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Abstract

The thermal properties and the isothermal hot crystallization behavior of a new regular polyester constituted of glycolic acid and 6-hydroxy-
hexanoic acid units were studied by differential scanning calorimetry (DSC). The morphological development during isothermal crystallization
was also investigated using simultaneous small-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction (WAXD) techniques with
synchrotron radiation. A crystallineeamorphous two-phase lamellar system was assumed and interpreted using correlation functions.

Kinetic parameters deduced from the Avrami analysis indicated a three-dimensional spherulitic growth from heterogeneous nuclei, whereas
optical micrographs revealed the formation of small spherulites with a negative birefringence and a fibrillar texture. The Lauritzen and Hoffman
analysis of crystallization regimes was performed taking into account the kinetic constants of the overall crystallization process deduced from
DSC and also the reciprocal crystallization halftimes evaluated by means of DSC, SAXS and WAXD experiments. Data were consistent with
a single crystallization regime and yielded similar values for the transport activation energy and the nucleation constant in all cases.

The evolution of long period and lamellar thickness was evaluated during crystallization. Changes with both crystallization time and
crystallization temperature were significant.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of new biodegradable polymers is a sub-
ject of great interest due to their potential applications such as
those found in the biomedical field. Thus, biodegradable poly-
mers are currently being investigated for use in wound closure
(sutures, staples); orthopedic fixation devices (pins, rods,
screws, tacks, ligaments); dental, cardiovascular and intestinal
applications; drug delivery systems; and matrices for cell cul-
ture [1e3]. Most of the commercially available biodegradable
devices are polyesters, for example the homopolymer and
copolymers of glycolide [4e6]. The latter are usually prepared
by ring opening polymerization of glycolide and appropriate
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cyclic comonomers, and consequently have a random micro-
structure that hinders their crystallization.

A new method of synthesis has recently been proposed
for obtaining alternating copolymers of glycolic acid and
u-amino acids [7,8] or u-hydroxy acids [9]. This method is
based on a thermal polycondensation with formation of a metal
salt as a driving force (Scheme 1a) and allows a highly porous
material to be obtained after water washing. New polymers
can cover a wide range of properties since two different
families (polyesters and poly(ester amide)s) with a variable
methylene content are involved.

It is well known that the rate of degradation is a function of
the degree of crystallinity as well as a morphological feature.
Thus, degradation occurs at different rates through the amor-
phous and crystalline regions of the sample [10]. Moreover,
morphological variables at the lamella level may play a signif-
icant role in the degradation mechanism [11,12].
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This work focuses on the study of the isothermal crystalli-
zation behavior of the new alternating polyester (abbreviated
as poly(Glc-alt-6HH)) constituted of glycolic acid and 6-
hydroxyhexanoic acid, which are two of the most common
units in commercial biodegradable polymers. Changes at both
lamellar and unit cell levels will be evaluated using simulta-
neous small-angle X-ray scattering (SAXS) and wide-angle
X-ray diffraction (WAXD) techniques with synchrotron
radiation.

2. Experimental section

Poly(Glc-alt-6HH) was synthesized by thermal polyesterifi-
cation of the potassium salt of 6-(2-chloroacetate)hexanoic
acid with an 80% yield (Scheme 1b). The intrinsic viscosity
measured in dichloroacetic acid at 25 �C was 0.80 dL/g. The
weight average molecular weight and polydispersity index
estimated by GPC were 28,600 g/mol and 2.07, respectively.

Thermal analysis was performed by differential scanning
calorimetry (DSC) with a Thermal Analysis Q100 instrument
with Tzero technology and equipped with a refrigerated cooling
system (RCS) which operates from �90 �C to 550 �C using
a two-stage, closed, evaporative refrigerator system. Indium
metal was employed for enthalpy and temperature calibration.
The Tzero calibration requested two experiments: the first was
done without samples and the second one was performed with
sapphire disks. Thermal characterization was carried out fol-
lowing a protocol that involves a first heating run of the sam-
ple directly obtained from polymerization, a cooling run from
the melt state, a second heating run of the melt-crystallized
sample, and finally a third heating run with the sample previ-
ously quenched to �90 �C from the melt. Heating and cooling
runs were performed at 20 �C/min and �10 �C/min, respec-
tively. Samples weight ranged between 6 mg and 8 mg
and all operations were performed under nitrogen. Hot-
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Scheme 1.
crystallization studies were conducted with samples held in
the melt state for 5 min to remove any thermal history and
were then quickly quenched to the selected isothermal crystal-
lization temperature. The endothermic curves of heat flow as
a function of time were recorded and analyzed.

