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Abstract

An alternating multiblock copolymer of poly(e-caprolactone) (PCL) and poly(hexamethylene terephthalate) (PHT) with a 48/52 PCL/PHT
composition weight ratio has been synthesized. Its structural and morphological parameters were measured using 'H NMR, density
measurements, differential scanning calorimetry and its crystallization and melting were studied by real time simultaneous WAXS and
SAXS using synchrotron radiation. These results are compared with those for the pure PCL and PHT used as building blocks. In the
crystallization conditions used here, the copolymer crystallizes as alternate lamellae of PHT and PCL. The crystallinity of the PCL blocks is
much lower than that of pure PCL because they crystallize under stress in the semi-crystalline PHT network. © 2001 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

The primary purpose of this work was to synthesize a
biodegradable polymer with good mechanical and thermal
properties for use in packaging.

Poly(ethylene terephthalate) (PET) is widely used for
these applications although its biodegradability is far from
evident as proven by the variable degrees of degradation
reported in the literature [1-4]. The data indicate that trans-
formation of PET into fertilizer in industrial composting
sites appearing throughout Europe is a hopeless undertaking.
Environmental microbiology studies [5—9] have, however,
demonstrated that model compounds such as esters of
terephthalic, orthophthalic and isophthalic acids are assimi-
lated by various microorganisms in the field as well as in the
condition used in our laboratory [10]. This suggests that
the poor biodegradability of PET resides in the physical
properties of the material (rigidity of the chains and crystal-
linity) more than in the chemical structure of the building
blocks. In contrast, like most aliphatic polyesters, poly(e-
caprolactone) (PCL) is quantitatively assimilated by a large
variety of microorganisms [11,12] but has poor thermal and
mechanical properties. Its blends with starch have been
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widely studied [13] and find increasing use in the production
of composting bags for household refuse to be degraded in
industrial composting sites. The preceding considerations
suggest that statistical copolymers of aliphatic and aromatic
units should have improved properties. This path has
recently been investigated [14] and shown to be promising.
The purpose of the present work is to study the behavior of
alternating multiblock copolymers that could be rather
easily synthesized on an industrial scale using di-isocyanate
as junction units between blocks. Di-OH terminated PCL
and poly(hexamethylene terephthalate) (PHT) have been
chosen as building blocks. The choice of PHT is justified
by the lower rigidity of the chains compared to PET. Its
thermal properties and crystalline morphology have recently
been comprehensively investigated [25]. In addition to its
biodegradability, an exploratory study of the physical prop-
erties of an alternating multiblock copolymer presents an
obvious interest as shown by the short survey of the state
of knowledge on block materials below. The application of
small-angle X-ray scattering (SAXS) and wide-angle X-ray
scattering (WAXS) to amorphous and crystalline block
copolymers has been reviewed recently [15]. Studies on
amorphous, usually monodisperse, diblocks [16—18] have
shown that below an order—disorder transition temperature
(ODT), microphase separation into ordered structures occurs
in the melt. This separation results from the segregation of
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incompatible components that are chemically linked. If one
of the blocks is crystallizable [19-23], microphase separa-
tion can be due either to repulsive forces between segments
in the homogeneous melt or to crystallization of the crystal-
lizable component. The mechanism of phase separation and
the final morphology depends on the relative values of the
ODT and of the melting temperature. If the first one is
higher than the second, crystallization occurs in the micro-
phase separated melt while in the second case crystallization
is the driving force for phase separation in the disordered
melt. Triblock copolymers with two crystallizable compo-
nents (PCL-PEG-PCL) and different lengths of the PCL
blocks have been studied by Nojima et al. [24] and
compared with blends of different compositions. Combining
differential scanning calorimetry (DSC) and SAXS results,
they showed that, in the blend, PEG and PCL segregate by
crystallization, leading to individual domains where each
component has its own lamellar structure. In the copolymer,
large-scale segregation is not possible due to the chemical
bonds between blocks. Nojima et al. proposed that when the
weight fractions of the two components are comparable,
they both crystallize forming an alternate lamellar structure
of PEG and PCL. Alternating multiblock copolymers of two
crystallizable components like the ones described below
have to our knowledge never been studied.

