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Homogeneous crystallization and local dynamics of
poly(ethylene oxide) (PEO) confined to nanoporous
alumina†

Yasuhito Suzuki,a Hatice Duran,b Martin Steinhart,c Hans-Jürgen Butta

and George Floudas*d

The crystallization of poly(ethylene oxide) (PEO) confined in self-ordered nanoporous alumina (AAO)

containing aligned and straight cylindrical nanopores was studied as a function of molecular weight,

pore size and cooling/heating rate by differential scanning calorimetry and X-ray scattering. Bulk PEO

crystallizes via heterogeneous nucleation at defects and impurities whereas PEO confined to AAO

crystallizes mainly via homogeneous nucleation. Molecular weight and cooling rate have a pronounced

effect on the nucleation process. Dielectric spectroscopy revealed that confining PEO to AAO results in

broadening of the distribution of relaxation times associated with the segmental a relaxation process

and the secondary b process. Dielectric loss peaks become broader with decreasing pore diameter.
1 Introduction

Polymer crystallization under connement can be fundamen-
tally different from the bulk. Studies of polymer crystallization
within drops and within the cylindrical and spherical nano-
domains of block copolymers4–7 revealed an interplay between
heterogeneous and homogeneous nucleation; the drops were
formed either by dispersing a crystallizable polymer into an
immiscible matrix1 or by dewetting of a thin polymer lm.2–4 In
the case of heterogeneous nucleation, nucleation is initiated at
impurities or defects, whereas homogeneous nucleation is an
intrinsic property of the crystallizing material. In the case of
homogeneous nucleation, a characteristic nucleation barrier
has to be overcome. In the elegant experiments mentioned
above it was further shown that homogeneous nucleation
occurs in the bulk of the droplets and not on their surface. A
recent study8 on highly isotactic polypropylene conned within
self-ordered nanoporous aluminum oxide (AAO stands for
anodic aluminum oxide, which is a commonly used standard
abbreviation) revealed a pronounced effect of the AAO pore
diameter in inducing a transformation from heterogeneous to
homogeneous nucleation. Therefore, crystallization in AAO
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allows separating these two types of nucleation. In addition,
critical nucleus sizes can be estimated, the experimental
determination of which is difficult. Indeed, the same study8

revealed complete suppression of nucleation in AAO nanopores
with pore diameters of about 20 nm. Apart from academic
interest, one consequence is the possibility of manufacturing
semicrystalline polymers with controlled mechanical and
optical properties for a variety of applications.

AAO contains arrays of parallel, cylindrical nanopores that
are uniform in length and diameter. They can be inltrated by
several polymers9–12 and biopolymers.13 Some studies employed
semicrystalline polymers like polyethylene (PE),14,15 isotactic
polypropylene (iPP),8 syndiotactic polystyrene (sPS)16 and poly-
(vinylidene diuoride) (PVDF).17 Polymer crystallization within
AAO can be studied as a function of pore radius and curvature,
polymer molecular weight, scan speed, etc.

Using poly(ethylene oxide) (PEO) as a model polymer, we
systematically study the effect of hard connement on crys-
tallization by differential scanning calorimetry and X-ray scat-
tering. The local polymer dynamics was analysed by dielectric
spectroscopy. Recent reports dealt with crystallization of PEO
conned to AAO with emphasis on crystallization kinetics18,19

and PEO conned to miniemulsion droplets.20 A comprehen-
sive study requires an investigation of the effects of molecular
weight and of the cooling/heating rate on the nucleation
process. In addition, it is of interest to explore how conne-
ment affects the local polymer dynamics associated with the
segmental (a) and sub-glass secondary (b) process. Dielectric
spectroscopy revealed that the main effect of connement is to
broaden the distribution of relaxation times for both
processes.
Soft Matter, 2013, 9, 2621–2628 | 2621
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Fig. 1 Scanning electron microscopy images of PEO-1070 infiltrated into self-
ordered AAO. (A and B) Surface and cross-section of infiltrated AAO with a pore
diameter of 400 nm, (C and D) surface and cross-section of infiltrated AAO with a
pore diameter of 200 nm and (E) with a pore diameter of 65 nm. The black scale
bars correspond to 500 nm.
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2 Experimental
(a) Samples and methods of inltration

