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Abstract Poly(e-caprolactone)-block-poly(propylene
adipate) (PCL-block-PPAd) copolymers were prepared
using a combination of polycondensation and ring opening
polymerization of &CL. 'H-NMR and '*C-NMR spec-
troscopy showed that the prepared copolymers were block.
Also, the copolymer composition was calculated from
NMR spectra and was found similar to the feeding ratio.
The copolymers formed PCL crystals as was proved by
WAXD. The crystallization rates and degree of crystal-
linity, measured from DSC crystallization experiments,
decreased with PPAd content. The equilibrium melting
points of PCL were estimated applying the Hoffmann-
Weeks method and the observed melting point depression
was analyzed using the Nishi-Wang equation which
showed that there is some miscibility of the copolymer
segments. Isothermal crystallization experiments after self-
nucleation were performed to distinguish the nucleation
and crystal growth stages during isothermal crystallization.
The secondary nucleation theory was then used and the
obtained data for crystallization rates, estimated from the
inverse of the crystallization half-times, were analyzed.
The resulting values for nucleation constant K,, and also
for the surface free energies and work of chain folding,

increased with PPAd content due to topological
restrictions.
Keywords Biodegradable - Block copolymers - PCL -

Propylene adipate - Crystallization

S. G. Nanaki - G. Z. Papageorgiou - D. N. Bikiaris (<)
Laboratory of Polymer Chemistry and Technology,
Department of Chemistry, Aristotle University of Thessaloniki,
541 24 Thessaloniki, Macedonia, Greece

e-mail: dbic@chem.auth.gr

Introduction

Nowadays, the development of materials that are biodegrad-
able and environmental friendly has gained great attention [1].
Aliphatic polyesters consist a class of important polymers due
to their very remarkable characteristics—biodegradability,
biocompatibility, and mechanical properties. Among them,
polycaprolactone (PCL), polylactides, poly(hydroxy buty-
rate) (PHB), and poly(butylene succinate) (PBSu) are some of
the most extensively used polymers of this class [2, 3]. Ali-
phatic polyesters became of great interest especially in the
field of pharmaceutical technology due to their compatibility
with the human organism [4, 5].

PCL is a fully biodegradable semicrystalline polymer,
that has a low melting point (T}, & 60 °C) and a low glass
transition temperature (7, = —60 °C). It is non-toxic and
compatible with other aliphatic polyesters. PCL of high
molecular weight shows similar mechanical properties with
low density polyethylene (LDPE) and can easily be formed
into blown films and fibers. Unfortunately, its high degree
of crystallinity limits the biodegradation rate. In order to
increase the biodegradation rate, PCL is copolymerized or
blended with polymers that biodegrade faster [6].

In the past synthesis of polyesters of 1,3-propanediol
(1,3-PD) was difficult due to the fact that it was not
available in sufficient purity and quantity in the market.
However, recently new methods have been developed for
the production of 1,3-PD with low cost and high quality [7,
8] and this enables polyester production. Thus, only
recently, papers dealing with polyesters based on 1,3-PD
have been published [9-14].

Block copolymers consist of a most promising class of
polymeric materials with application in not only pharma-
ceutical technology and medicine, but also in nanotech-
nology and other areas [15-18].
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In the present study, novel biodegradable semicrystal-
line poly(e-caprolactone)-block-poly(propylene adipate)
(PCL-block-PPAd) copolymers with low propylene adipate
content were synthesized following a combination of
polycondensation and ring opening polymerization. The
materials were characterized and the isothermal crystalli-
zation of PCL blocks in the copolymers was investigated.

Experimental
Materials

e-Caprolactone (e-CL) (purum 99%) was purchased from
Aldrich Chemical Co, dried over CaH,, and purified by
distillation under reduced pressure prior to use. Adipic acid
(AA) (purum 99+ %) and Tetrabutyl titanate (TBT), used as
catalyst, was of analytical grade and it was purchased from
Aldrich Chemical Co. 1,3-PD (CAS Number: 504-63-2,
Purity: >99.7%) was kindly supplied by Du Pont de Ne-
mours Co. Polyphosphoric acid (PPA) used as heat stabilizer
was supplied from Fluka. All other materials and solvents
used for the analytical methods were of analytical grade.

Synthesis of the polyesters

Synthesis of aliphatic polyester PPAd was performed
following the two-stage melt polycondensation method
(esterification and polycondensation) in a glass batch
reactor. In brief, the proper amount of adipic acid and
1,3-PD in a molar ratio 1/1.1 and the catalyst TBT
(3 x 107* mol TBT/mol AA) were charged into the reac-
tion tube of the polycondensation apparatus. The apparatus
with the reagents was evacuated several times and filled
with nitrogen in order to remove the whole oxygen amount.
The reaction mixture was heated at 180 °C under nitrogen
atmosphere and stirring at a constant speed (500 rpm) was
applied. This first step (esterification) is considered to be
completed after the collection of almost all the theoretical
amount of H,O, which was removed from the reaction
mixture by distillation and collected in a graduated cylinder.
In the second step of polycondensation, PPA was added
(5 x 107* mol PPA/mol AA). A vacuum (5.0 Pa) was
applied slowly over a period time of about 30 min, to avoid
excessive foaming and to minimize oligomer sublimation.
The temperature was slowly increased to 240 °C, while
stirring speed was also increased to 720 rpm. The poly-
condensation continued for about 2 h, time sufficient to
produce polyester with high molecular weight.