2. Experimental
2.1. Copolymer synthesis

The copolymer was synthesized in two steps using di-OH
terminated PHT prepared as previously described [25] and
di-OH terminated polycaprolactone (PCL) 3000 kindly
supplied by Solvay Interox. Toluene diisocyanate (TDI)
was used as the junction unit. The first step involves the
synthesis of a TDI terminated PCL prepolymer. The
molecular ratio of TDI to PCL was chosen to be 2/1.
The reaction was performed in bulk at 90°C. At this
temperature, TDI and the catalyst (stannous octoate
0.1 wt% dry) are added to PCL. The reaction was stopped
when the conversion, determined by measuring the number
of free NCO in the reaction medium, reached 50% and the
resulting prepolymer was diluted with the same volume of
toluene. In this step, a solution of PHT 3400 was dissolved
in N-methylpyrrolidone (30 wt%), heated to 90° in the
reactor with 0.1 wt% dry stannous octoate. The dilute
prepolymer was then added progressively to the reactor.
When conversion attained 90% as measured by titration,
the reaction medium was diluted and maintained at 90°C
overnight. The fraction of residual NCO was then of the
order of 5% of the initial OH and the reaction was stopped
by addition of isopropanol. For titration of NCO groups, an
excess dibutylamine (IN in dry dimethylformamide) was
added to the polyester dissolved in toluene. After 10 min,
unreacted dibutylamine was titrated with a methanolic 0.1N
solution of HCI.

2.2. Molecular weight (MW) determination

The MW was determined by end group titration as
previously described [25] or by GPC using a L-7350
Hitachi-Merck apparatus at 40°C with chloroform as
solvent. Two mixed-D 5 wm PLgel (300 X 7.5 mm) linear
between 200 and 40,000, calibrated with polystyrene
standards were used at an elution rate of 1 ml/min.

2.3. DSC

DSC measurements were performed on a power compen-
sating Perkin Elmer DSC-7 apparatus. To avoid oxidative
degradation, the sample and reference pans were purged
with nitrogen at constant flow rate. The temperature and
melting enthalpy were calibrated using indium (7, =
156.6°C; AH,, =?2845J/g) and azobenzene (Tm =
69.84°C) [26,27] and baselines were recorded using empty
pans. Unless otherwise stated, the melting temperatures
correspond to the maximum of the peak. Polymers were
crushed and kept as powders under a dry atmosphere and
for the measurements 4.9-5.1 mg of powder were placed in
aluminum pans. For most measurements, the sample was
kept melted during 15 min to erase its thermal history and
subsequently cooled at 200°C/min to the selected crystal-
lization temperature (7,) where it was maintained for a
predetermined time. Dry nitrogen cooled by passage
through methanol at —40°C or liquid nitrogen was used
for cooling. The melting curve was obtained by increasing
the temperature at a rate of 20°C/min.

2.4. SAXS and WAXS

X-ray measurements were performed on the X33 double
focusing monochromator-mirror camera [28] of the EMBL
outstation on the storage ring DORIS of the Deutsches Elek-
tronen Synchrotron (DESY) in Hamburg. WAXS and SAXS
data were recorded simultaneously using two linear delay
line readout detectors connected in series [29] covering the
ranges of scattering vector (s = 2 sin /A, where 26 is the
scattering angle and A (0.15 nm) wavelength of the radia-
tion) between 0.015 and 0.3 nm ! in SAXS and 1.2 and
4nm~" in WAXS. The s-values corresponding to the
detector channels were calibrated using jmtripalmitatin for
WAXS and collagen for SAXS. The WAXS and SAXS
spectra were normalized to the intensity of the primary
beam using an ionisation chamber. Polymer samples
(1 mm thick and 5mm in diameter) were melted in
aluminum pans and placed in a Mettler FP82 hot stage,
which reproduced the temperature programs of the DSC
experiments. Experimental data were analyzed using the
0oTOKO [30] and sapoko [31] programs.

