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Multiple nucleation events and local dynamics of poly-
(3-caprolactone) (PCL) confined to nanoporous alumina†

Yasuhito Suzuki,a Hatice Duran,b Wajiha Akram,c Martin Steinhart,c

George Floudas*d and Hans-Jürgen Butta

The crystallization and local dynamics of poly(3-caprolactone) (PCL) confined to self-ordered nanoporous

alumina (AAO) were studied as a function of pore size, pore surface functionality, molecular weight and

cooling/heating rate by differential scanning calorimetry (DSC), wide-angle X-ray diffraction and

dielectric spectroscopy. In contrast to the bulk, PCL located inside nanoporous alumina crystallizes via

several distinct nucleation mechanisms. All mechanisms display pronounced rate dependence. At low

undercoolings, the usual heterogeneous nucleation of bulk PCL was suppressed at the expense of two

additional mechanisms attributed to heterogeneous nucleation initiated at the pore walls. At higher

undercoolings a broad peak was observed in DSC which we attribute to crystallization initiated by

homogeneous nucleation. At high cooling rates, the critical nucleus size is smaller than the smallest

diameter of pores. Thus, PCL is able to crystallize within the smallest pores, despite the lower degree of

crystallinity. Inevitably, homogeneous nucleation is strongly coupled to the local viscosity and hence to

the local segmental dynamics. Dielectric spectroscopy revealed that confinement affected both the rate

of segmental motion with a lowering of the glass temperature as well as a broader distribution of

relaxation times.
1 Introduction

The way that polymers crystallize in conned space constitutes
a fundamental problem in polymer physics with important
technological applications.1–17 For example, controlling the
degree of crystallinity by means of connement can result in the
rational design of materials with pre-determined mechanical
and optical properties. Crystallization requires the presence of
homogeneous or heterogeneous nuclei that act as seeds. Most
homopolymers crystallize via heterogeneous nucleation.
Heterogeneous nucleation is initiated by external surfaces (like
dust or bubbles), by additives (such as remaining catalyst,
solvent, other chemicals, polymer tacticity and chain poly-
dispersity), external nucleating agents (like graphite, carbon
black, titanium oxide) and rough container surfaces, interfaces
and possibly interphases. Since these nuclei are already present
at the beginning of nucleation, heterogeneous nucleation is
athermal and either secondary or tertiary. All these factors can,
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Chemistry 2013
in principle, catalyze the formation of heterogeneous nuclei and
give rise to crystallization at low undercoolings. On the other
hand, homogeneous nucleation involves the spontaneous clus-
tering of several segments, the dissolution of small unstable
nuclei and the formation and growth of larger stable nuclei
above a critical size. In contrast to heterogeneous nucleation,
homogeneous nucleation is primary (i.e., 3-dimensional) and
thermal (or sporadic).

AAO contains arrays of parallel, cylindrical nanopores with
uniform geometrical features (pore length and diameter).18–22

Hence it can be employed as a model system for studying the
effect of connement on polymer crystallization. Recent studies
of polymer crystallization within self-ordered nanoporous
aluminum oxide (AAO) revealed different nucleation mecha-
nisms that depend on the polymer. For example, in isotactic
polypropylene16 a progressive transformation from hetero-
geneous to homogeneous nucleation was found, whereas in
poly(ethylene oxide)17 crystallization was dominated by homo-
geneous nucleation with decreasing pore diameter.

In an effort to elucidate the different nucleation regimes, we
employ poly(3-caprolactone) (PCL) and investigate the effect of
connement on the self-assembly and local polymer dynamics.
The investigation is carried out as a function of molecular
weight, pore size, pore surface functionality and heating/cool-
ing rate. Several nucleation mechanisms were identied as a
function of the degree of undercooling. These mechanisms
involve the known heterogeneous/homogeneous processes and,
Soft Matter, 2013, 9, 9189–9198 | 9189
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in addition, surface-induced nucleation. At higher under-
coolings, where homogeneous nucleation prevails, the critical
nucleus size was smaller than the smallest diameter of pores,
thus PCL could crystallize even within the smallest pores
despite with a lower degree of crystallinity. Since homogeneous
nucleation is coupled to the local polymer viscosity at high
undercoolings, we investigated, by means of dielectric spec-
troscopy, the local segmental dynamics associated with the
(supercooled) liquid-to-glass temperature. We found that
connement affected both the rate of segmental motion as well
as the distribution of relaxation times.
Fig. 1 Scanning electron microscopy images of PCL-7700 infiltrated in self-
ordered AAO. (a) Surface and (b) cross-section of AAO/PCL with a pore diameter
of 200 nm, (c) surface of AAO/PCL with a pore diameter of 65 nm and (d) with a
pore diameter of 25 nm. The white scale bars are 500 nm.
2 Experimental
a Samples and methods of inltration