Poly(ethylene oxide) with three different molecular weights
(1070, 2005 and 8230 g mol�1) was synthesized by T. Wagner
and J. Thiel (MPI-P). The properties of the PEO used here are
summarized in Table 1. In the following, we use the denotation
PEO-x for PEO with a specic number-average molecular weight
x. Self-ordered AAO with pore diameters of 25, 35, 65, 200 and
400 nm and a pore depth of 100 mm was prepared following the
procedures reported in the literature.9–11 Inltration of PEO into
self-ordered AAO was performed by different procedures. Either
neat PEO was placed on top of the self-ordered AAO at 373 K for
12 h, or PEO solutions were inltrated. In the latter case, 10 mg
PEO was dissolved in 50 ml of solvent and the solution was
dropped on the self-ordered AAO. Then, the self-ordered AAO
was kept in a vacuum (200 mbar) at 373 K for 1 h. Solution
deposition and solvent evaporation were repeated about 10
times. Chloroform and ethanol (Sigma-Aldrich) were used as
solvents. Prior to the DSC and DS experiments, excess PEO was
removed from the surface of the self-ordered AAO membranes
with sharp razor blades and so polishing paper (Buehler
Microcloth). Aer the removal of residual material from the
top surface of the AAO all samples were heated to 373 K under
vacuum for 12 hours in order to remove any residual solvent.

(b) Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) investigations using a LEO
Gemini 1530 SEM, operated at acceleration voltages from 0.75
to 6 kV, revealed complete pore lling. Fig. 1 shows SEM images
of self-ordered AAO with different pore diameters inltrated
with PEO-1070. It is obvious that PEO lled the AAO pores over
their entire length.

(c) Polarizing optical microscopy (POM)

The real-time crystallization and melting of bulk PEO was
monitoredbypolarizing opticalmicroscopy. A 50mmthicklmof
the corresponding material was placed between glass slides and
mounted on a LinkamTHMS600hotplate under anAxioskope 40
FL optical microscope. Spherulitic growth rates were determined
at different crystallization temperatures. Subsequent slow heat-
ing yielded the apparent melting temperatures. The equilibrium
melting temperatures were estimated following procedures
described in the literature21,22 and are included in Table 1.

(d) Wide-angle X-ray scattering (WAXS)

Q/2Q scans were measured with a D8 Advance X-ray diffrac-
tometer (Bruker). The X-ray tube generator (KRISTALLOFLEX
Table 1 Molecular weights and equilibrium melting temperatures of the PEO
homopolymers

Sample Mw (g mol�1) Mn (g mol�1) T0m (K)

PEO-1070 1330 1070 331
PEO-2005 2460 2005 337
PEO-8230 9250 8230 344

2622 | Soft Matter, 2013, 9, 2621–2628
780) equipped with a Cu anode was operated at a voltage of 40 kV
and a current of 30mA. A 0.3mmwide aperture (divergence) slit,
a 0.3 mm wide scattered-radiation (antiscatter) slit, a 0.1 mm
wide monochromator slit and a 1 mm wide detector slit were
used. A diffracted beam monochromator was inserted between
the detector slit and the detector to suppress uorescence radi-
ation and the unwanted Kb radiation. The monochromator
contained a graphite crystal (2d* ¼ 0.6714 nm, for the 002
reection). The Ka1 and Ka2 peaks could not be separated and an
average wavelength of 0.154184 nmwas used based on a powder
silicon standardof highpurity.23Ascintillation counterwith95%
quantum yield for Cu Ka radiation was employed as the detector.
In all WAXS experiments surfaces of the AAO membranes were
oriented perpendicularly and the AAO nanopore axes were
oriented parallel to the plane of the incident and scattered X-ray
beam. Thus, only crystals having the corresponding lattice
planes oriented parallel to the AAO surface (normal to the AAO
pore axes) contributed to the detected intensity of a specic
reection. Scans in the 2Q-range of 1–40� in steps of 0.01� were
carried out at 298K following slow cooling (�1Kmin�1) from the
melt (363 K) and 1 day annealing at an ambient temperature.
(e) Differential scanning calorimetry (DSC)