Spherulites were grown over a cover slide from uniform
molten thin films, which were produced by evaporation of a di-
lute polymer solution in hexafluoroisopropanol (1 mg/mL).
Samples were isothermally crystallized at different tempera-
tures below the melting point. A Linkam THMS 600 hot stage
mounted on an Olympus BX5 polarizing microscope was
used. Optical photographs were taken using an Olympus
C3030Z digital camera. A first-order red tint plate was em-
ployed to determine the sign of spherulite birefringence under
crossed polarizers.

The simultaneous time-resolved SAXS/WAXD experi-
ments were carried out on 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 sample was held in a Linkam hot stage with temper-
ature control within 0.1 �C. SAXS and WAXD profiles were
acquired simultaneously during cooling experiments in time
frames of 14 s. Two linear position-sensitive detectors were
used [13]: the SAXS detector was calibrated using different
orders of diffraction from silver behenate, whereas the WAXD
detector was calibrated with the different diffractions of a stan-
dard of an alumina (Al2O3) sample. The diffraction profiles
were normalized to the beam intensity and corrected consider-
ing the empty sample background. Deconvolution of WAXD
peaks was performed with the PeakFit v4 program by Jandel
Scientific Software using a mathematical function known as
‘‘Gaussian and Lorentzian area’’. Calculation of the correla-
tion function and the corresponding parameters was performed
using the CORFUNC program [14] provided by the Collabo-
rative Computational Project 13 for Fibre Diffraction/
Non-Crystalline Diffraction, CCP13.

3. Results and discussion

3.1. Thermal behavior of poly(Glc-alt-6HH)

A typical DSC characterization of poly(Glc-alt-6HH) is
shown in Fig. 1, where traces corresponding to different scans
are plotted. The polymer is characterized by a predominant
melting peak close to 64 �C that is observed in all different
heating runs. However, hot crystallized samples also show
a minor peak at a lower temperature and an exotherm just
before the last melting peak, which is indicative of a lamellar
reorganization. This recrystallization is also observed as a
broader exotherm in the heating run of a quenched sample
which, in addition, has a broad melting peak and suggests con-
tinuous melt and recrystallization processes on heating. Melt-
ing enthalpies of melt and cold crystallized samples are
practically identical (6.4 kJ/mol and 6.5 kJ/mol, respectively,
once the exothermic contribution is subtracted) and signifi-
cantly lower than that measured from the solution crystallized
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sample (11 kJ/mol). A degree of crystallinity ranging from
32% to 18% or from 57% to 34% can be consequently deter-
mined assuming a heat of fusion of 34 kJ/mol or 19 kJ/mol for
a 100% crystalline sample. These values are estimated by
considering the group contribution theory and the data given
by different authors (4 kJ/mol corresponds to the methylene
groups, but values of 5 kJ/mol [15] and �2.5 kJ/mol [16]
can be found for the ester groups). The polymer easily crystal-
lizes from the melt, giving rise to a hot crystallization peak
that is observed at 25 �C in the cooling run performed at
�10 �C/min. Note also that the polymer crystallizes during
quenching since no exotherm is observed prior to the lamellar
reorganization process in the subsequent heating run. The
glass transition temperature is observed at �36 �C, well below
room temperature.