Poly(3-caprolactone) (PCL) samples with different molecular
weights (number-averaged molecular weights of 7700 and
36 000 g mol�1) were purchased from Polymer Source Inc. and
used as received. The molecular characteristics are shown in
Table 1. AAO (pore diameters of 25, 35, 65, and 200 nm; pore
depth 100 mm) was prepared following the procedures reported
in the literature.18–20 Inltration of PCLwas performedby placing
the polymer on the surface of self-ordered AAO at 373 K for 12 h.
Prior to the DSC and DS experiments, excess PCL was removed
from the surface of the self-ordered AAOmembranes with sharp
razor blades and so polishing paper (Buehler Microcloth).
b Surface modication

Pore walls of AAO were activated in 35% aqueous H2O2 (Sigma-
Aldrich) solution for 2 h at 45 �C, and dried at 120 �C for 15
minutes. Then, AAO were immersed into 4.2 mM solution of
octadecylphosphonic acid (C18H39O3P; ODPA) (Alfa Aesar) in
n-heptane–2-propanol (Sigma-Aldrich) (v/v/5 : 1). Subsequently,
the substrates were washed with copious amounts of
n-heptane–2-propanol (v/v/5 : 1) and sonicated to remove any
physisorbed ODPA. ODPA-modied AAO was washed with
ethanol several times and dried overnight under 200 mbar at
room temperature.
c Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) investigations using a LEO
Gemini 1530 SEM, operated at acceleration voltages of 0.75 to
6 kV, revealed complete lling of pores. Fig. 1 shows SEM
images of PCL-7700 inltrated self-ordered AAO with different
pore diameters. The gure depicts the surfaces of different AAO
with diameters of 200, 65 and 35 nm as well as a cross-section of
the 200 nm pores. In the latter, the pore bottoms are completely
lled by PCL.
Table 1 Molecular characteristics and equilibrium melting temperatures of the
PCL homopolymers

Sample Mw (g mol�1) Mn (g mol�1) Mw/Mn T 0
m (K)

PCL-7700 8900 7700 1.16 348
PCL-36 000 42 800 36 000 1.19 358

9190 | Soft Matter, 2013, 9, 9189–9198
d Polarizing optical microscopy (POM)

The real-time crystallization and melting of bulk PCL was
followed by polarizing optical microscopy using an Axioskope
40 FL optical microscope. A thin lm of the sample (with a
spacing of �50 mm maintained by Teon spacers) was placed
between glass slides and introduced into a Linkam THMS 600
hotplate. The crystallization kinetics were investigated by rst
heating the sample to the melt (363 K), followed by fast cooling
(�50 K min�1) to different nal temperatures where the system
was crystallized isothermally. The analysis of the crystallization
kinetics at different crystallization temperatures provided
spherulitic growth rates.23,24 Subsequent slow heating
(1 K min�1) provided the apparent melting temperatures. The
equilibrium melting temperatures were estimated from the
procedure described in the literature23,24 and are included in
Table 1.
e Wide-angle X-ray scattering (WAXS)

The Q/2Q scans were taken with a D8 Advance X-ray diffrac-
tometer (Bruker). The X-ray tube (KRISTALLOFLEX 780) gener-
ator with a Cu anode was operated at a voltage of 40 kV and a
current of 30 mA. An aperture (divergence) slit of 0.3 mm, a
scattered-radiation (antiscatter) variable slit (V20) together with
a monochromator slit of 0.1 mm and a detector slit of 1 mm
were employed. A diffracted beammonochromator was inserted
between the detector slit and the detector to suppress uores-
cence radiation and the unwanted Kb radiation. The mono-
chromator employed a graphite crystal (2d* ¼ 0.6714 nm, for
the 002 reection). The Ka1 and Ka2 peaks could not be sepa-
rated and an average wavelength of 0.154184 nm was used. A
scintillation counter with a 95% quantum yield for Cu radiation
was employed as the detector. Scans in the 2Q-range from 1 to
40� in steps of 0.01� were obtained following two protocols: (i) at
298 K following slow cooling (�3 Kmin�1) from themelt (363 K)
and 1 day annealing at ambient temperature and (ii) at 243 K
This journal is ª The Royal Society of Chemistry 2013

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3sm50907a


Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

01
3.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
24

 4
:2

2:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
following fast cooling (50 K min�1) from the melt (363 K). The
WAXS results are shown in Fig. 2. As we will see below, these
procedures emphasize different nucleation regimes. During the
Q–2Q scans of the PCL inltrated into AAO, the AAO pore axes
were oriented parallel and the AAO surface was oriented
perpendicular to the plane of the incident and scattered X-ray
beams. In this geometry, only crystals that meet the Bragg
condition and that have the corresponding set of lattice planes
oriented parallel to the AAO surface can contribute to the
scattered intensity. Schulz scans were measured with an X-ray
diffractometer PANalytical X'Pert Pro MRD using Cu Ka radia-
tion. The samples were mounted on a Eulerian cradle. The
incident beam passed a nickel lter, a polycapillary (length
70 mm) and a cross-slit collimator (slit width and height
500 mm), the diffracted beam, and a parallel plate collimator.
The scattered intensity was detected with a PW3011/20
proportional point detector.
f Differential scanning calorimetry (DSC)