2.5. NMR in solution

The spectra of the polymers in 1% deuterated
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chloroform solutions were obtained with a Bruker WM250
spectrometer.

2.6. Density measurements

Density measurements were performed in aqueous
outgassed Ca(NO;),4H,0 solutions at room temperature
using a Mettler Toledo DA-300M apparatus.

3. Results and discussion
3.1. Molecular weight

The number and weight average molecular weight and
polydispersity of PCL, PHT and the copolymer are summar-
ized in Table 1. The molecular weights were expressed in
polystyrene units allow to estimate the number of PCL and
PHT blocks in the copolymer. In first approximation, the
copolymer is composed of two PHT and three PCL blocks
separated by TDI units and is terminated by two of the three
PCL blocks.

3.2. '"H NMR in solution

The results are summarized in Table 2. The successive
columns give the chemical shift of the different protons for
PCL and PHT, their identification according to formulae I
and II and the corresponding number of protons obtained by
integration and the multiplicity of the bands (columns 1-4).
The next columns (5-8) give the same parameters for the
copolymer according to the proton numbering given in
formula III.

Table 1
Number and weight average molecular weight and polydispersity of PCL,
PHT and the copolymer

Polymer M, M,° M,° Polydispersity
PCL 3000 6252 8335 1.33
PHT 3400 7537 13326 1.77
Copolymer - 32,775 81,940 2.50

* Obtained by end-group titration.
® Expressed in polystyrene units.

Each of the peaks at 8.04, 4.25 and 1.80 ppm in the copo-
lymer is associated with four protons of the PHT units.
Integration of the peak of proton 5 at 2.22 ppm correspond-
ing to the PCL units indicates that it is also associated to
four protons. This means that the ratio of PCL to PHT
monomers units in the copolymer is 2:1. Since the molecu-
lar weights of these monomer units are, respectively, 114
and 248, it can be deduced that the weight composition of
the copolymer is 48/52 (PCL/PHT). Analysis of the
complete signal between 1 and 2 ppm is in reasonable agree-
ment with this hypothesis.

3.3. DSC

The diagrams obtained at heating rates of 20°C/min for
PCL (A) and PHT (B) and at 20, 10 and 5°C/min (C-E) for
the copolymer are given in Fig. 1. The thermal history of the
samples is the following:

e PCL. The sample was melted for 15 min at 80°C, rapidly
(—200°C/min) brought to 10°C and crystallized at this
temperature for 20 min. The temperature was then

0]
O . .
g ,CHy\ /CH2 /O\II rapidly lowered to —100°C and the melting curve was
\O/ \CH2 - CH) \CHz c~ recorded from —100 to 80°C.
i e PHT. The sample was melted for 15 min at 160°C and
5 4 302 rapidly brought to 110°C where it was crystallized for
H H 20 min. The temperature was then rapidly decreased to
Ox /O —100°C and the melting curve was recorded from —100
N el cu, CHy  CH, to 160°C.
-0/ o _CHZ/ N CHz/ \CHZ/ \ e Copolymer. The sample was melted for 15 min at 180°C,
rapidly brought to 110°C and kept at this temperature for
1’ 23 4’ 4 3 20 min to crystallize the PHT blocks. The temperature
Q
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Table 2
Parameters from 'H NMR in solution

PCL and PHT Copolymer

Chemical Proton Number of Multiplicity Chemical Proton Number of Multiplicity
shift (ppm) identification protons® shift (ppm) identification protons®

8.08 1V 4 nR" 8.04 iy 4 nR
434 2/ 4 nR 425 2/ 4 3
4.06 1 2 3 3.98 1 4 3
2.31 5 2 3 222 5 4 3
1.81° 3 4 nR 1.80° 3’ 4 nR
1.65¢ 2+4 4 5+5 1.60 4 +2+4 4+4+4 nR
1.52 4 4 nR

1.38° 3 2 5 1.30° 3 4 5

* By integration.

® Non-resolved.

¢ Massif centered at the indicated chemical shift.
4 Two quintets coinciding at 1.65 ppm.

was then rapidly lowered to 10°C, kept at this tempera-
ture for 20 min to crystallize the PCL blocks and then to
—100°C. The melting curve was recorded from —100 to
180°C.