The melting behavior of samples isothermally hot crystal-
lized between 30 �C and 56 �C for long enough to reach the
end of crystallization is shown in Fig. 2. The temperature of
the first peak increases with crystallization temperature Tc,
whereas the second peak always appears at a constant value
(64 �C). The relative areas of these two peaks also depend
on Tc, becoming the first peak dominant at high Tc. This
behavior indicates that the first peak represents the melting
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Fig. 1. DSC scans performed with poly(Glc-alt-6HH): (a) heating run (20 �C/

min) of the original sample, (b) cooling run (10 �C/min) after keeping the

sample in the melt state for 5 min, (c) heating run (20 �C/min) of the above

non-isothermally crystallized sample, and (d) heating run (20 �C/min) of the

previously quenched sample from the melt.
of as-crystallized lamellae, whereas the second peak repre-
sents the melting of reorganized crystals, presumably crystal-
lized during scanning. When Tc is increased, the initial
lamellae are thicker to start with, melt at a higher temperature
thus not allowing sufficient time for recrystallization of second
peak lamellae, and leading to a decreased endotherm for high-
Tc samples. The total melting enthalpy is measured by adding
the areas associated with the two possible melting peaks and
subtracting, if observed, the area of the exotherm associated
with reorganization. This enthalpy slightly increases with
crystallization temperature and varies from 6.9 kJ/mol for
the sample crystallized at 30 �C to 8.5 kJ/mol for that crystal-
lized at 56 �C. The estimated degree of crystallinity assuming
the van Krevelen group contribution data [16] for such isother-
mally crystallized samples increases from 36% to 44%.

In order to analyze the crystallization kinetics, it is neces-
sary to determine the equilibrium melting point (Tm

0 ) of
poly(Glc-alt-6HH). Only the temperature of the first melting
peak is considered since, as explained above, it represents
the melting temperature of the as-crystallized material. A the-
oretical equilibrium melting temperature close to 77 �C
(Fig. 3) is graphically determined according to the method de-
veloped by Hoffman and Weeks [17] (i.e., extrapolation of the
plot of Tm versus Tc to Tm¼ Tc) when the data for the thinner
crystals, which are formed at Tc, are considered.
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Fig. 2. DSC heating runs (20 �C/min) of poly(Glc-alt-6HH) samples isother-

mally melt-crystallized at temperatures ranging from 30 �C to 56 �C.
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3.2. DSC study of the isothermal crystallization kinetics
of poly(Glc-alt-6HH)

A crystalline weight fraction, c(t), is obtained from the
hot-crystallization DSC exotherms of poly(Glc-alt-6HH) by
the ratio between the partial area at time t and the total exo-
therm area:

cðtÞ ¼
Z t

t0

ðdH=dtÞdt
.ZN

t0

ðdH=dtÞdt ð1Þ

where dH/dt is the heat flow rate and t0 is the induction time.
The crystallization exotherms become flat and shift to longer
times with increasing hot-crystallization temperature.

The development of crystallinity for hot-isothermal crystal-
lizations (Fig. 4a) shows a characteristic sigmoidal depen-
dence on time. Unfortunately, temperatures below 35 �C are
not suitable for reliable isothermal crystallization experiments
because the sample begins to crystallize before the set Tc can
be reached.

Kinetic crystallization data were analyzed assuming the
Avrami equation [18e20] for the primary crystallization:

1� cðtÞ ¼ exp½ � Zðt� t0Þn� ð2Þ

where Z is the temperature-dependent rate constant and n is
the Avrami exponent whose value varies according to the crys-
tallization mechanism. This mechanism is composed of two
steps: nucleation, which can be either homogeneous or hetero-
geneous depending on the way that nuclei are formed, and
crystal growth.

A normalized rate constant, k¼ Z1/n, is usually evaluated
for comparison purposes since its dimension (time�1) is inde-
pendent of the Avrami exponent value.
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Fig. 3. HoffmaneWeeks plot of the temperatures corresponding to the first

(:) endothermic melting peak versus crystallization temperature. An equilib-

rium melting temperature close to 77 �C is deduced.
The plots of log{�ln[1� c(t)]} against log(t� t0) at differ-
ent crystallization temperatures give straight lines (Fig. 4b)
with slopes corresponding to the Avrami exponents and inter-
cepts at log(t� t0)¼ 0 equal to log Z. Table 1 summarizes the
main kinetic parameters of the primary process and shows an
Avrami exponent with a mean value of 2.70. A predetermined
(heterogeneous) nucleation with spherical growth geometry
can be assumed from the calculated Avrami exponents, the
ideal value of n for such situation being 3. We discard the pos-
sibility of a sporadic (homogeneous) nucleation and disk-like
growth geometry since such a situation is expected to occur at