Thermal analysis was carried out using a Mettler Toledo
differential scanning calorimeter (DSC-822). DSC traces of
neat PCL were acquired using an empty pan as a reference.
The PCL mass in PCL-inltrated AAO was estimated from the
mass difference between PCL-inltrated AAO and empty AAO.
Samples were weighed with a Mettler Toledo AX205 balance.
Prior to DSC measurements, the Al substrates, to which the
AAO membranes had been connected, were etched away by
using a mixture of HCl, CuCl2, and H2O and the samples were
further milled to powder. Subsequently, 1.2–3.7 mg of sample
material was sealed in aluminum pans (100 ml). DSC traces of
PCL-inltrated AAO were recorded using reference pans con-
taining empty AAO pieces of the same pore diameter. All
samples were rst cooled at a rate of 10 K min�1 from
ambient temperature to 173 K and then heated to 393 K at the
same rate under a nitrogen atmosphere. The same cycle was
Fig. 2 Q/2Q X-ray scans for bulk PCL-7700 and for PCL-7700 located inside AAO
with pore diameters ranging from 200 to 25 nm. (Left) Measurements are con-
ducted at 298 K following slow cooling from the melt (363 K) and 1 day
annealing. (Right) Measurements are conducted at 243 K following fast cooling
from 363 K. In both cases, the template surface was oriented perpendicularly to
the plane of the incident and scattered X-ray beams. The main diffraction peaks of
bulk and confined PCL are indicated with vertical lines.

This journal is ª The Royal Society of Chemistry 2013
repeated two times. Melting and crystallization points, as well
as heats of fusion and crystallization were determined from
the second heating and cooling thermographs, respectively.
The crystallinity of PCL located inside the pores was evaluated
from the heat of fusion (DHm) as Xc(%) ¼ (DHm/DH

0
m) � 100,

where DH 0
m (¼ 148 J g�1) is the heat of fusion of the perfect

crystal.25–27 In a second experiment, the rate dependence of the
melting and crystallization temperatures was investigated for
PCL-inltrated AAO with pore diameters of 65 nm and
200 nm. In this experiment, samples were heated to 373 K and
DSC cooling/heating curves were obtained with rates of 10, 5,
2 and 1 K min�1. In a third experiment, we followed the
crystallization kinetics (due to heterogeneous nucleation) of
bulk and conned PCL. In these isothermal crystallization
experiments samples were rst heated to 393 K and held there
for 10 min in order to erase the thermal history, followed by
rapid cooling (50 K min�1) to different nal crystallization
temperatures where they could crystallize. At the end of the
crystallization process, samples were heated to 393 K with a
rate of 1 K min�1 to obtain the corresponding apparent
melting temperatures. From the isothermal crystallization
experiments the crystalline mass fraction, W(t), was
estimated as

wðtÞ ¼

ðt
0

�
dHc

dt

�
dt

ðN
0

�
dHc

dt

�
dt

(1)

where the numerator and denominator refer to the respective
heats generated at times t and at the end of the crystallization
process (t / N).
g Dielectric spectroscopy (DS)

Dielectric measurements were performed at temperatures in
the range of 183–348 K, at atmospheric pressure, and for
frequencies in the range from 10�2 to 106 Hz using a Novo-
control Alpha frequency analyzer as a function of temperature.
For bulk PCLs, the DS measurements were carried out in the
usual parallel plate geometry with electrodes of 20 mm in
diameter and sample thickness of 50 mm maintained by Teon
spacers. For PCL inltrated self-ordered AAO samples, a 10 mm
electrode was placed on top of the templates whereas the Al at
the bottom of the templates served as the second electrode. The
measured dielectric spectra were corrected for the geometry by
using two capacitors in parallel (composed of 3*PCL and 3*AAO and
the measured total impedance was related to the individual
values through 1/Z* ¼ 1/Z*PBLG + 1/Z*AAO). This allows the calcu-
lation of the real and imaginary parts of the dielectric permit-
tivity as a function of the respective volume fractions.22 The
latter were obtained by digitization of the SEM images. In all
cases, the complex dielectric permittivity 3* ¼ 30 � i300, where 30

is the real and 30 0 is the imaginary part, was obtained as a
function of frequency u and temperature T, i.e., 3*(T, u).29,30 The
analysis was made using the empirical equation of Havriliak
and Negami31 (actually a summation of two HN functions was
employed for the “faster” and “slower” processes):
Soft Matter, 2013, 9, 9189–9198 | 9191
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3*ðu; TÞ ¼ 3NðTÞ þ
X2

k¼1

D3kðTÞ�
1þ ðiusHNðTÞÞmk

�nk þ sðTÞ
i3fu

(2)