Thermal analysis was carried out using a Mettler Toledo
differential scanning calorimeter (DSC-822). DSC traces of neat
PEO were acquired using an empty pan as reference. The PEO
mass in PEO-inltrated AAO was estimated from the mass
This journal is ª The Royal Society of Chemistry 2013
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difference between PEO-inltrated and empty self-ordered AAO.
Samples were weighed with a Mettler Toledo AX205 balance.
Prior to DSC measurements, the Al substrate to which the AAO
layer had been attached was etched away using a mixture of
HCl, CuCl2, and H2O. Then, the AAO membranes were ground
until they had powder-like consistency. Subsequently, 1.7–3.4
mg sample material was sealed in aluminum pans (100 ml). DSC
traces of PEO-inltrated self-ordered AAO were recorded using
reference pans containing empty AAO pieces of the same pore
diameter. All samples were rst cooled at a rate of 10 K min�1

from an ambient temperature to 173 K and then heated to 393 K
at the same rate under a nitrogen atmosphere. The same cycle
was repeated two times. Melting and crystallization points, as
well as heats of fusion/crystallization were determined from the
second heating and cooling thermographs. In a second experi-
ment, the rate dependence was investigated for PEO-inltrated
self-ordered AAO with pore diameters of 65 and 200 nm. The
samples were rst heated to 373 K and DSC cooling/heating
curves were obtained at cooling/heating rates of 10, 5, 2 and
1 K min�1.
Fig. 2 Q/2Q X-ray scans for PEO-1070 located inside self-ordered AAO with
pore diameters ranging from 400 to 25 nm. The AAO surface was oriented
perpendicularly and the AAO nanopore axes were oriented parallel to the plane
of the incident and scattered X-ray beams. The main diffraction peaks of bulk and
confined PEO are indicated.
(f) Dielectric spectroscopy (DS)

The dielectric measurements were performed at different
temperatures in the range of 183–348 K at atmospheric pressure
and at frequencies in the range of 10�2 to 106 Hz using a
Novocontrol BDS system composed of a frequency response
analyzer (Solartron Schlumberger FRA 1260), a broadband
dielectric converter and an active sample hand. For bulk PEO,
the DS measurements were carried out in the usual parallel
plate geometry with electrodes 20 mm in diameter. The sample
thickness of 50 mm was adjusted by poly(tetrauoroethylene)
spacers. For studying PEO-inltrated AAO, a 10 mm electrode
was placed on top of the AAO. In all cases, the complex dielectric
permittivity 3* ¼ 30 � i30 0, 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).24–26 The obtained spectra were
analyzed using the empirical equation of Havriliak and
Negami:27

3*ðuÞ ¼ 3N þ D3ðTÞ�
1þ ðiusHNðTÞÞm�n (1)

here, D3(T) is the relaxation strength of the process under
investigation, sHN is the relaxation time of the equation,m and n
(m > 0, mn # 1) describe the symmetrical and asymmetrical
broadening of the distribution of relaxation times and 3N is the
dielectric permittivity at the limit of high frequencies. The
relaxation times at maximum loss (smax) were obtained using
the Havriliak–Negami equation as follows:

smax ¼ sHN sin�1=m

�
pm

2ð1þ nÞ
�
sin1=m

�
pmn

2ð1þ nÞ
�

(2)

At lower frequencies, 30 0 rises due to the conductivity (300 ¼
s/(u3f), where s is the dc conductivity and 3f is the permittivity of
free space. The conductivity contribution was also taken into
account during the tting process. The measured 30 0 spectra
were used for the analysis except at high temperatures where
This journal is ª The Royal Society of Chemistry 2013
the derivative of 30 was employed (d30/dln u � �(2/p)30 0). This
method is useful in tting relaxation processes which are
hidden under the conductivity, provided that the system is free
of surface polarization effects. Therefore, the latter representa-
tion was employed in the analysis of the slower process.

3 Results and discussion
(a) Phase state

The real-time crystallization and melting of bulk PEO was
investigated by POM. The equilibrium melting temperature for
PEO-1070 was estimated to be T0m ¼ 331 K (Table 1). Wide-angle
X-ray Q/2Q scans of bulk PEO-1070 and of PEO-1070 inside self-
ordered AAO with pore diameters in the range of 400 to 25 nm
were measured at 298 K following slow cooling from the melt
and annealing at an ambient temperature for 1 day (Fig. 2). For
bulk PEO-1070 several peaks appear at 2Q angles of 14.6�, 15.0�,
19.5�, 23.2�, 26.1�, 26.7� and 32.9� that correspond to the (021),
(110), (120), (032), (024), (131) and (114) reections belonging to
a monoclinic unit cell with interplanar spacings dhkl of the (hkl)
lattice planes given by