0

0.2

0.4

0.6

0.8

1

0 2000 4000 6000 8000

T=40 °C

T=45 °C

T=50 °C

T=52 °C

T=54 °C

T=56 °C

t-t0 (s) 

C
ry

st
al

lin
it

y

(a)

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

1.4 1.9 2.4 2.9 3.4 3.9 4.4

lo
g 

{-
ln

 [
1-

   
(t

)]
}

log (t-t0) (s) 

(b)

T=40 °C

T=45 °C

T=50 °C

T=52 °C

T=54 °C

T=56 °C

Fig. 4. (a) Development of crystallinity with time for different isothermal

crystallizations performed between 40 �C and 56 �C. (b) Avrami analyses

for the studied hot crystallizations of poly(Glc-alt-6HH).



6022 M. Martı́nez-Palau et al. / Polymer 48 (2007) 6018e6028
Table 1

Isothermal hot crystallization parameters of poly(Glc-alt-6HH)

Tc (�C) n Z (s�n) k (s�1) 1/t1/2 (s�1)

DSC WAXD SAXS

35 2.44 7.46� 10�5 2.03� 10�2 2.52� 10�2 2.13� 10�2 1.67� 10�2

40 2.57 5.11� 10�6 8.73� 10�3 2.22� 10�2 1.02� 10�2 9.17� 10�3

45 2.79 1.35� 10�7 3.45� 10�3 9.92� 10�3 5.73� 10�3 5.88� 10�3

50 2.77 7.26� 10�9 1.15� 10�3 1.31� 10�3 3.40� 10�3 2.98� 10�3

52 2.80 1.22� 10�9 6.55� 10�4 7.49� 10�4

54 2.57 3.11� 10�9 4.90� 10�4 5.60� 10�4

55 8.47� 10�4 6.53� 10�4

56 2.89 3.06� 10�11 2.30� 10�4 2.62� 10�4
large supercoolings and for thin films. Note that the samples
were melt-crystallized inside the aluminium pans used for
DSC analysis, and are consequently rather thick. In addition,
a spherulitic morphology was observed for the melt-crystal-
lized samples by polarizing microscopy, as will be described
below.

The values of the normalized rate constant for the studied
crystallization temperatures are summarized in Table 1 to-
gether with the reciprocal crystallization halftime (1/t1/2).
This parameter can be easily obtained from DSC experiments
and reflects the overall rate of crystallization because it in-
cludes both nucleation and growth components [21]. A similar
evolution of the two parameters with the crystallization tem-
perature is found, a fact that supports the Avrami analysis per-
formed. Both parameters increase when the crystallization
temperature decreases, as is characteristic of a temperature
region where crystallization is more controlled by nucleation
than by molecular transport.

Next we analyze the overall rate of crystallization in terms
of crystallization regimes. For a dominant heterogeneous nu-
cleation it has been assumed that the Hoffman and Lauritzen
equation [22] can be reformulated using the reciprocal crystal-
lization halftime [23e25] (1/t1/2) or the normalized constant
[26e29] (k) instead of the radial growth rate (G) determined
by hot stage optical microscopy experiments.

We have specifically considered the derived equation for
the normalized constant:

k ¼ k0 exp½ �U�=RðTc � TNÞ�exp
�
�Kg=ðTcðDTÞf

��
ð3Þ

where k0 is a constant preexponential factor, U* represents the
activation energy characteristic of the transport of crystallizing
segments across the liquidecrystal interface, TN is the tem-
perature below which such motion ceases, Tc is the crystalliza-
tion temperature, R is the gas constant, Kg is a nucleation
parameter, DT is the degree of supercooling measured as
Tm

0 � Tc, and f is a correction factor accounting for the varia-
tion in the bulk melting enthalpy per unit volume with temper-
ature ( f¼ 2Tc/(Tm

0 þ Tc)).
The corresponding Lauritzen and Hoffman plot displayed

in Fig. 5 shows that the data fit well with a straight line that
is indicative of a single crystallization regime within the con-
sidered crystallization temperature interval. Values of U*¼
1500 cal/mol and TN¼ Tg� 30 K give rise to a correlation
coefficient, r, of 0.990 and a nucleation constant of 0.85�
105 K2, as deduced from the slope of the lineal fit.