here, D3(T) is the relaxation strength of the process under
investigation, sHN is the relaxation time of the equation andm, n
(m > 0, mn # 1) describe the symmetrical and asymmetrical
broadening of the distribution of relaxation times, 3N is the
dielectric permittivity at the limit of high frequencies, s is the dc
conductivity and 3f the permittivity of free space. From sHN, the
relaxation time at maximum loss, smax, is obtained analytically
following

smax ¼ sHN

sin

�
pm

2þ 2n

�

sin

�
pmn

2þ 2n

�
2
664

3
775

�1=m

(3)
Fig. 3 Cooling (left) and subsequent heating (right) thermograms of bulk PCL-
7700 and PCL-7700 located inside self-ordered AAO with pore diameters ranging
from 200 nm to 25 nm (heating/cooling rate 10 K min�1). The letters E and O
denote crystallization peaks originating from heterogeneous and homogeneous
nucleation, respectively.
3 Results and discussion
a Phase state

POM images revealed a nal spherulitic superstructure under
isothermal conditions with a mean spherulite size before
impingement of about 50 mm and 20 mm, for PCL-7700 (at
323 K) and PCL-36 000 (at 324 K), respectively (Table 2). The
corresponding equilibrium melting temperatures24 are
included in Table 1. More detailed information on the crystal-
line polymorph that had formed was obtained by WAXS. For
bulk PCL-7700 (Fig. 2) (measured at 298 K following slow
cooling (�3 K min�1) from the melt (363 K) and 1 day annealing
at 298 K) intense peaks appear at 2Q angles of 15.5�, 21.3�,
21.9�, 23.6�, 29.7�, 30.1� and 36.1�. These correspond to the
(102), (110), (111), (200), (210), (211) and (020) reections from
the orthorhombic unit cell with interplanar spacings dhkl of the
(hkl) lattice planes given by

1

dhkl
2
¼ h2

a2
þ k2

b2
þ l2

c2
(4)

The unit cell parameters are a¼ 0.749 nm, b¼ 0.497 nm and
c ¼ 1.729 nm. This unit cell has been discussed as comprising
an extended planar chain conformation of the molecule
involving twomonomer residues related by a two-fold screw axis
in the chain direction.32 Furthermore, the space group (P212121)
and density (1.146 g cm�3) indicated that the unit cell
Table 2 Volume per heterogeneous nucleus for bulk PCL crystallization in compar

Polymer-Mn

Spherulitic
diametera (mm)

Volume per heterogeneous
nucleus (mm3)

PCL-36 000 20 4 � 10�6

PCL-7700 50 6 � 10�5

a Typical spherulitic diameter upon impingement. b Pore depth ¼ 100 mm

9192 | Soft Matter, 2013, 9, 9189–9198
comprises two chains with opposite orientation, i.e., up and
down. Interestingly, an earlier electron diffraction study of
solution-grown PCL crystals indicated that the fastest crystal
growth occurs normal to the {110} and {200} faces.32 Similarly, a
real-time crystallization of PCL from the melt by atomic force
microscopy also suggested a mechanism involving {110} growth
faces.33 Therefore, in bulk PCL, crystallization proceeds along
directions normal to the {110} and {100} faces.

Subsequently, the PCL crystal orientation inside self-ordered
AAO was studied either by slow cooling from the melt (3 K
min�1) following annealing at 298 K, or by fast cooling to 243 K
(at �50 K min�1). As we will see below (with respect to Fig. 3),
this thermal treatment emphasizes different nucleation mech-
anisms (homogeneous vs. heterogeneous). For PCL-7700 inside
self-ordered AAO following the former treatment most of the
bulk reections are suppressed with the exception of the (110)
and (200) reections. This suggests preferred orientation of the
{110} and {200} faces normal to the AAO pore axes. To further
investigate the crystal orientation of PCL in AAO, we measured
Schulz scans34 as described previously.35 Schulz scans were
measured with xed Q and 2Q angles by tilting the AAO about
theJ axis by a tilt angle J (Fig. S1, ESI†). TheJ axis lies in the
scattering plane (normal to the AAO pore axes) and was oriented
perpendicular to the Q/2Q axis. The Schulz scans yielded
intensity proles I(J) representing orientation distributions of
ison to the AAO pore volume

AAO pore volumeb (mm3)

Pore radius

400 nm 200 nm 65 nm 25 nm

1 � 10�8 3 � 10�9 3 � 10�10 5 � 10�11

.

This journal is ª The Royal Society of Chemistry 2013
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sets of lattice planes belonging to the reection at the selected
2Q angles relative to the AAO surface. Hence, the obtained I(J)
proles corresponded to azimuthal intensity proles along the
Debye ring belonging to the xed scattering angleQ. The Schulz
scan for the (110) peak of PCL-7700 inside AAO with a pore
diameter of 65 nm crystallized at a cooling rate of �3 K min�1

indicated pronounced alignment of the {110} crystal faces with
the AAO surface (corresponding to the preferred orientation of
the {110} faces perpendicular to the AAO pore axes). The Her-
mans orientation parameter36 amounted toz0.95, suggesting a
nearly uniform orientation.