1

dhkl
2
¼ 1

sin2
b

�
h2

a2
þ k2sin2

b

b2
þ l2

c2
� 2hl cos b

ac

�
(3)

The unit cell parameters following from eqn (3) are a ¼ 0.81
nm, b ¼ 1.30 nm, c ¼ 1.95 nm and b ¼ 125.4�. The unit cell
consists of four helical chains, each of which was composed of
seven monomeric units incorporated in two turns correspond-
ing to a 7/2 helix.28 For PEO-1070 inside self-ordered AAO, the
(120) reection has the highest relative intensity down to AAO
pore diameters of 25 nm, evidencing that polymer crystalliza-
tion occurs even in the smallest pores used here. It should be
recalled that in the scattering geometry used for the Q/2Q scans
Soft Matter, 2013, 9, 2621–2628 | 2623
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only sets of lattice planes oriented normal to the AAO pore axes
and parallel to the AAO surface contribute to the scattered
intensity. The direction normal to the (120) planes is parallel to
the extended chain direction and is known to be the direction of
fastest crystal growth, which, is, therefore, aligned with the AAO
pore axes.

Fig. 3 shows DSC traces of bulk PEO-1070 and PEO-1070
located inside self-ordered AAO with different pore diameters
measured at heating and cooling rates of 10 K min�1. On
cooling, bulk PEO-1070 shows a strong exothermic crystalliza-
tion peak at +25.8 �C. In the cooling trace of PEO located in self-
ordered AAO with a pore diameter of 200 nm the main
exothermic crystallization peak is shied by 55 K to a signi-
cantly lower temperature of �29 �C. The smaller the AAO pore
diameter is, the lower are the temperatures to which the
exothermic crystallization peak is shied. The exothermic
crystallization peak of PEO located in self-ordered AAO with a
pore diameter of 25 nm appears at a temperature as low as
�38.8 �C. Hence, in AAO crystallization of PEO occurs at
pronounced supercooling DT, which is the difference between
the apparent melting temperature T

0
m and apparent crystalli-

zation temperature T
0
c: DT ¼ T

0
m � T

0
c.

This outcome can be rationalized by comparing the AAO
pore volume with the volume per nucleus in bulk PEO.
Heterogeneous nucleation typically occurs at low supercooling
because the formation of nuclei is catalyzed by impurities. If no
heterogeneous nuclei are present, e.g., if the crystallizing
material is conned to small separated containers, homoge-
neous nucleation initiates crystallization at larger supercooling,
that is, at lower crystallization temperatures where the critical
size of homogeneous nuclei is sufficiently small. Bulk PEO
crystallizes via heterogeneous nucleation. A typical PEO spheru-
lite (an example of a spherulite obtained at Tc � 36 �C is shown
in Fig. 3) has a diameter of �300 mm. The resulting volume per
impurity per nucleus is �10�2 mm3. Within self-ordered AAO,
Fig. 3 Cooling (left) and subsequent heating (right) thermograms of bulk PEO-1070
200 nm to 25 nm (heating/cooling rates of 10 Kmin�1). The letters E and O denote cr
respectively. The inset displays a POM picture of bulk PEO-1070 crystallized at 36 �C

2624 | Soft Matter, 2013, 9, 2621–2628
the PEO is located in discrete cylindrical pores. Therefore,
crystallization has to be initiated separately in each AAO pore.
However, the volumes of 100 mm deep AAO pores amount to
�10�8 mm3 for a pore diameter of 400 nm, to �3 � 10�9 mm3

for a pore diameter of 200 nm and to�3� 10�10 mm3 for a pore
diameter of 65 nm. Since these pore volumes are many orders of
magnitude smaller than the volume per heterogeneous nucleus
in bulk PEO, only a small portion of the AAO pores contains
heterogeneous nuclei. These heterogeneous nuclei will initiate
crystallization at low supercooling, but the volumes within
which the crystals thus formed can grow are restricted to the
volumes of the corresponding pores. Hence, crystallization of
only a negligible volume fraction of the PEO inside AAO, namely
of the PEO located in pores containing heterogeneous nuclei,
will be initiated by heterogeneous nucleation at low super-
cooling. PEO in AAO with a pore diameter of 200 nm exhibits, in
contrast to PEO in AAO with smaller pore diameters, an addi-
tional weak exothermic peak at +5.3 �C. We ascribe this crys-
tallization peak to crystallization in the small fraction of AAO
pores containing heterogeneous nuclei.