Note that the U* and TN parameters correspond to those re-
ported by Suzuki and Kovacs [30], which are values usually
considered when isothermal crystallization is studied far above
the glass transition temperature. In this case, the indicated pa-
rameters hardly affect the temperature dependence of the rate
constant (nucleation control versus transport control), and
standard values are usually employed.

Only one kind of spherulites is observed in the isothermal
crystallizations of poly(Glc-alt-6HH) performed between
30 �C and 55 �C, a fact that is in agreement with the single
crystallization regime detected in the indicated temperature in-
terval. A fibrilar texture with the Maltese cross and negative
birefringence is characteristic. Fig. 6 shows the morphologies
attained at the lowest and the highest assayed crystallization
temperatures. Spherulites have a small size because of the
high nucleation rate, and consequently it is impossible to accu-
rately analyze the crystal growth. Diameters reach only well
measurable values close to 50 mm at the highest crystallization
temperature when the nucleation rate is still comparable with
the growth rate. The number of spherulites increases when the
crystallization temperature decreases, but remains constant
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during crystallization, as is characteristic of an athermal
process.

3.3. Study on the isothermal crystallization
of poly(Glc-alt-6HH) by time-resolved
SAXS/WAXD experiments

Fig. 7 shows representative time-resolved SAXS and
WAXD profiles developed during isothermal crystallization
at 50 �C and 55 �C, respectively. An SAXS long periodicity
peak is clearly seen at a value of the scattering vector, q¼
[4p/l]sin(q), close to 0.04 Å�1 after subtraction of the empty
sample background. The indicated long period peak can be at-
tributed to the lamellar structure in the spherulites and starts to
appear at a time that increases with the crystallization temper-
ature. Subsequently the peak intensity increases significantly
with time until reaching a plateau value. The initial WAXD
profiles show only one amorphous halo whose intensity de-
creases when crystallization takes place, and on which Bragg
reflections form. ð111Þ, (110), and (020) correspond to the
most intense and significant reflections of a structure defined
by a monoclinic unit cell having a¼ 6.65 Å, b¼ 8.04 Å,
c¼ 21.5 Å and b¼ 133�. The intensities of these reflections
increase significantly during the beginning of crystallization

Fig. 6. Polarized optical micrographs of poly(Glc-alt-6HH) spherulites isother-

mally crystallized at 55 �C for 300 min (a) and at 30 �C for 30 min (b).
until reaching their maximum values after a short time inter-
val. For a given crystallization temperature, the SAXS long
periodicity peak and crystal diffractions appear simulta-
neously, as expected for a crystallization process controlled
by nucleation and crystal growth. Final SAXS profiles col-
lected at different temperatures are shown in Fig. 8a. It can
be clearly seen that the SAXS peak shifts to lower q values
at higher crystallization temperatures, which corresponds to
larger long spacings of the lamellar stacks.

SAXS data can be analyzed considering the normalized
one-dimensional correlation function [31], g(r), which corre-
sponds to the Fourier transform of the Lorentz-corrected
SAXS profile:

gðrÞ ¼
ZN

0

q2IðqÞcos ðqrÞdq
.ZN

0

qI
2ðqÞdq ð4Þ

Fig. 7. Time-resolved SAXS (a) and WAXD (b) three-dimensional profiles of

poly(Glc-alt-6HH) during isothermal crystallization at 50 �C (a) and 55 �C (b).

SAXS curves are shown after subtraction of empty sample background and

Lorentz correction.
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Integrations must be carried out over the range of
0< q<N. Thus, extrapolations of the scattering intensity to
both low and high q values are necessary since SAXS data
were only collected in a limited angular range.

The former extrapolation has little effect on the correlation
function because of the q2 weighting. It has been performed
using the Vonk model [32], which assumes an intensity profile
defined by:

IðqÞ ¼ H1�H2q2 ð5Þ

where H1 and H2 are constants.
The second extrapolation to high q is carried out consider-

ing Porod’s law:

IðqÞ ¼ IbðqÞ þK=q4 ð6Þ

where Ib is the background intensity and K is the Porod
constant.