On the other hand, following the latter treatment (fast
cooling to 243 K) gives rise to crystal growth along the same
directions. However, in the case of 65 nm or 35 nm pores,
preferentially the {100} faces appear to be oriented normal to
the AAO pore axes (Fig. 2). Wemention here that a variety of PCL
crystal orientations were found in PCL spatially conned to
PCL-b-polystyrene (PS) nanocylinders.7

DSC traces on cooling and subsequent heating were shown
to contain important information on the type of nucleation
processes. Fig. 3 shows the DSC traces of bulk PCL-7700 and of
PCL-7700 located inside self-ordered AAO obtained with a
cooling rate of 10 K min�1. Bulk PCL-7700 shows a strong
exothermic peak at 32 �C. All traces of PCL-7700 located inside
AAO contain a shallow peak at about 34 �C. Depending on the
pore size, traces exhibit signicant differences. PCL-7700
located inside AAO with a pore diameter of 200 nm exhibits two
exothermic peaks at 21 �C and 6 �C. On the other hand, PCL in
pores with a diameter of 25 nm exhibits a broad exothermic
peak at �35 �C. PCL in 35 nm pores exhibits a similar
exothermic peak at �34 �C but has some additional – albeit
weak – exothermic processes at 20 �C and 6 �C. PCL in 65 nm
pores contains some intermediate features. The DSC traces of
PCL-36 000 inside the same templates revealed similar features
and are provided in the ESI (Fig. S2†).

We attribute the multiple peaks of PCL-7700 located inside
AAO with a pore diameter of 200 nm at 34 �C, 21 �C and 6 �C to
heterogeneous nucleation and indicate them as E1, E2 and E3,
respectively. Heterogeneous crystallization is the sole mecha-
nism for PCL located inside self-ordered AAO with 200 nm pores
but is a minor crystallization mechanism in the smaller pores
(Fig. 3). Heterogeneous nucleation in the large pores can be
explained as follows. The spherulite diameter of bulk PCL upon
impingement (20–50 mm) allows estimation of the volume per
heterogeneous nucleus that is in the range from 10�6 to 10�5

mm3 (Table 2). However, within AAO, PCL is conned to small
cylindrical pores with volumes in the range from 3 � 10�9 mm3

to 5 � 10�11 mm3 for pores with diameters of 200 and 25 nm,
respectively. Since these pore volumes are 3 to 5 orders of
magnitude smaller than the volume per heterogeneous nucleus
in bulk PCL, only a small fraction of pores will contain
heterogeneous nuclei. This small fraction of nuclei gives rise to
the crystallization peak indicated as E1 in the DSC traces. The
remaining nucleation peaks, E2 and E3, cannot originate from
the same heterogeneous nuclei. Their origin will be discussed
below with respect to Fig. 7.
This journal is ª The Royal Society of Chemistry 2013
For PCL located inside AAO with pore diameters below
65 nm, the main peaks appear at lower temperatures, i.e., at
higher undercooling. We attribute these peaks at �35 �C to
homogeneous nucleation. As we discussed, the presence of
heterogeneous nuclei within the smaller pores is completely
unlikely and PCL in these nano-cylinders can only nucleate by
crossing the intrinsic barrier for homogeneous nucleation. The
critical nucleus size for homogeneous nucleation, l*, is given
by37 l* ¼ 4seT

0
m/DTDHmrc, where se (106 mJ m�2)25–27 is the fold

surface free energy, T 0
m ¼ 348 K the equilibrium melting

temperature, DT 0
m¼ 148 J g�1 the latent heat of fusion25–27 at the

equilibrium melting temperature, DT ¼ T 0
m – Tc the under-

cooling and rc ¼ 1.187 g cm�3 the crystal density. DT is 43 K in
bulk PCL-7700 but it increases to 110 K for PCL inside self-
ordered AAO with pore sizes of 35 nm and 25 nm. At such
undercoolings in the smaller pores, the critical nucleus size for
homogeneous PCL nucleation is about 8 nm and is, therefore,
smaller than the diameter of the smallest pores. Thus, PCL is
able to crystallize even within 25 nm pores.

According to classical nucleation theory,37,38 the nucleation
rate at such high undercoolings is inuenced by the viscosity
term that has a signicant contribution in the vicinity of the
glass temperature, Tg. Hence, homogeneous nucleation may be
coupled to the presence of long-lived spatio-temporal heteroge-
neities37 associated with the liquid-to-glass “transition”. Such
heterogeneities can affect the transport properties of molecules
via the decoupling of rotational motion from translational
motion and can inuence the growth from homogeneous nuclei
under high undercoolings. This point requires separate probing
of the heterogeneous dynamics in undercooled semicrystalline
polymers conned to nanopores before the onset of crystalli-
zation. Systems of interest include PCL and PEO located inside
nano-channels with diameters below 65 nm where the role of
dynamic heterogeneities in the homogeneous nucleation
process can be explored.