The bulk polymerization of &-CL, in order to synthesize
neat PCL, was carried out in 250-cm? round-bottomed flask
equipped with a mechanical stirrer and a vacuum appara-
tus. The initiator was added as a solution in toluene at a
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final concentration of 1 x 10™* mol per mole of monomer.
The polymerization mixture was deaired and purged with
dry nitrogen three times. The reaction was carried out for
2 h at 180 °C. Unreacted monomer was removed by dis-
tillation by applying a high vacuum (=5 Pa) slowly, to
avoid excessive foaming, over a time period of 15 min.
Polymerization was stopped by rapid cooling to room
temperature.

PCL-block-PPAd copolymers with various CL/PPAd
molar ratios, such as 90/10 80/20, and 70/30, were syn-
thesised according to the procedures described by Sereto-
udi et al. [6]. In brief, purified PPAd with molecular weight
M,) 2,500-3,000 g mol~! was added into the same
apparatus used for PCL synthesis and the proper amounts
of ¢&-CL monomer were added, as well as TBT (10_4 mol
TBT/mol &-CL). Polymerization took place at 180 °C
under nitrogen flow and a stirring rate of 500 rpm, while
the reaction was completed after 2 h. Unreacted monomer
was removed by distillation, applying a high vacuum
(&5 Pa) over a time period of 15 min. Polymerization was
stopped by rapid cooling to room temperature.

Polymer characterization
Intrinsic viscosity and molecular weight determinations

Intrinsic viscosity measurements on the isolated polymers
were performed using an Ubbelohde viscometer, cap. Oc,
at 25 °C. All polymers were dissolved in chloroform in
order to obtain solutions of 1% w/v in concentration.

Molecular weight determinations were performed by gel
permeation chromatography (GPC) method using a Waters
150C GPC equipped with differential refractometer as
detector and three ultrastyragel (103, 104, 105 10\) columns
in series. CHCl; was used as the eluent (1 mL min_l) and
measurements were performed at 35 °C. Calibration was
performed using polystyrene standards with a narrow
molecular weight distribution.

Nuclear magnetic resonance (NMR)

'"H-NMR and '"“C-NMR spectra of polyesters were
obtained using a Bruker spectrometer operating at a fre-
quency of 400 and 75.5 MHz, respectively. Deuterated
chloroform (CDCl5) was used as solvent in order to prepare
solutions of 5% w/v and the spectra were internally refer-
enced to tetramethylsilane. "H-NMR spectra were analyzed
to determine the compositions of the synthesized copoly-
esters, while 13C.NMR was also utilized for the determi-
nation of the compositions as well as the randomness factor
(P) and the average number sequence lengths (L,) of syn-
thesized copolyesters.
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Wide angle X-ray diffraction (WAXD)

X-ray diffraction measurements of the samples were per-
formed by an automated powder diffractometer (PW 1050)
with Bragg—Brentano geometry (0-20), using CuK,, radi-
ation (4 = 0.154 nm) in the angle 26 range from 5° to 60°.

Thermal analysis

Differential scanning calorimetry (DSC) study was per-
formed using a Perkin-Elmer, Pyris Diamond DSC, cali-
brated with Indium and Zinc standards. Samples of
5 + 0.1 mg were used in tests. They were sealed in alumi-
num pans and heated 50 °C above the melting point at a
heating rate 20 °C min~' under nitrogen atmosphere. The
samples were held at that temperature for 5 min in order to
erase any thermal history. For non-isothermal crystalliza-
tions, the sample was cooled by the predetermined cool-
ing rate to —30 °C. Cooling rates varied from 2.5 to
20 °C min~". The subsequent heating scan was then recor-
ded in order to study the melting behavior of the crystallized
sample. The heating rate was 20 °C min~ . If some other rate
was used this will be discussed in the specific section. A fresh
sample was used in each run. An Intra-cooler 2P cooling
device was used to achieve high cooling rates over the tem-
perature region of interest, which was from —75 to 120 °C.