Fig. 8b shows the correlation functions calculated for the
final SAXS profiles obtained at different crystallization
temperatures. Analysis of the correlation function allows to
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(b) at different crystallization temperatures for poly(Glc-alt-6HH).
determine: (1) the long period, Lg; (2) the crystallinity within
the lamellar stacks, Xc

SAXS; (3) the crystalline lamellar, lc, and
the amorphous layer thickness, la; and (4) the scattering invari-
ant, Q. In this way, Lg corresponds to the r value of the first
maximum of the correlation function; la has been assigned
to the r value for the intersection of the LRAT (linear regres-
sion in the autocorrelation triangle) with the ordinate equal to
the first minimum of the correlation function; lc corresponds to
Lg� la; and Xc

SAXS is calculated as lc/Lg. The lower thickness
of the two-phase lamellar model has been assigned to the
amorphous layer thickness although the correlation function
cannot distinguish the thickness associated with each phase.
This fact will be then explained and has been well reported
for other polymers [33e36].

The time evolution of the morphological parameters during
isothermal crystallization at a representative temperature of
55 �C is shown in Fig. 9. This evolution shows a typical be-
havior where the invariant Q exhibits a sigmoidal increase
with time. After the induction time, t1, the SAXS profile starts
to show a peak which grows continuously at a rapid rate. The
primary crystallization develops between t1 and the time at
which the secondary crystallization starts, t2. During the pri-
mary crystallization stage, both the average long period, Lg,
and the average lamellar thickness, lc, have a significant de-
crease, as well established for other polymers like poly(ether
ether ketone) [36]. During the secondary crystallization the
indicated distances remain practically constant. The change in
the interlamellar amorphous layer thickness, la, is significantly
smaller than those indicated for Lg and lc. However, an in-
crease of la during the primary crystallization is clearly ob-
served. The changes in the morphological parameters, i.e.,
the sharp initial decreases of Lg and lc during the primary
crystallization are consistent with the formation of new crys-
tals at a rate for which the thickening of existing lamellae is
comparatively negligible. The new secondary lamellae are
inserted within the loosely stacked bundles of the primary
lamellae and conduce to a denser stacking and a decrease
of Lg. Moreover, new lamellae suffer spatial restrictions
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leading to thinner defective crystals which account for the
changes observed in lc and la.

As usual [37], the Bragg long period, LB, is larger than the
Lg value associated with the most probable distance between
the centers of gravity of two adjacent crystals. A long period
determined from twice the value of the first minimum of the
correlation function, Lg

m, is also useful since it is interpreted
as the most probable distance between the centers of gravity
of a crystal and its adjacent amorphous layer. The results ob-
tained with poly(Glc-alt-6HH) show that Lg is larger than Lg

m

for all crystallization temperatures, a fact that indicates
a broader distribution of the layer widths of the major compo-
nent [36], which in this case corresponds to the crystal phase.

Fig. 10 displays the invariant Q with time at different tem-
peratures. An Avrami-like behavior is observed during the pri-
mary crystallization stage and after that a slight increasing Q
value is determined during the secondary crystallization. The
observed changes are rather similar to those determined by
DSC for the evolution of the degree of crystallinity depicted
in Fig. 4a. In fact, the time corresponding to a value of 0.5
for the invariant at each crystallization temperature can be
measured and the corresponding reciprocal parameter, 1/t1/2,
determined. These values are summarized in Table 1 and plot-
ted in Fig. 11 together with those deduced from the DSC ana-
lysis. The fastest crystallization rate corresponds to the lowest
studied Tc. The observed temperature dependence covers the
right side (low supercooling region) of the characteristic
bell-shaped kinetic curve, where crystallization is mainly con-
trolled by nucleation. A rather good agreement is observed be-
tween DSC and SAXS results in spite of the temperature gap
that may exist, indicating a strong parallel between the overall
rate of crystallization and the lamellar growth since the kinet-
ics for these two processes are comparable.