In the vast majority of AAO pores without heterogeneous
nucleus, crystallization of PEO must be initiated by homoge-
neous nucleation at high supercooling. Thus, the exothermic
low-temperature peaks in the cooling runs of PEO conned to
AAO represent crystallization initiated by homogeneous nucle-
ation at high supercooling (in Fig. 3, O denotes crystallization
initiated by homogeneous nucleation, E crystallization initiated
by heterogeneous nucleation). As obvious from the subsequent
heating runs, the melting temperatures of PEO conned to AAO
are signicantly lower than that of bulk PEO. This reects the
smaller lamella thickness of PEO crystals formed inside
AAO related to the lower crystallization temperatures. Strik-
ingly, crystallization of PEO located in AAO is drastically
different from crystallization of iPP located in the same type of
AAO membranes. In the latter case, the volume per nucleus
and PEO-1070 located inside self-ordered AAOwith pore diameters ranging from
ystallization peaks originating from heterogeneous and homogeneous nucleation,
. The white scale bar corresponds to 100 mm.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Heat of fusion (left axis) of PEO-1070 plotted as a function of inverse pore
diameter obtained on cooling (squares) and subsequent heating (circles). Right
axis: degree of crystallinity as a function of inverse pore diameter. The dashed line
represents a linear fit to the heats of fusion obtained on heating for PEO inside
AAO with pore diameters below 200 nm.
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of �5 � 10�7 mm3 is much smaller and was comparable to the
pore volume for the larger AAO pores. Owing to the higher
concentration of nuclei, most of the larger pores contained
impurities that initiated crystal growth via heterogeneous
nucleation at low supercooling.

The obtained heats of fusion, DH, and the corresponding
degrees of crystallinity, Xc, are plotted as a function of inverse
pore diameter in Fig. 4. There is a strong reduction in the degree
of crystalline PEO with the pore diameter but it never fell below
�20%. Again, this result is in sharp contrast to the behavior of
iPP located inside self-ordered AAO.8 In the latter system, crys-
tallinity was found to decrease linearly with the inverse pore
diameter. As a result, iPP was unable to crystallize within 20 nm
pores. This fundamental difference can be understood by
comparing the critical nucleus sizes of iPP and PEO. The
longitudinal dimension of the critical nucleus, l*, is given by29

l* ¼ 4seT
0
m/DTDHmrc, where se (literature values30 in the range
Fig. 5 Apparent melting (red symbols) and crystallization (blue symbols)
temperatures of PEO inside self-ordered AAO as a function of inverse pore
diameter obtained at a heating/cooling rate of 10 K min�1; spheres: PEO-1070,
triangles: PEO-2005, rhombi: PEO-8230. The dashed, dash-dotted and solid lines
are linear fits to the melting/crystallization temperatures of PEO-8230, PEO-2005
and PEO-1070.

This journal is ª The Royal Society of Chemistry 2013
of 0.023 to 0.093 J m�2) is the fold surface free energy, T0m ¼ 331
K is the equilibrium melting temperature, DHm ¼ 200 J g�1 is
the latent heat of fusion at the equilibrium melting tempera-
ture, DT ¼ T0m � Tc is the undercooling and rc ¼ 1.239 g cm�3 is
the crystal density. DT is 29 K in bulk PEO-1070 but it increases
to 50–90 K for PEO inside self-ordered AAO. As a result, the
critical nucleus size for homogeneous PEO nucleation in the
nanopores lies in the range of 1 to 10 nm and is, therefore,
smaller than the diameter of the smallest pores in this study.
Thus, PEO crystallized even within the 25 nm pores.