Isothermal crystallization experiments at various tem-
peratures in the range of 30—47.5 °C were performed after
self-nucleation of the polyester sample. Self-nucleation
measurements were performed analogous to the procedure
described by Fillon et al. [19] and Miiller et al. [20, 21].
The protocol used is very similar with that described by
Miiller et al. [20, 21] and can be summarized as follows:
(a) heating of the sample and remaining at 120 °C or at the
proper temperature for each copolymer for 5 min in order
to erase any previous thermal history; (b) subsequent
cooling at a rate of 10 °C min~" to 35 °C or at the proper
temperature for each copolymer and crystallization for
10 min, which creates a “standard” thermal history;
(c) partial melting by heating at 20 °C min~" up to a “self-
nucleation temperature,” T; thermal conditioning at T for
1 min. Depending on Ty, the crystalline polyester domains

will be completely molten, only self-nucleated or self-
nucleated and annealed. If 7 is sufficiently high no self-
nuclei or crystal fragments can remain and the sample is
then in the so-called Domain I, the complete melting
domain. At intermediate 7 values, the sample is almost
completely molten but some small crystal fragments or
crystal memory effects remain, which can act as self-nuclei
during a subsequent cooling from T, and the sample is said
to be in Domain II, the self-nucleation domain. Finally, if
Ty is too low, the crystals will only be partially molten, and
the remaining crystals will undergo annealing during the
5 min at 7, while the molten crystals will be self-nucleated
during the later cooling, and the sample is in Domain III,
the self-nucleation and annealing domain.; (d) cooling scan
from T at 200 °C min ' to the crystallization temperature
(T,), where the effects of the previous thermal treatment
will be reflected on crystallization; (e) heating scan at
20 °C min~"' to 120 °C or to the proper temperature for
each copolymer, where the effects of the thermal history
will be apparent on the melting signal. Experiments were
performed to check that the sample did not crystallize
during the cooling to 7. and that a full crystallization
exothermic peak was recorded at 7. In heating scans after
isothermal crystallization, the standard heating rate was
20° C/min~"'. If some other rate was used this will be
discussed in the specific section.

Polarizing light microscopy (PLM)

A polarizing light microscope (Nikon, Optiphot-2) equip-
ped with a Linkam THMS 600 heating stage, a Linkam TP
91 control unit, and also a Jenoptic ProgRes C10Plus
camera with the Capture Pro 2.1 software was used for
PLM observations.

Results and discussion

Polymer characterization

Synthesis of the copolymers was performed following the
procedure which was described in the “Experimental”

Table 1 Intrinsic viscosity [#], Average molecular weight values (M,,, M,,) and polydispersity index (M,/M,) of the copolymers

Polymers [n]/dL g_1 Average Average MM,
M,/g mol ™" M,,/g mol ™!

PCL 0.53 15,300 47,700 3.12

PPAd/PCL 10/90 0.42 14,600 41,800 2.86

PPAd/PCL 20/80 0.53 16300 40,500 2.48

PPAd/PCL 30/70 0.40 13,200 34,300 2.60

PPAd 0.57 15,700 31,900 2.03
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section. The molecular weights of the copolymers were
high as one can see in Table 1. This is due to the fact that
the hydroxyl end groups contained in PPAd are available to
act as initiators for ring opening polymerization of e-CL
monomer [22, 23].

From the "H-NMR spectrum of PCL, it is possible to
identify the characteristic proton peaks of the polymer. The
methylene group, a, next to the atom of oxygen, gives a
characteristic triple peak at 4.02—4.06 ppm. The protons of
methylene group b absorb at almost the same region giving
an eightfold peak at 1.58-1.66 ppm, while the protons of
the group c¢ gives a multiple peak at 1.32-1.39 ppm.
Finally, the protons of the group d give a triple peak at
2.26-2.31 ppm. In the '"H-NMR spectrum of PPAd, the
shift of the methylene group protons of 1,3-PD, f, appears
at 1.92-1.98 ppm as a quintuple peak while the protons of
the two similar methylene groups, e, appear as a charac-
teristic triple peak at 4.12-4.14 ppm (Fig. 1). The protons
corresponding to methylene groups of adipic acid, give a
single peak at 2.319 ppm owing to methylene groups g and
a quintuple peak at 1.62—-1.65 ppm attributed to methylene
groups h. The spectra of the copolyesters give character-
istic peaks in the same regions without significant shifts.

a b ¢ b d
O-CH32-CH2-CH2-CHo-CH2-C
I o

polycaprolactone
e f e g h h g
H O-CH2-CH2—CH2-O-ﬁ-CH2—CH2-CH2-CH2-|(|) OH
n
PPAd
——PCL
—— PCL-block-PPAd 90/10
—— PPAd