The curves obtained at 20°C/min (Fig. 1A-C) were
examined for discontinuities and integrated to obtain T,
Tnax> the melting enthalpy AH,, and the crystallinity index
expressed in percent of the total sample (Table 3). The
values used for 100% crystalline PHT and PCL are,
respectively, 143.1 [32] and 135.6 J/g [33].

Analysis of the curves obtained at 20°C/min (Fig. 1A-C)
and of Table 3 reveals that:

e The glass transition temperature of PCL is higher in the
copolymer than in pure PCL, possibly as a result of
partial miscibility. 7, could not be measured for PHT
in the copolymer since it is superimposed on the melting
endotherm of the PCL blocks.

e Both PCL and PHT crystallize in the block material.

e The melting temperature of the blocks is lower than that
of pure PHT and PCL. This could be due to a lower
crystalline order, to different crystal populations or to
partial miscibility.

e The crystallinity of the PCL blocks is much lower than
that of pure PCL because the PCL blocks crystallize
under stress in the PHT semi-crystalline network formed
at higher temperature.

The shape of the endotherms obtained at 20°C/min (Fig.
1A—-C) indicates that there is a multiple endotherm for pure
PHT as well as for the PCL and PHT blocks in the
copolymer. The effect of the heating rate on the shape of
a multiple melting endotherm allows to identify the cause of
the multiplicity. This multiplicity can be due either to poly-
morphism in the initial sample or to reorganization of one
crystalline structure into another during heating [25,34].
Changes of the crystalline structure at the lattice level
cannot be differentiated from modifications of the lamellar

parameters by DSC and other methods like SAXS must be
used. In the case of polymorphism, a lower heating rate
increases the peak resolution and the maximum of the
peak (T,.x) occurs at a lower temperature. When reorgani-
zation occurs, a lower heating rate increases the yield of
transformation of the least stable form into a more stable
one, which melts at higher temperature, so that the relative
proportion of the peaks changes with the heating rate.

In the case of pure PCL, there is one asymmetric peak
with Tp. at 54.0°C (Fig. 1A). When the heating rate
decreases (not shown), the resolution increases and the tail
of the peak separates as a shoulder, indicating polymorph-
ism in the initial sample. The melting curve of PHT is more
complicated (Fig. 1B) and a multiple endotherm consisting
of successive exo- and endotherms with T, at 142.1°C is
observed. The proportion of the various components
changes with the heating rate (not shown) and T,
decreases suggesting, respectively, complex reorganization
and polymorphism. The thermal behavior of PHT and its
copolymers with isophthalic acid (PHT-co-I) has been
thoroughly investigated recently [25,34]. The results
obtained in this last case confirm that the behavior of PHT
and PHT-co-1 is very complicated, involving both
polymorphism and reorganization. In the present block
copolymer, the proportion of the second PCL melting
peak increases when the heating rate decreases (Fig. 1C—
E), also suggesting melting reorganization. The first peak
corresponds to the fraction crystallizing during cooling from
10 to —100°C whereas the second one, which is the most
important one, corresponds to the fraction, which crystal-
lizes at 10°C. In the PHT double melting endotherm region,
a third peak appears when going from 20 to 10 or 5°C/min
(Fig. 1C-E). The main characteristic of the PHT blocks
melting is thus melting reorganization.

3.4. WAXS diagrams

Melting and crystallization have been thoroughly
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Table 3

Thermal parameters obtained from Fig. 1A—C for PCL, PHT and the copolymer

Polymers T, (C) T (°C) AH,, (/g) X (%)