On heating (Fig. 3) bulk PCL melts at �328 K as compared to
the equilibrium melting temperature (at 348 K). Such a reduc-
tion suggests nite size effects as described by the Gibbs–
Thomson equation:

T 0
m ¼ T 0

m

�
1� 2

DH0
mrc

�
s1

l1
þ s2

l2
þ se

l3

��
(5)

wheres1 ands2 are the lateral surface free energies, se is the fold-
surface free energy, l1, l2 and l3 the respective crystal dimensions,
T 0
m and T 0

m are the apparent and equilibrium melting tempera-
tures, DH0

m is the heat of fusion (in J g�1) and rc is the crystal
density. An estimate of the crystal size for bulk PCL can be
obtained by using the following values,25–27,38 s1� s2¼ 6mJm�2,
se ¼ 106 mJ m�2, DH 0

m ¼ 148 J g�1, rc ¼ 1.187 g cm�3 and the
experimentally observed apparent melting temperature
(327.6K). Further assumingse/l3[s1/l1�s2/l2 gives l3�21nm.
For PCL conned within self-ordered AAO pores with diameters
below 65 nm we notice that the melting peak becomes very
asymmetric especially towards lower temperatures. Within the
smaller pores, homogeneous nucleation takes place at higher
undercoolings. In this nucleation-dominated regime all crystal
orientations occur and crystals grow along the pores until
Soft Matter, 2013, 9, 9189–9198 | 9193
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Fig. 5 Apparent melting (red symbols) and crystallization (blue symbols)
temperatures of PCL-7700 inside self-ordered AAO as a function of inverse pore
diameter (obtained at a heating/cooling rate of 10 K min�1). The dashed lines
represent linear fits. The vertical lines are not error bars but show the temperature
range for the homogeneous nucleation process.
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they are blocked by neighboring competing crystals. As a result,
random crystalline orientation prevails giving rise to spher-
ical-like crystalline stems, i.e. l1 � l2 � l3. If a crystal size of �15
nm is assumed, melting is expected to occur at �319 K, i.e.,
approximately 9 K below the bulk sample as observed
experimentally.

The heats of fusion, DHm, and corresponding degrees of
crystallinity, Xc, are plotted in Fig. 4 as a function of inverse pore
diameter. The overall degree of crystallinity is reduced upon
connement to about half the bulk value (from 80% to 35%).
This is independent of the fact that within the larger (smaller)
pores crystallization is initiated via heterogeneous (homoge-
neous) nucleation. This reects the lateral restriction on the
crystal growth by the pore walls that can lead to structural
defects. The corresponding apparent melting and crystalliza-
tion temperatures for the same PCL inside AAO are plotted in
Fig. 5. The gure displays the single – albeit broad – melting
temperature and the multiple nucleation processes (heteroge-
neous E1, E2, E3, and homogeneous O) obtained on cooling
with a rate of 10 K min�1.

The cooling rate dependence of the transition temperatures
is indicated in Fig. 6 for PCL-7700 inside AAO with two pore
sizes and displays some unanticipated features. In general,
reducing the scan speed results in higher crystallization
temperatures both for heterogeneous and homogeneous
nucleation in agreement with an earlier study on PEO/AAO.17

Within the 200 nm pores nucleation events are solely hetero-
geneous and the crystallization temperatures display strong rate
dependence. In addition, under the quasi-static conditions
corresponding to the lower rates (1 and 2 K min�1) there is a
splitting of the peaks suggesting a complex heterogeneous
nucleation scenario. On the other hand, within the 35 nm pores,
nucleation is predominantly (but not solely) homogeneous. In
addition to the minor heterogeneous nucleation processes at
low undercoolings (processes E1, E2 and E3) the homogeneous
nucleation process becomes very asymmetric and can be
Fig. 4 (Left axis) Heat of fusion of PCL-7700 plotted as a function of inverse pore
diameter obtained on cooling (blue symbols) and subsequent heating (red
circles). (Right axis) Degree of crystallinity as a function of inverse pore diameter
(based on DHN ¼ 148 J g�1).

9194 | Soft Matter, 2013, 9, 9189–9198
decomposed into at least two distinct processes (both indicated
as O). The meaning of the dual processes associated with
homogeneous nucleation is unclear at present.