d b

a
C
iﬁ
— T T T T
0 4.5 4.0 3.5 3.0 2

5. 5 20 1.5 1.0

ppm

Fig. 1 "H-NMR spectra of PCL, PPAd, and the PCL-block-PPAd
90/10 copolymer

@ Springer

1 2 3 4 5 6

0-CHa-CH2-CHa-CHa-CHo-C
I

polycaprolactone

1 2 A1 34 5 5 4 38

H O-CHZ-CHQ-CH2-0-|(|3-CH2—CH2-CH2-CH2-|(.|7 OH

O] n

PPAd

l PCL | }

\ PCL-block-PPAd 70/30 ‘ |

PPAd ‘

T T T T T
150 100 50 0
ppm

Fig. 2 '*C-NMR spectra of PCL, PPAd, and the PCL-block-PPAd
70/30 copolymer

The copolymers with low propylene adipate content
were essentially block as was found by '*C-NMR spectra.
From '>C-NMR spectra, it is possible to identify the
characteristic proton peaks of each polymer. For PCL, the
signal at 64.14 ppm corresponds to carbon next to oxygen.
The signal at 28.33, 25.23, and 24.57 ppm corresponds to
methylene carbons C2, C3, and C4, respectively, while the
signal at 34.10 ppm out to carbon next to carbonyl group
(C5). Finally, the signal at 173.56 ppm corresponds to the
carbonyl carbon (Fig. 2). For PPAd, the signal at 60.92
corresponds to the carbons next to oxygen, while the sig-
nals at 27.97 and 24.31 ppm refer to methylene carbons C2
and C5. There are two carbon atoms next to carbonyl
groups (C4) and gives a signal at 33.78 ppm. Finally, the
signal of the carbonyl carbon (C3) appears at 173.19 ppm.
As seen from spectra of their copolymer, PCL-block-PPAd
70/30, the signals of both homopolymers are present at the
same position.

A closer look at region 173 ppm shows the formation of
two new smaller peaks between those ought to neat poly-
mers (Fig. 3). Analogous are the spectra for the other two
polyesters. The signals of the copolymer at this region can
be identified as follows: (i) the signal at 173.54 ppm owns
to carbonyl carbon of PCL moiety (Cl-Cl); (ii) the new



Crystallization of novel PCL-block-PPAd copolymers

637

[ —— PCL-block-PPAd 70/30

173.6 173.4 173.2
ppm

173.8 173.0

Fig. 3 '>C-NMR spectra of PCL-block-PPAd 70/30 copolymer at the
region 173-173.8 ppm

signal at 173.39 ppm corresponds to carbonyl carbon of
PCL which is bonded to carbonyl carbon of PPAd (Cl-Ad);
(iii) the second new signal at 173.33 ppm corresponds to
carbonyl carbon of PPAd which is bonded to carbonyl
carbon of PCL (Ad—Cl); and (iv) the signal at 173.18 owns
to carbonyl carbon of PPAd moiety (Ad—Ad). Integration of
these four peaks can be adopted to characterize the chemical
microstructures of the synthesized copolymers, i.e., the
composition of polyesters, the degree of randomness, and
the average number sequence lengths (L,) [24-26].

The total areas of the four peaks were normalized to one
for each copolymer and from normalized areas three pos-
sible triad sequences, Cl-CI-Cl, Cl1-Ad-Cl or Ad-CIl-Ad,
and Ad-Ad—-Ad of copolymers were calculated. The per-
centage concentration (mol%) of the synthesized copoly-
mers was then calculated using the following equations:

PCL (%)=Ppc1=P c1—ci—c)+P(ci-ad—c1)/2 (1)
PPAd (%)=Pppaa=P (ad—ad—ad)+P(ci-ad—c1)/2 (2)

As was found from both NMR spectra, the molar ratios
of the copolymers are similar to the initial feeding
(Table 2).

The randomness f of the copolymers is calculated by the
equation:

B = Pci—ad—c1)/ (2PciPaq) (3)

When f§ = 1 the copolymer takes a random distribution,
the value f§ = O represents blends and when f§ <1 the
copolymer take a block distribution. The values calculated
for the synthesized copolymers presented in Table 2. As
seen, they are ranging from 0.20 to 0.17 indicating that
block copolymers have been synthesized.

In order to calculate the average number sequence
length of PCL and PPAd to its copolymer, the following
equations were used:

L,PCL = 2Ppc1/ P(ci-ad—c1) (4)
L,PPAd = 2Ppppd/ P(ci-ad—1) (5)

The calculated values are presented in Table 2.

The molecular weight distribution of the prepared
polyesters was determined by intrinsic viscosity values as
well as by GPC. It can be seen from Table 1 that neat
polymers have almost identical molecular weights, 15,300
for PCL and 15,700 g mol ™! for PPAd, respectively, while
similar are also the molecular weights of the prepared
copolymers with small differences.

From the DSC traces of the as received samples, a drop
in the melting points for the copolymers with increasing
comonomer content (Fig. 4), as well as some reduction in
the crystallinity was evidenced for the as received sam-
ples, from 65% for neat PCL to about 54% for the PCL-
block-PPAd) 70/30. Crystallinity values were calculated
by dividing the heat of fusion by 136 J g~', which is the
value for the heat of fusion of the fully crystalline PCL
[27] and normalizing for the PCL content in the
copolymers.