PHT - 142.1 56.8 40

PCL —48.2 54.0 100.9 74

Copolymer —39.0 PHT blocks PCL blocks PHT blocks PCL blocks PHT blocks PCL blocks
135.8 40.6 40.0 38.3 28 28

investigated as a function of time using WAXS, four
diagrams being recorded per minute during crystallization
and one during melting. The thermal history of the sample
was the same as that used for the DSC experiments except
that a cooling rate of 20°C/min instead of 200°C/min was
used for all samples. The lower temperature was 0°C for
PCL, 60°C for PHT and —20°C for the copolymer instead
of —100°C. The heating rate used to record to WAXS
diagrams was 1°C/min in all cases. These conditions,
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Fig. 1. DSC diagrams obtained at an heating rate of 20°C/min for PCL
(A) and PHT (B) and at 20, 10 and 5°C/min (C)—(E) for the PCL-PHT
copolymer. The curves have been displaced along ordinate for better
visualization.
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Fig. 2. WAXS profiles taken during the melting of PCL (A), PHT (B) and
the PCL-PHT copolymer (C). The curves have been displaced along ordi-
nate for better visualization.
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Table 4
Assignment of the PHT peaks according to Ref. [32]

Table 5
Assignment of the PCL peaks according to Ref. [35]

Peaks d(PHT).y, (nm) d(PHT),; (nm) (hkl) System Peaks d(PCL)¢y, (nm) d(PCL),.¢ (nm) (hkl)
1 0.547+0.002 0.570 111 Monoclinic 1 0.415 = 0.002 0.412 110
2 0.487%0.002 0.502 100 Triclinic 2 0.374 = 0.002 0.371 200
3 0.415%0.002 0.412 130 Monoclinic
Shoulder 0.432+0.002 0.425 101 Triclinic
0.427 201 Monoclinic and compared with data from the literature. The values of a
4 0.376=0.004 0.385 110 Triclinic and b were then calculated in the entire experimental
0.380 220 Monoclinic

which are different from those used in the DSC measure-
ments, were chosen for practical reasons. In the present
conditions, PCL blocks display a single endotherm with
Thax at 42.8°C and PHT a triple one with T, at 133°C
(not shown). The crystallinities of the PCL and PHT blocks
are, respectively, 30 and 17%. The melting endotherms for
pure PCL and PHT (not shown) are in agreement with those
found in the preceding conditions.

Typical WAXS diagrams are given in Fig. 2A—C. Owing
to the long crystallization time and the low heating rate, the
diagrams corresponding to crystallization at a given
temperature are similar to those for melting. Therefore,
only melting WAXS diagrams are detailed here. Melting
of PHT, PCL and the block components are clearly identi-
fied by the progressive disappearance of the crystalline
peaks and their replacement by a broad halo. These
diagrams were used to calculate the lattice parameters and
their variation with temperature. Combining crystallinity
measurements, values of the lattice parameters and density
measurements, the measured density could be compared
with the calculated one.

3.5. Lattice parameters

The d-spacings given in Tables 4—6 for PCL at 25°C and
for PHT at 60°C and for the copolymer at different tempera-
tures were calculated from the WAXS diagrams. The
corresponding diffraction planes and crystalline systems
have been identified using data from the literature [32,35].
For PCL, only one crystalline system is involved (ortho-
rhombic). The two resolved peaks for PCL (110 and 200)
correspond exactly to two of the four peaks of PHT (130
monoclinic at 0.415 nm, 110 triclinic and 220 monoclinic at
0.376 nm). Comparison of the data of Tables 4—6 indicates
that the two blocks melt and crystallize independently in the
copolymer. Indeed, the d-spacings in the copolymer are
identical to those of the building PHT and PCL blocks.
The experimental d-values were calculated for different
temperatures using the standard formulae [36]. The c-
parameter for the triclinic PHT and for PCL could not be
obtained since the required reflections were missing. Values
of ¢ reported in the literature for PCL [35] and for PHT [32]
were used to calculate the a- and b-values from our WAXS
data. The resulting lattice parameters are given in Table 7

temperature range. The variation was only significant for
the monoclinic a-value and the triclinic b-value correspond-
ing to PHT and the copolymer. It amounts to £5% between
60 and 160°C for PHT and 8% between —10 and 160°C
for the copolymer and is negligible in the other cases.