Fig. 12 shows the change in morphological parameters with
crystallization temperature. It is clear that the long period
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Fig. 10. Time evolution of the normalized SAXS scattering invariant Q at dif-

ferent temperatures for poly(Glc-alt-6HH). Inset shows complete data for the

long time crystallization performed at 55 �C.
increases when the crystallization temperature is raised.
Thus, Lg changes from a value of 111 Å at 35 �C to 129 Å
at 55 �C. In fact, the mobility of polymer chain segments
increases with temperature, and consequently the reorganiza-
tion into larger chain-folding lamellae becomes enhanced.
Both lamellar and amorphous layer thicknesses increase with
temperature in a rather similar way. Increments close to 7 Å
and 11 Å are detected in the considered temperature range
for lc and la, respectively.

The full width of half maximum of the SAXS peak, u,
decreases with crystallization time (Fig. 13) until a rather con-
stant value is reached at the end of the primary crystallization.
This fact indicates that the ordering of crystalline lamellae
within the stacks reaches its maximum. The variation of the
peak width with crystallization temperature (Fig. 13) is prac-
tically insignificant although a decreasing trend is detected,
which suggests that the lamellar distribution becomes slightly
narrower.

DSC

SAXS

WAXD

Temperature (°C)

1/
t 1

/2
 (

s-1
)

0

0.005

0.01

0.015

0.02

0.025

30 35 40 45 50 55 60

Fig. 11. The reciprocal crystallization halftimes determined by DSC, SAXS

and WAXD at different temperatures for poly(Glc-alt-6HH). Trend line ob-

tained with the averaged data from the three experiments is also drawn.
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The final WAXD profiles of poly(Glc-alt-6HH) measured at
different temperatures are shown in Fig. 14. The integrated in-
tensity for each crystal reflection and amorphous background
can be measured for the different time-resolved spectra
obtained during each isothermal crystallization. A Gaussiane
Lorentzian peak riding on a baseline is used to fit the amor-
phous background, and all other crystal reflection peaks are
also fitted with GaussianeLorentzian functions. By dividing
the total intensities of the crystalline reflections Ic by the
overall intensity IT, a measure of the mass fraction of the crys-
talline phase in the sample can be obtained. This value,
Xc

WAXD, can be termed as the apparent mass crystallinity since,
owing to possible distortions in the crystal lattice and thermal
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disorder, the measured value of Ic might underestimate the true
value of crystallinity.

The evolution of the WAXD crystallinity with time at
different crystallization temperatures is displayed in Fig. 15.
These crystallinity profiles become very similar to the evolu-
tion of the SAXS invariant profile, Q, and consequently
show an Avrami-like growth behavior during the primary crys-
tallization stage at all chosen temperatures. A practically con-
stant crystallinity value is then reached during the secondary
crystallization process. Final crystallinity slightly increases
from 45% to 47% (Fig. 15) when crystallization temperatures
vary from 35 �C to 45 �C. Final crystallinity values are diffi-
cult to determine at higher temperatures because of the long
time required by secondary crystallization to be completed.
WAXD crystallinities (ca. 45%) are in good agreement with
those estimated by DSC using the van Krevelen group contri-
bution theory [16] (ca. 40%).

The reciprocal crystallization halftimes deduced from
WAXD experiments are summarized in Table 1 and plotted
versus the crystallization temperature in Fig. 11. A good
agreement is clearly found between the different methods
(DSC, SAXS and WAXD) used to evaluate this kinetic param-
eter. In fact, the Hoffman and Lauritzen equation can be
applied using all the reciprocal data (Fig. 16) and the same
conclusions obtained with the analysis based on the normal-
ized kinetic constant, k, are reached. Thus, the plot is defined
by a single slope representative of one crystallization regime.
The correlation coefficient and the nucleation constant be-
come 0.981� 105 K2 and 0.83� 105 K2 when the U* and
TN parameters are equal to 1500 cal/mol and Tg� 30 K,
respectively.