The crystallization rates of the copolymers, under both
isothermal and non-isothermal conditions, were found to
decrease with increasing comonomer content. The WAXD
patterns of the copolymers were studied in order to
examine qualitatively the crystallization behavior of the
copolymers. The strong crystal diffractions of PCL were
expected to appear at angles 26 = 21.3° for the diffraction
of the (110) plane, 22° for the (111) plane, and at 23.8° for
the (200) plane [28]. Other weak diffraction peaks also

Table 2 Composition, Randomness factor (ff) and the average sequence lengths (L,) of synthesized copolymers

Polymers wt% mol% mol% mol% p L,Cl L,PAd
'H-NMR C-NMR*

PCL 0/100 0/100 0/100 0/100

PPAd/PCL 10/90 10/90 6.37/93.63 6.12/93.88 6.35/93.65 0.20 77.27 5.24

PPAd/PCL 20/80 20/80 13.28/86.72 12.97/87.03 13.07/86.93 0.18 43.38 6.52

PPAdJ/PCL 30/70 30/70 20.80/79.20 23.31/76.69 21.89/78.11 0.17 27.53 7.72

PPAd 100/0 100/0 100/0 100/0

? Estimated from the split carbonyl carbons
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a
Q
S5
S PCL Jt
C
L —
= PCL-block-PPAd 90/10 J
S|
S PCL-block-PPAd 80/20
T
£ | PCL-block-PPAd 70/30
—
T T T T T T T T T T T T T T T T
200 220 240 260 280 300 320 340 360
Temperature/K
b 8o 340
—@— Degree of crystallinity
—@— Melting Point
754 e
2
£ 70+ \ 335 X
= [ ] c
D e ° g
2 6. \. 3 o
B 5
3 60 1330 =
>
[0
[=)
55 4
50 T T T T T T T T T T T 325
0 5 10 15 20 25

Propylene adipate content /mol %

Fig. 4 a DSC heating scans of the as received PCL and PCL-block-
PPAd copolymers at heating rate 20 °C min~" and b variation of the
degree of crystallinity and the melting point of PCL-block-PPAd
copolymers with propylene adipate comonomer content

appear in the WAXD pattern of PCL as can be seen in
Fig. 5a.

As it is obvious from Fig. 5b, the copolymers gave
exclusively PCL crystals. Besides, very slight change in the
diffraction angles was observed.

Since observed melting points can be affected by vari-
ous factors, it is better to use equilibrium melting points for
comparison. The most popular method for the estimation of
the equilibrium melting point of polymers is that of
Hoffman—Weeks, which is favoured by its simplicity and
straightforward experimental implementation [29, 30].
According to this procedure, the measured melting tem-
peratures (7,,) of samples isothermally crystallized at
various temperatures (7.s) are plotted against the crystal-
lization temperatures. Linear extrapolation to the line
T, = T. gives an intercept equal to To,. The associated
equation is

Tm:ZT—;JrTg[l—ziﬁ] (6)

@ Springer

a
o
5
g (111) (200
>
3 (10)4)
g / %112)
=
020
(102) (210)( )(120) (310)
\ \ / (220)
/
T T T T T T T T T T
10 20 30 40 50 60
Diffraction angle 26/deg
b
______JLJL PCL-block-PPAd 70/30
5 PCL-block-PPAd 80/20
8
)
2
£ PCL-block-PPAd 90/10
J/L PCL

T T T T T T T T T T
10 20 30 40 50 60
Diffraction angle 26/deg

Fig. 5 a WAXD patterns of PCL, the diffraction peaks being
indexed, b WAXD patterns of PCL-block-PPAd copolymers

where Tr?1 is the equilibrium melting temperature, and
B = 1/I*. is the ratio of lamellar thickness of the mature
crystal /. at the time of melting to the thickness /*. of the
nucleus. Therefore, f§ is supposed to be greater or equal to
one. The factor 2 is because the thickness of the crystals
undergoing melting is about double that of the critical
thickness [29, 30].

Before applying the method for the estimation of the
equilibrium melting points of PCL-block-PPAd copoly-
mers, isothermal crystallizations of PCL and the copoly-
mers were first performed and the subsequent heating scans
were recorded to correlate the melting point with the cor-
responding crystallization temperature (Fig. 6) show the
heating scans at a heating rate 20 °C min~' for PCL-block-
PPAd 90/10 and 80/20, respectively. As can be seen, the
ultimate melting peak temperature is directly affected by
the crystallization temperature.
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Fig. 6 Subsequent heating scans after isothermal crystallizations at
different temperatures: a PCL-block-PPAd 90/10 and b PCL-block-
PPAd 80/20 copolymer
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Fig. 7 Hoffman—-Weeks plots for neat PCL and the copolymers

In Fig. 7, the Hoffman—Weeks plots for neat PCL as
well the copolymers of this study are shown. The T2
values obtained for the copolymers are summarized in
Table 3.