3.6. Density measurements

Using the crystallinity index measured by DSC, the
density of the crystalline phases (d.) calculated from the
lattice parameters obtained from WAXS and the density
of the amorphous phase (d,) calculated from group
contributions [37], the global density (d.,.) of PHT, PCL
and the copolymer was computed and compared with the
value (d.y,) obtained directly from the density measure-
ments. For the copolymer, the previously determined weight
fraction was also used and it was assumed that the contribu-
tions of the monoclinic and triclinic crystal phases to the
PHT blocks are equivalent. The results are summarized in
Table 8. Comparison of the last two columns indicates that
the calculated values are in agreement with the experimental
ones. These results provide an additional proof of the
independent behavior of the two types of blocks in the
copolymer.

3.7. SAXS

This method allows to identify changes in the lamellar
structure as a function of temperature and to compare the
lamellar structure of the copolymer with that of pure PCL
and PHT. Typical SAXS diagrams as a function of tempera-
ture are given in Fig. 3A-D. The thermal history of the
sample was identical to that used for WAXS since both
types of diagrams were recorded simultaneously on the
same sample.

For PCL and PHT (Fig. 3A and B), one broad peak due to
superposition of lamellae is observed at the lower tempera-
tures. The absence of second-order peaks in PHT suggests a
poor regularity of the lamellar staking. The PHT peaks are
broader than those of PCL indicating a broader distribution
of the lamellar thickness for PHT. The mean periodicity of
the lamellar system calculated using Bragg’s law is given in
Table 9 at —10°C for the PCL and 60°C for the PHT. These
spacings were also found, together with the thickness of the
crystalline and amorphous layer (/. and /,), by analysis of the
linear correlation function [38]. The linear degree of crystal-
linity ¢1 in the lamellar stacks is given by I./(l, + [,), where
l. and [, are the thickness of the crystalline and amorphous
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Assignment of the PCL and PHT peaks in the block copolymer according to Ref. [32] and Ref. [35]

8775

dexp (Nm) dyer, PHT (Palmer), PCL (Bittiger) (nm)

Peak —10°C 80°C 110°C -10°C 80°C 110°C

1 0.556 0.556 0.558 0.570 PHT (monoclinic (111))

2 0.490 0.493 0.502 0.502 PHT (triclinic (100))

3 0.420 0.420 0.418 0.412 PCL (110), 0.412 PHT (monoclinic (130)) 0.412 PHT (monoclinic (130))
0.412 PHT
(monoclinic (130))

4 0.374 0.380 0.390 0.371 PCL (200) 0.380 PHT (monoclinic (220)), 0.385 PHT (triclinic (110))

0.385 PHT (triclinic (110))
Table 7

Comparison of the crystalline parameters calculated from the WAXS diagrams and obtained from the literature [32,35]

Literature parameters (A)

Polymer Calculated parameters (A)
a b c a b c
PHT T M T M T M T M T M T M
5.1 8.9 5.9 17.8 - 14.2 52 9.1 53 17.6 15.7 15.7
PCL 7.5 5.0 - 7.5 5.0 17.3
Copolymer T M (6] T M O T M (6] - - -
5.1 8.8 7.5 5.9 18.2 5.1 - 14.9 -
(A) 400 (B) 1000
T=152°C
800 -
T=129°C
~ 600 -
& T=106°C
@ 400 -
T=83C
200 -
T=60°C
0 T T T
0.05 0.10 0.15 0.20
s (nm™)
(C) T=147°C (D)
400 A e e B e 600 - T =140°C
T=108C 500 {

I(s) (a.u.)

300 -

200 4

100 -

T=-10°C

0.05 0.10 0.15 0.20

s (nm™?)

I(s) (a.u.)

T=110C

0.05

0.10
s (hm™?)