More insight into the origin of the different nucleation
processes can be obtained by the surface modication of pore
walls with ODPA. The DSC traces for PCL-7700 inside surface-
treated AAO are shown in Fig. S3, ESI,† and the results for the
apparent melting and crystallization temperatures are
summarized in Fig. 7. The main effect of surface modication is
the suppression of the E2 and E3 heterogeneous nucleation
mechanisms. This suggests that the latter two mechanisms are
induced by the AAO surface. On the other hand, a new nucle-
ation process appears at temperatures between E1 and O. This
intermediate process could reect nucleation initiated by the
graed ODPA alkyl chains, but its characterization requires
further investigation.
b Local dynamics

The PCL repeat unit [–(CH2)5COO–] has a dipole moment
originating from the ester group (total ester dipole moment
1.72 D as obtained from dilute solutions in dioxane) with
components parallel (�0.64 D) and perpendicular (�1.6 D) to
the backbone, the total ester dipole moment 1.72 D as
obtained from dilute solutions in dioxane.39 Thus DS is
capable, in principle, of following the local and global chain
dynamics by recording dielectric spectra as a function of
frequency at different temperatures. Nevertheless, a strong
contribution from ionic conductivity and the presence of
crystalline/amorphous domains and the associated Maxwell–
Wagner–Sillars polarization precludes the investigation of the
slower chain dynamics in the bulk state.28 We are thus
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Transition temperatures for PCL-7700 located inside self-ordered AAO
with pore diameters of 200 nm (top) and 35 nm (bottom) obtained on cooling
with different rates (in �C min�1) as indicated. The letters E and O stand for
crystallization initiated by heterogeneous and homogeneous nuclei, respectively.
Lines are guides to the eye.

Fig. 8 Normalized dielectric loss curves for the a- (top) and b-processes (bottom)
for bulk PCL-7700 and PCL-7700 located inside self-ordered AAO with pore
diameters ranging from 65 to 25 nm obtained at T ¼ 228 K and T ¼ 183 K,
respectively. Spectra have been slightly shifted horizontally with shift factors aT
and a 0

T, respectively to better indicate the broadening of the curves.
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focusing our attention on the local dynamics below and above
the glass temperature (Tg).
Fig. 7 Apparent melting (red symbols) and crystallization (blue symbols) temper-
atures of PCL-7700 inside surface-treated (with ODPA) self-ordered AAO as a func-
tion of inverse pore diameter (obtained at a heating/cooling rate of 10 K min�1).

This journal is ª The Royal Society of Chemistry 2013
Typical dielectric loss curves of bulk PCL-7700 are depicted
in Fig. 8 at two temperatures corresponding to the segmental (a-
process) and local (b-process). The a- and b-processes were
tted according to the HN function (eqn (2)) with respective
shape parametersm¼ 0.22 n¼ 0.20 andm¼ 0.43, n¼ 0.30. The
two processes have distinctly different T-dependencies. The a-
process conforms to the Vogel–Fulcher–Tammann (VFT)
equation:

s ¼ so exp

�
B

T � To

�
(6)

where so (¼ 10�12 s) is the relaxation time in the limit of very
high temperatures, B (¼ 2300 K) is the activation parameter and
To (¼ 131 K) is the “ideal” glass temperature. The conventional
glass temperature is obtained from the above equation when
the a-relaxation time is at 100 s. The b-process conforms to an
Arrhenius equation, s ¼ soexp(E/RT), with so ¼ 3 � 10�15 s and
an activation energy, E, of 35 kJ mol�1.

The effect of connement on the dielectric loss spectra of
PCL-7700 is also depicted in Fig. 8. Connement of PCL-7700
within self-ordered AAO has two effects: a broadening of the
dynamic processes and a shi of the respective peaks to higher
frequencies (faster dynamics). The latter is shown in Fig. 9
where the relaxation times are plotted in the usual Arrhenius
representation. The broadening of the processes and the
Soft Matter, 2013, 9, 9189–9198 | 9195
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Fig. 9 Relaxation times at maximum loss corresponding to bulk PCL-7700 and to
PCL-7700 located inside self-ordered AAO with pore diameters ranging from 65
to 25 nm. The a- and b-processes are shown by filled and empty symbols,
respectively. Solid and dashed lines are fits to the VFT (a) and Arrhenius processes
(b), respectively (the latter is shown only for bulk PCL). For the a-process a fixed so
(¼ 10�12 s) value was used.

Fig. 10 Heat flow during the isothermal crystallization of bulk PCL-7700 (top)
and PCL-7700 located inside self-ordered AAO templates with a pore diameter of
200 nm (bottom) at different crystallization temperatures indicated.
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limited frequency range available for the a-process within
the smaller pores require the use of a xed so ¼ 10�12 s as with
the bulk PCL-7700. The estimated glass temperature is then
reduced from 206 K in bulk PCL to 201 K within 65 and 35 nm to
190 K within 25 nm pores. Such reductions in the glass
temperature are not uncommon in conned systems.2,41

The most dramatic effect of connement is the broad
distribution of relaxation times within the smaller pores. The
latter reects enhanced spatial and possibly temporal hetero-
geneity as probed by the PCL dipoles with the rates of a- and b-
processes.40 This can be understood if we consider that both
processes are probing dipoles located in the amorphous PCL
segments that are spatially conned by the spherical-like PCL
nano-crystals and the pore walls. This connement creates a
heterogeneous spatially varying environment as seen by the
ester dipoles. In addition, possible adsorption of chains near
the walls can give rise to density modulations with regions of
lower and higher density that can enhance the existing
heterogeneities. It is surprising that connement effects exist
also for the faster and hence more local b-process. This process
shis to lower temperatures (becomes faster) and the activation
energy is reduced from a bulk value of 35 kJ mol�1 to about 25 kJ
mol�1 for PCL within the 65 nm pores.
Fig. 11 Characteristic crystallization times, t1/2 (open symbols), obtained from
the kinetics for bulk PCL-7700 (open squares) and for PCL-7700 located inside
self-ordered AAO templates with a size of 200 nm (open rhombi). These kinetic
times are compared with the a-process relaxation times of bulk PCL (filled
squares) and of PCL inside self-ordered templates with a size of 65 nm (spheres).
The line shows the VFT process for bulk PCL.
c Crystallization kinetics