To analyze the miscibility of the block segments of the
copolymers, the equilibrium melting temperatures were
analyzed using the Nishi-Wang equation [31] which in fact
is based on the Flory—Huggins theory [32]:

1 1

Tr(x)l(blend) TI(I)'I(puI‘e) (7)
_ —RV, [In¢, 1 1 2
=3BV, [ s + m ¢+ 212

In the Nishi—-Wang equation [31], the subscripts 1 and 2
refer to the amorphous and the crystalline polymer,
respectively. T?n(pure) and Tﬁl(blend) denote the equilibrium
melting points of the pure crystallizable component and
that of the blend, respectively. V is the molar volumes of
the repeating units of the polymers, R is the universal gas
constant, AH" is the heat of fusion of the perfectly
crystallizable polymer, m is the degree of polymerization,
¢ is the volume fraction of the component in the blend, and
%12 is the polymer—polymer interaction parameter. For high
molecular weight polymers, both m, and m, are large and
the related terms can be neglected:

AH"V, < 1 1
RV, Tr?l(blend) TI(I)l(pul‘e

)) = X12¢% (8)

If 1, is assumed to be independent of the composition, a
plot of the left-hand side of Eq. 8 versus qﬁ% should give a
straight line passing through the origin. In this study, AH°
for PCL was set equal to 136] g_1 [27]. The molar
volumes of the components were calculated using the
group contributions [33]. They were found to be
Vi = 159.5 cm® mol™' of the repeating unit of PPAd,
and V, = 104.3 cm® mol ™! of the repeating unit of PCL.
The experimental data fit a line with a negative slope
corresponding to y;, = —0.27, but not passing through the
origin (see Fig. 4). The fact that the line does not pass
through the origin is usually attributed to a residual entropy
effect, which is neglected in the derivation of the equation
[34, 35]. A second explanation could be that the interaction
parameter y;, is composition dependent. Thus, in the
studied block copolymers the result of equilibrium melting
point depression shows only some limited miscibility.

Finally, the value of the segregation strength for the
prepared copolymers, i.e., the product of the Flory—Hug-
gins parameter times the degree of polymerization was
found to be —35.6 suggesting that the polymers form a
single phase melt.
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Table 3 Temperature, time at the beginning of isothermal crystallization (t,), time at peak (¢,), heat of crystallization (AH), Avrami constant k,
composite Avrami constant K and Avrami exponent (n)

n

K/min™!

Samples Temperature/°C to/min~ tp/minf' AH/J g™! k/min~ n
PCL 35.0 0.67 1.03 67.3 6.9343 2.3124 231
37.5 0.70 1.28 66.8 2.1086 1.3664 2.39
40.0 0.80 1.72 63.5 0.5152 0.7514 232
42.5 0.90 2.90 68.0 0.0865 0.3637 242
45.0 1.00 4.32 66.5 0.0262 0.1866 2.17
47.5 2.40 9.95 69.2 0.0049 0.0824 2.13
PPAd/PCL 10/90 35.0 0.85 1.75 49.7 0.7925 0.9026 2.27
37.5 0.90 2.68 56.3 0.1795 0.4645 2.24
40.0 1.00 4.57 56.9 0.0391 0.2229 2.16
42.5 1.30 9.10 61.8 0.0081 0.0869 1.97
45.0 1.85 19.42 68.1 0.0015 0.0290 1.84
PPAd/PCL 20/80 35.0 1.30 3.57 48.0 0.0621 0.3860 2.92
37.5 1.20 5.20 51.8 0.0105 0.2143 2.96
40.0 1.40 10.28 51.1 T47E—4 0.0951 3.06
42.5 2.60 23.65 52.2 7.25E-5 0.0399 2.96
45.0 3.20 61.60 43.5 3.19E-6 0.0153 3.03
PPAd/PCL 30/70 30.0 1.00 4.00 46.0 0.0448 0.2814 245
325 1.40 10.80 423 0.0075 0.0943 2.07
35.0 1.80 15.50 45.8 0.0011 0.0604 2.43
37.5 1.15 34.50 43.3 3.68E—5 0.0251 2.77
40.0 1.36 68.50 354 1.403E-5 0.0099 242
0.05 of polarized light microscope with hot stage. As can be
seen in Figs. 8 and 9, the copolymers formed spherulites.
0.04 ] Banded spherulites appeared in most cases of copolymers,
6|:E with b?md spacing to increase v'vith tem.[)eraj[ure. The
= spherulites became coarse and diffuse with increasing
°|§ 0.031 comonomer content and temperature.
E . Crystallization of polymer melts is usually accompanied
> 0,02 by significant heat release, which can be measured by DSC.
E_ Based on the assumption that the evolution of crystallinity
T oo " is linearly proportional to the evolution of heat released
< during the crystallization, the relative degree of crystal-
linity, X(#), can be obtained according to the following
0.00 T T T T T equation:
0.00 0.02 0.04 0.06 0.08 0.10 0.12
0 Jo (dH/dr)dt
X(t) = o 9)
Jo~ (dH./drt)ds
Fig. 8 Plot of — A&V (ﬂ% - %> against ¢? according to the L
2\ mend) ) where dH, denotes the measured enthalpy of crystallization

Nishi-Wang analysis for melting point depression of PCL in the
copolymers

Crystallization kinetics
Isothermal crystallization kinetics

The generated morphology during isothermal crystalliza-
tion at various temperatures was also studied with the aid

@ Springer

during an infinitesimal time interval dz. The limits # and oo
are used to denote the elapsed time during the course of
crystallization and at the end of the crystallization process,
respectively.