0.20

Fig. 3. SAXS profiles taken during the melting of PCL (A), PHT (B), the PCL-PHT copolymer (C) and the mechanical blend of PCL and PHT (D). The curves
have been displaced along ordinate for better visualization.
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Table 8
Comparison of the experimental and calculated densities

da dc dexp dcalc
PCL 1.09 1.17 1.15 1.15
PHT 1.18 1.40 (monoclinic), 1.24 1.24 (monoclinic),
1.26 (triclinic) 1.20 (triclinic)
PCL blocks 1.09 1.15 1.15

PHT blocks 1.18 1.32 (monoclinic), 1.21 (monoclinic),
1.20 (triclinic) 1.18 (triclinic)

Copolymer 1.15 1.16

regions in the stacks. It can be compared with the mass (X)
and volume macroscopic (¢) crystallinities obtained from
DSC measurements (related by X = ¢d../d). The values of ¢,
and ¢ indicate that the PHT sample is filled with lamellar
stacks of low crystalline content, whereas the PCL sample
contains highly crystalline lamellar stacks.

At a temperature of 30°C corresponding to the beginning
of the DSC melting curve, the SAXS maximum of PCL
becomes slightly broader and shifts to larger long periods
indicating melting reorganization as proposed in Section 2
from the comparison of the DSC melting curves obtained at
different heating rates. Some of the diagrams obtained for
the melting of the copolymer are given in Fig. 3C. At low
temperature, two peaks are observed but the second one is
not the second order of the first one and their relative
intensities vary strongly as a function of temperature. This
suggests the existence of two crystal populations with
different lamellar thickness distributions in the copolymer.
This interpretation is supported by the comparison of the
temperature evolution of the copolymer (Fig. 3C) and of a
mechanical blend of PCL and PHT (Fig. 3D). The position
of the peaks is different in both cases. In the latter, the first
and second peaks can, respectively, be assigned to PHT and
PCL since the corresponding long periods are those
observed for the individual polymers. Crystallization of
the blend is thus accompanied by complete phase separation
of the two components in two domains containing,
respectively, PCL and PHT domains. In the SAXS pattern
of the copolymer, the smaller long period corresponds
closely to the distance between PCL and PHT blocks,

Table 9
Crystallinity parameters of PCL and PHT in the synchrotron conditions

PCL (after PHT (after
crystallization crystallization
at 10°C) at 110°C)
Bragg long period (nm) 11 14
Correlation functions analysis
[ (nm) 10.5 12.2
I (nm) 6.3 33
[, (nm) 4.2 8.9
Linear stack crystallinity, ¢ (%) 60 27
DSC weight crystallinity, X (%) 70 31
DSC volume crystallinity, ¢ (%) 69 30

whereas the longer period corresponds to the overall
periodicity, including the two crystalline regions separated
by amorphous zones. These findings are also supported by
the simulations of correlation functions based on the
electron density profiles presenting two alternating different
crystal zones [39].

4. Conclusions

Under the crystallization conditions used in the present
work, PCL, PHT and the copolymer display a complex
behavior. The glass transition temperature is higher for the
PCL blocks than for the copolymer suggesting partial
miscibility of the blocks. Both PCL and PHT crystallize
in the block material but a decrease of the melting tempera-
ture is observed indicating a lower crystalline order, a
different crystal population or partial miscibility. The
crystallinity of PCL blocks is much lower than that of
pure PCL because they crystallize under stress in the PHT
semi-crystalline network.

WAXS diagrams indicate that PCL and PHT crystallize
independently in the copolymer, the lattice parameters
being identical in the blocks and in pure PHT and PCL.
Using these lattice parameters, the density of the crystalline
phases could be calculated. Combining these values with the
density of the amorphous phases calculated from group
contributions and the crystallinity index measured by
DSC, values of the densities of PHT, PCL and the copoly-
mer were obtained and compared with the measured ones. A
good agreement is obtained, which also indicates that the
blocks behave independently in the copolymer. The
presence of two independent SAXS peaks before the melting
of PCL blocks suggests that in the copolymer, two alternate
crystal populations with a different lamellar thickness distri-
butions coexist. The smaller long period corresponds to the
mean periodicity between two crystalline blocks of different
chemical composition. The longer one corresponds to the
periodicity between crystalline blocks of the same nature.
This interpretation is supported by comparison of the SAXS
diagrams as a function of temperature of the block
copolymer and of a mechanical blend of pure PCL and
PHT. The calculated correlation functions for such a
model is also in agreement with experimental ones obtained
for the copolymer [39].
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