalli-
zation varies, as expected from the change in the crys-
tallization temperature, from 17.3 to 16.0 nm when the
cooling rate changes from 3 to 20°C/min, respectively.

Figure 9(a) also shows the time evolution of the
scattering invariant during nonisothermal crystalliza-
tions at a cooling rate of 3°C/min which reveals a
typical behavior where invariant Q increases with
time. However, it is interesting to note that at temper-
atures lower than 70°C (i.e. more than 2500 s) the
invariant starts to decrease probably as a consequence
of an increase on the electronic density of the inerla-
mellar amorphous phase.

The morphological parameters remain practically
constant throughout the cold crystallization process
[Fig. 9(b)], suggesting that, in this case, the insertion
mechanism is not significant. However, a remarkable
increase in both the long period and crystalline
lamellar thickness is observed at high temperatures
(long crystallization time) where melting and recrys-
tallization of the initial lamellae occur. In this way,
crystalline lamellar thickness increases from 9.7 nm
to 12.0 nm during this recrystallization process. Note
that the final thickness is similar to that obtained
during the hot nonisothermal crystallization (12.9
nm). The evolution of the Q invariant during the
cold crystallization experiment shows a sigmoidal
increase with time where could be well distin-
guished: (a) the induction time, t;, at which the
SAXS profile starts to show a peak; (b) the zone
associated to primary crystallization where the inten-
sity of the SAXS peak continuously increases at a
rapid rate; and (c) the time at which secondary crys-
tallization starts, t,. The SAXS invariant curve shows
also a posterior increase with time which can mainly
be attributed to the decrease of the electronic density
of the interlamellar amorphous phase as above
explained, or indeed to the hot crystallization pro-
cess that occurs just before fusion.

The evolution of crystallinity during nonisother-
mal hot crystallizations was estimated from WAXD
profiles [Fig. 5(b)]. Thus, the integrated intensity for
each crystal reflection and the amorphous back-
grounds were measured for the time-resolved spec-
tra. Pearson VII fuctions were used to fit the amor-
phous backgrounds and all crystal reflection peaks.
By dividing the total intensities of the crystalline
reflections I. by the overall intensity I, a measure of
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Figure 10 a) Time evolution of WAXD crystallinity dur-
ing nonisothermal hot crystallization performed at the
indicated cooling rates. (b) Comparison between the recip-
rocal of the half crystallization time determined by DSC,
SAXS and WAXD for nonisothermal hot crystallization of
PGL-P(GL-co-TMC)-PGL.

the mass fraction of the crystalline phase in the sam-
ple, XWAXD - was obtained. The time evolution of
WAXD crystallinity is displayed in Figure 10(a) for
representative hot crystallizations. Crystallinity pro-
files are very similar to those of the SAXS invariant
(obviously in the temperature range where crystalli-
zation takes place) and the relative degree of crystal-
linity evaluated by DSC. This agreement is better
shown by considering the values of the half crystalli-
zation time (t1,,), as listed in Figure 10(b) for the
hot crystallization process. Larger discrepancies
between DSC WAXD and SAXS data were observed
at the highest cooling rate due to the shorter time
involved and the higher relative error associated
with the measure.
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WAXD measurements indicate that relative crystal-
linities could be obtained in the 32-34% range at the
end of the hot crystallization process regardless of the
cooling rate. This crystallinity decreased slightly in
the cold nonisothermal crystallization . (~ 31%). It is
remarkable that the melt-recrystallization process
occurring just before fusion did not result in a signifi-
cant increase in the final crystallinity of the sample
(e.g., a change from 31-33% was observed for a heat-
ing run of 3°C/min). This observation is in agreement
with previous DSC calorimetric studies'" where no
exothermic peaks before fusion were detected in the
heating runs of melt quenched samples.

Combined SAXS and WAXD data were also used
to verify the assignment of I, and I. thicknesses,
which could not be distinguished from the analysis
of the correlation function.’*® Thus, the ratio
between X, VA*P and XS5**S [determined as I./(I, +
I;)] is an estimate of the volume-filling fraction of
the lamellar stacks, Xs, which should be lower than
1 for a correct assignment. For example, ratios of
0.40 and 0.78 were determined at the end of crystal-
lization for cold and hot crystallized samples at a
rate of 3°C/min, respectively. It seems that amor-
phous phase domains exist between the lamellar
stacks and that they are less significant in the hot
crystallized samples.

CONCLUSIONS

Nonisothermal optical microscopy analysis was suc-
cessful to measure the spherulitic growth rate of
PGL-P(GL-co-TMC)-PGL over a wide temperature
interval. Data obtained from both cold and hot crys-
tallization experiments were consistent and allowed
to fully determine the bell shaped curve that defines
the dependence between the crystal growth rate and
the temperature. The maximum crystallization rate
was found to occur at a temperature of 125°C. The
typical Lauritzen and Hoffman analysis showed a
single crystallization regime with parameters U =
1575 cal/mol; T = Ty — 30 K and K, = 2.45 10° K?
that were in agreement with previous data derived
from isothermal experiments.

The isoconversional approach proposed by Vyazov-
kyn and Sbirrazzuoli has been revealed highly effec-
tive to estimate crystallization parameters from cold
and hot nonisothermal crystallization data obtained
by DSC experiments. In this way, the maximum rate
was found at a temperature of 127°C and a single re-
gime with parameters U = 1675 cal/ mol; T, = Tg -
30 K and K, = 2.30 10° K* was determined. The close
agreement between calorimetric and optical micros-
copy analyses suggests a linear dependence between
the overall and the crystal growth rates of PGL-P(GL-
co-TMC)-PGL, as it was previously deduced from iso-
thermal crystallization studies.
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Significant differences in lamellar morphology
were found between hot and cold crystallized sam-
ples. Crystalline lamellar thickness was clearly lower
in the latter case and remained practically insensitive
to the crystallization time and the heating rate. In
contrast, a lamellar insertion mechanism was
deduced for melt-crystallized samples. Cold crystal-
lized samples experimented a reorganization process
just at some degrees before fusion which conduced to
a significant increase of the crystal lamellar thickness.
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