Isothermal crystallization experiments of the prepared
PCL and 90/10, 80/20, and 70/30 copolymers were per-
formed at various temperatures from 35 to 47.5 °C. As the
supercooling, i.e., the difference between the melting and
crystallization temperature, decreases, the crystallization
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Fig. 9 Spherulitic morphologies generated during isothermal crys-
tallization of: a, b PCL at 45 °C; ¢, d PCL-block-PPAd 90/10 at
42.5 °C; e, f PCL-block-PPAd 80/20 at 40 °C; g, h PCL-block-PPAd
70/30 at 40 °C

rate gets slower, and the exothermal peak becomes broader.
Thus, the times to reach the peak and to complete crys-
tallization increase.

The crystallization kinetics of the copolymers was
investigated using macrokinetic models. For the analysis of
the isothermal crystallization, the most common approach
is the so-called Avrami method [36-41].

Accordingly, the relative degree of crystallinity, X(?), is
related to the crystallization time, ¢, according to:

X(t)=1—-exp(—k") X(t) =1—-exp[—(Kt)"]

where n is the Avrami exponent which is a function of the
nucleation process and k is the growth function, which is
dependent on nucleation and crystal growth. Since the units
of k are a function of n, Eq. 10 can be written in the
composite-Avrami form using K instead of k (where
k = K") [42-45].

or (10)

Fig. 10 Avrami plots for neat PCL and the PCL-block-PPAd 80/20
copolymer

From the plots of log{ —In[1 — X(t)]} against logz, logk,
and n can be calculated as the intercept and the slope,
respectively. Figure 10 shows the Avrami plots for iso-
thermal crystallization of PCL and the 80/20 copolymer.

It is known that the value of n strongly depends on both
the mechanism of nucleation and the morphology of crystal
growth, and that ideally n would be an integer [36]. The
n values found in the case of PCL and copolymers were in
principle between 2 and 3 (Table 3). Findings are similar
with those for miscible copolymers [39-41].

Secondary nucleation theory

It has been suggested that the kinetic data of isothermal
polymer crystallization can be analyzed using the spheru-
litic growth rate in the context of the Lauritzen—Hoffman
secondary nucleation theory [46].

Accordingly, the growth rate G is given as a function of
the crystallization temperature, 7, by the following bi-
exponential equation 11:
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Table 4 Glass transition temperatures (7), equilibrium melting points (Tr), nucleation parameter K,, product of surface free energies (60,),
lateral surface free energy (o), fold surface free energy (o.), and work of chain folding (¢) values for PCL and PCL blocks in the copolymers

Polymers T,/°C 7%/°C K /K> 6617 m™* 6/7? m™* 6/1? m™? g/kJ mol™!
PCL —66 74 0.83 x 10° 6.6 x 107 68.8 x 107* 0.0960 21.3
90/10 —65 73.7 1.15 x 10° 9.18 x 107* 68.8 x 107* 0.1335 29.7
80/20 —64 73.1 1.37 x 10° 109 x 1074 68.8 x 107* 0.1585 35.2
70/30 —62 70.9 1.55 x 10° 123 x 1074 68.8 x 107* 0.1789 39.7

U* K, —e—PCL
G = Goexp [— m] exp [— m} (11) 20- . e PCL-b-PPA90/10

where Gj is the pre-exponential factor, the first exponential
term contains the contribution of diffusion process to the
growth rate, while the second exponential term is
the contribution of the nucleation process; U* denotes the
activation energy which characterizes molecular diffusion
across the interfacial boundary between melt and crystals,
usually set equal to 1,500 cal mol ™! (6,285 ] molfl) and
T, is the temperature below which diffusion stops, usually
equal to T, =T, — 30 K; K, is a nucleation constant
and AT denotes the degree of under-cooling (AT = T, —

T.); f is a correction factor which is close to unity at high
temperatures and is given as f= 2T AT + T.); the
equilibrium melting temperature, To, was set equal to
78 °C for PCL, finally the glass transition temperature was
assumed equal to —66 °C, while the respective values
included in Table 4 were used for the copolymers. The
nucleation parameter, K,, is usually calculated from Eq. 11
using the double-logarithmic transformation (12):

U K,

R(T.—To) In(Go) — —— == (12)

In(G) + T.ATY

Plotting the left-hand side of Eq. 12 with respect to
1/(T(AT)f), a straight line should appear having a slope
equal to K,.