The strong heterogeneous nucleation in bulk PCL and in PCL
inside AAO templates with a pore size of 200 nm allows an
investigation of the crystallization kinetics at rather low
undercoolings. Measurements were made under isothermal
conditions, following fast cooling from themelt. The DSC traces
for bulk PCL-7700 and for PCL-7700 located inside AAO with
200 nm pores are depicted in Fig. 10. The analysis of the traces
9196 | Soft Matter, 2013, 9, 9189–9198
is based on the Avrami equation42 for the volume fraction of the
newly formed phase:

Vc(t) ¼ 1 � exp(�ktn) (7)

where k is the rate constant and n is the Avrami exponent that is
associated with the dimensionality of the growing crystals and
the time-dependence of nucleation. Eqn (7) requires the volu-
metric fraction of the crystalline phase that is obtained as
This journal is ª The Royal Society of Chemistry 2013
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Vc ¼ wðtÞ�
WðtÞ þ

�
rc

ra

�
ð1� wðtÞÞ

� (8)

here, rc and ra (¼ 1.094 g cm�3) are the densities of crystalline
and amorphous PCL, respectively. The half-time of crystalliza-
tion is obtained as t1/2 ¼ (ln 2/k)1/n and is plotted in Fig. 11. As
expected from the low undercooling, the lower the crystalliza-
tion temperature the faster the kinetics of crystal growth.
Connement slows down the crystallization times and results in
a lower Avrami exponent relative to the bulk (from a bulk value
in the range n¼ 3.5–5 to n� 3 under connement). Such values
are in accordance with the heterogeneous nucleation probed at
low undercoolings and distinctly different from the rst-order
kinetics observed in PCL-b-PS7 and PCL-b-poly(4-vinylpyridene)6

copolymers at higher undercoolings associated with homoge-
neous nucleation.

In the same gure we include the characteristic times of the
segmental a-process for bulk PCL-7700 and for PCL within
templates with 65 nm pore size. Within this temperature range
(i.e. for temperatures in the vicinity of the glass temperature),
the kinetics are expected to be dominated by segmental or chain
transport (i.e. diffusion-controlled) and hence become slower by
decreasing temperature. A recent study with fast differential
scanning calorimetry indicated that an even faster time scale
and a more local viscosity might be appropriate within the
homogeneous nucleation regime.43 Nevertheless, the low heats
of fusion and much higher undercooling preclude an investi-
gation of the kinetics due to homogeneous nucleation with our
experimental set-up.
4 Conclusion

Like most semicrystalline polymers, bulk PCL crystallizes via
heterogeneous nucleation. PCL located inside nanoporous
alumina crystallizes via several distinct nucleation mecha-
nisms. At low undercoolings, heterogeneous nucleation is one
such mechanism. However, since the volume per hetero-
geneous nucleus is several orders of magnitude larger than the
volume of the AAO pores, the usual bulk heterogeneous nucle-
ation mechanism is largely suppressed and can be considered
to be only a minor feature. In addition, the kinetics of hetero-
geneous nucleation under connement indicated a slowing-
down of the characteristic times relative to the bulk and a lower
Avrami exponent. Two additional crystallization mechanisms
were found at low undercoolings that are attributed to hetero-
geneous nuclei but of a different kind. Surface functionalization
revealed that these mechanisms are associated with heteroge-
neous nucleation initiated from the pore walls.

At higher undercoolings a broad crystallization mechanism
was found that is initiated via homogeneous nucleation. At such
undercoolings, the critical nucleus size is smaller than the
smallest pore diameter, thus PCL is able to crystallize even
within the smallest pores but with a lower degree of crystal-
linity. In addition, crystallization proceeds normal to the {110}
and {200} faces whereas in smaller AAO pores the {100} faces are
This journal is ª The Royal Society of Chemistry 2013
preferentially oriented normal to the pore axes with a high
degree of orientational order.

Inevitably, homogeneous nucleation is strongly coupled to
the local viscosity at high undercoolings and possibly to the
local segmental dynamics associated with the (supercooled)
liquid-to-glass temperature. Connement affects both the rate
of segmental motion (with a lowering of the glass temperature)
as well as the distribution of relaxation times (broader distri-
bution). Further experiments on different polymers with slow
crystallization kinetics are necessary as they can bring about the
larger picture of how, why and when polymers crystallize under
connement.
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