Combined SAXS and WAXD data can be used to verify the
assignment of the la and lc thicknesses. Thus, the ratio between
Xc

SAXS and Xc
WAXD is an estimate of the volume-filling fraction

of the lamellar stacks, XS. This value lies between 0.6 and 0.7
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within the studied temperature range and indicates the exis-
tence of amorphous phase domains between the lamellar
stacks. Note that the volume-filling fraction is larger than unity
when the values of la and lc are interchanged. As a result,
a value without a physical meaning is attained with the wrong
thickness assignment.

Comparison of the time evolution of the relative SAXS in-
variant, QSAXS, with Xc

WAXD shows that the two magnitudes
are proportional to each other during the primary crystalliza-
tion, whereas the change in Xc

WAXD becomes larger during
secondary crystallization. This is more evident when the iso-
thermal crystallization temperature decreases (Fig. 17) and is
a consequence of the increase in the fraction of crystals within
the lamellar stacks. This variation is highly significant in
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secondary crystallization and small (when compared to the
variation in the fraction of lamellae within crystalline aggre-
gates) in the primary crystallization.

The spacings of the strongest peak reflections remain prac-
tically constant during each isothermal crystallization, as
shown, for example, in Fig. 18. Thus, cell parameters do not
change significantly when the sample crystallizes at a given
temperature. However, a slight decrease in full width at half
maximum (dhkl) of the corresponding peaks is detected, and
therefore the domain dimensions in the direction perpendi-
cular to the hkl planes increase. Thus, the crystallization per-
formed at 55 �C shows an increase in the L111 and L110

domains from 25 nm to 35 nm and from 33 nm to 50 nm, re-
spectively, according to the Scherrer equation, Lhkl¼ 1/dhkl.
Lamellar morphologies with large lateral dimensions agree
with the observed narrow hk0 and hkl (with low l ) peaks.

WAXD profiles obtained at the final stages of the crystalli-
zations performed at different temperatures do not reveal a sig-
nificant peak broadening (Fig. 15). Thus, crystalline domains
are similar in the studied temperature range (35e55 �C). Spac-
ings of hk0 reflections also remain constant and consequently
the a and b unit cell parameters do not change. However, the
spacings of the hkl reflections decrease with increasing tem-
perature, which suggests a shortening of the chain axis param-
eter (from 21.5 Å to 20 Å) if a constant value is assumed for
the monoclinic angle and the shift of the 021 reflection is con-
sidered. Temperature favours a slight deviation from the char-
acteristic trans conformation, giving rise to a slightly tight
molecular conformation.

4. Conclusions

The calorimetric studies performed with the sequential
polyester derived from glycolic acid and 6-hydroxyhexanoic
acid, poly(Glc-alt-6HH), indicate that the polymer is highly
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crystalline (ca. 40%), has a well defined glass transition tem-
perature at around �36 �C and a complex melting behavior.
Thus, a double melting peak indicative of crystalline reorgani-
zation during heating may be detected. An equilibrium melt-
ing temperature of 77 �C is determined by the Hoffman and
Weeks plot.

For the isothermal hot crystallization process, the values of
the Avrami exponent range between 2.4 and 2.9, suggesting
heterogeneous nucleation and three-dimensional spherulitic
growth. This has also been confirmed by optical microscopy
observations which revealed the formation of small Maltese
cross spherulites. These are athermally nucleated, have a fibril-
lar texture and a negative birefringence.

Hot crystallizations performed between 35 �C and 56 �C
show a single crystallization regime when the Lauritzen and
Hoffman treatment is applied. An activation energy of the
transport process and a nucleation parameter of 1500 cal/mol
and 0.83e0.85� 105 K2, respectively, are deduced consider-
ing both the normalized kinetic constant and the reciprocal
halftime. DSC, SAXS and WAXD experiments render consis-
tent reciprocal halftime values.

SAXS and WAXD peaks appear simultaneously during
isothermal crystallizations, indicating that the predominant
growth mechanism is nucleation and crystal growth. Both
long period and lamellar thickness decrease with crystalliza-
tion time and then reach a plateau value at the final stage of
crystallization. New crystals within loosely stacked lamellar
bundles seem to be formed at a rate for which the thicken-
ing of existing primary lamella is comparatively negligible.
Differences between SAXS and WAXD crystallinities sug-
gest the existence of a significant amorphous fraction lo-
cated between the lamellar stacks.
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