As was discussed above, the spherulites were diffuse
and it was difficult to accurately measure the spherulites
diameters in most cases. Instead of using PLM measure-
ments, several authors have treated the isothermal crys-
tallization rate data obtained by DSC, according to the
Lauritzen—Hoffman analysis (Eq. 12) [46]. The basic
assumption used for the evaluation of G was that the
spherulite growth rate is inversely proportional to the
crystallization half-time, G ~ 1/t;,, [47]. This approxi-
mation although it is purely empirical has been widely used
in literature to evaluate the nucleation parameter K,
[47-51]. Miiller et al. [20, 21] proposed a self-nucleation
procedure for isothermal crystallization to better approxi-
mate crystal growth rates, by neglecting nucleation. Then,
the resulting 1/t values can be used in the Lauritzen—
Hoffman analysis. This method was also used in this study.
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Fig. 11 Variation of the inverse of isothermal crystallization half-
times after self-nucleation versus crystallization temperature
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Fig. 12 Lauritzen-Hoffman plots for PCL and PCL-block-PPAd
copolymers

The relative crystallinity X(#) at time, ¢, was determined
using Eq. 1. From these curves, the half time of crystalli-
zation, t,,, was directly determined as the time elapsed
from the onset of crystallization to the point where the
crystallization is half completed. Half time of crystalliza-
tion ty,, values increased almost exponentially with the
crystallization temperature. In order to compare the
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isothermal crystallization rates of the polymeric materials,
the reciprocal half-time of crystallization. From the data
displayed in Fig. 11, it is apparent that the ¢, values
increase almost exponentially as the crystallization tem-
perature is increased, which means that the crystallization
rates, denoted by 1/t;,, decrease with increasing
temperature.

The Lauritzen—Hoffman-type plots for PCL and the
copolymers, constructed using the 1/¢;,, values in the place
of G, appear in Fig. 12. The calculated values of K, for the
copolymers are higher than that of neat PCL. Maybe this is
associated with topological restrictions experienced by the
chains covalently linked to an amorphous and miscible
block. These increase as the content of the amorphous
block increase.

For a secondary or heterogeneous nucleation, K, can be
calculated from [46]:

naaeboTr%

= 13
£ Ahep kg (13)

where 7 is a constant equals to 4 for regime I and III and 2
for regime 1II; o, o, are the side surface (lateral) and fold
surface (end) free energies which measure the work
required to create a new surface; by is the single layer
thickness; Ahs p. = AHg is the enthalpy of melting per unit
volume; and kg is the Boltzmann constant (kg = 1.38
1072 Kil). The values used here were ag = 4.5 A
by = 4.1 A and U* = 1,500 cal mol~! which correspond
to PCL and were also adopted for all materials. The 7o,
values are included in Table 4. AH; for PCL was taken
equal to 136 J g~', while the unit cell density was taken
1.175 g ecm ™ for PCL and PCL blocks [27, 52]. It was
supposed that regime II holds and thus n = 2.

On the other hand, the lateral surface free energy, o is
commonly estimated as [32]:

o= O((Ahf)(dobo)o's (]4)

where o was derived empirically to be 0.1 by analogy with
the well-known behavior of hydrocarbons. @y and bg
factors are the monomolecular width and layer thick-
ness, respectively. The input data and the results obtained
from the secondary nucleation analysis are listed in
Table 4.

Finally, the work of chain folding, ¢, which is most
closely correlated with molecular structure, can be calcu-
lated from [53]:

(15)

The results are summarized in Table 4. It seems that all
the values for surface free energy or work of chain folding
increased for copolymers with the propylene adipate
content. This shows effect of PPAd addition on the PCL
blocks crystallization.

q = 2apbyoe

Conclusions

PCL-block-PPAd block copolymers were prepared using a
combination of polycondensation and ring opening poly-
merization of ¢-CL. The copolymer composition, as was
calculated from NMR spectra, is similar to the feeding ratio
of the different monomers in the reactor. The crystal
structure of the copolymers was characterized by WAXD.
The copolymers formed PCL crystals. The degree of
crystallinity of the copolymer samples decreased with
increasing comonomer content. The crystallization rates,
measured in isothermal experiments using DSC, also
decreased with comonomer content. The equilibrium
melting points of PCL were estimated following the
Hoffmann—Weeks method. Some melting point depression
was found. The Nishi-Wang equation was then used to
analyze this behavior. The result shows that there is some
miscibility of the copolymer segments. The method of
Miiller et al. was followed to perform isothermal crystal-
lization experiments after self-nucleation, to distinguish
between the nucleation and crystal growth stages during
isothermal crystallization. The crystallization rates were
calculated as the inverse of the crystallization half-times.
The secondary nucleation theory was then used and the
obtained data for crystallization rates were analyzed. The
nucleation constant K, was found to increase with pro-
pylene adipate content, and also the surface free energies
and work of chain folding increased, showing inhibition of
PCL crystallization.
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