The corresponding apparent melting and crystallization
temperatures for PEO-1070 inside self-ordered AAO are plotted
in Fig. 5 as a function of inverse pore diameter. The apparent
crystallization temperatures of PEO-1070 inside AAO display a
weak dependence on the inverse pore diameter: T

0
c (in �C) ¼

�204/d� 30.4 (d in nm). The corresponding dependence for the
apparent melting temperature is T

0
m (in �C) ¼ �198/d + 41.4 (d

in nm). In the same gure we included corresponding results
for PEO with two additional molecular weights (Table 1).
Increasing the molecular weight of PEO mainly results in
increasing apparent melting and crystallization temperatures
without affecting the degree of undercooling (DT ¼ T

0
m � T

0
c) or

the type of nucleation (homogeneous vs. heterogeneous). Our
results are in agreement with studies on PEO conned to
miniemulsion droplets with sizes of 80 to 120 nm (ref. 20) or
conned to cylindrical nanodomains of PEO-b-PB diblock
copolymers6 (cf. Fig. S1†).

Fig. 6 shows the dependence of the apparent crystallization
temperatures at which crystallization initiated by homogeneous
nucleation extrapolated to d / N (d ¼ pore diameter) on the
PEO molecular weight. For comparison, the crystallization
temperatures of PEO in droplets with sizes of �10 mm cooled
from the melt at 0.4 K min�1 and of high molecular weight PEO
Fig. 6 Dependence of the crystallization temperature T
0
c of crystallization

processes initiated by homogeneous nucleation at high supercooling on the
molecular weight of PEO in the limit d/N (d¼ AAO pore diameter). Spheres: T

0
c

obtained by extrapolation of the T
0
c (d) profiles seen in Fig. 5 to infinite pore

diameters. The T
0
c (d) profiles were obtained from DSC scans of PEO inside self-

ordered AAO at a cooling rate of 10 K min�1. Squares: PEO crystallized at a
cooling rate of 0.4 K min�1 in droplets of�10 mm size prepared by dewetting of a
PEO film.2 The solid line is a fit to the experimental data (see text). In the same plot
we include literature data19 (rhombus) of PEO crystallization under finite
dimensions (d ¼ 400 nm) at a cooling rate of 20 K min�1.

Soft Matter, 2013, 9, 2621–2628 | 2625
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Fig. 7 DSC thermograms of PEO-1070 located inside self-ordered AAO with
pore diameters of 200 nm (left) and 65 nm (right) obtained at different cooling
rates (in �C min�1). The letters E and O denote crystallization initiated by
heterogeneous and homogeneous nucleation, respectively.

Fig. 8 Normalized dielectric loss curves for the a-process (top) and the b-process
(bottom) of PEO-1070 located inside self-ordered AAO with pore diameters
ranging from 400 to 25 nm obtained at T ¼ 223 K (top) and T ¼ 183 K (bottom).
The spectra were horizontally shifted by shift factors aT and a

0
T, respectively.

Soft Matter Paper

D
ow

nl
oa

de
d 

on
 2

0 
Fe

br
ua

ry
 2

01
3

Pu
bl

is
he

d 
on

 1
1 

Ja
nu

ar
y 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2S
M

27
61

8F

View Article Online
crystallized under nite dimensions (d ¼ 400 nm)19 are also
included. The obtained results conform to

T
0
c ¼ TN

c � A

Mw

(4)

where TNc ¼ �6 �C is the apparent crystallization temperature if
crystallization is initiated by homogeneous nucleation in the
limit of very high molecular weights and A ¼ 29 200 kg mol�1 is
a tting parameter. The strong molecular weight dependence of
T

0
c for the lower molecular weights is reminiscent of the

dependence of the liquid-to-glass temperature Tg(Mw), repre-
sented by the Fox–Flory equation. This suggests that the
molecular weight affects the mobility/diffusion term (B/T � T0,
where B is the activation parameter and T0 the “ideal” glass
temperature located below Tg) entering the equation for the
nucleation rate. Hence, a strong effect is expected for the lower
molecular weights as observed experimentally.

The effect of cooling rate dependence on the type of nucle-
ation under connement has not been studied earlier. Never-
theless, it proved to be of key importance. Fig. 7 displays the
DSC traces of PEO-1070 located inside self-ordered AAO with
pore diameters of 200 and 65 nm measured at different cooling
rates. The cooling rate dependence is pronounced for the 200
nm pores and smaller for the 65 nm pores. PEO-1070 located
inside 200 nm pores exhibits a transformation from predomi-
nant homogeneous nucleation to predominant heterogeneous
nucleation if cooling rates are reduced from 10 K min�1 to 1 K
min�1. At intermediate cooling rates, both types of nucleation
events take place. In contrast, for PEO-1070 located inside self-
ordered AAO with a pore diameter of 65 nm nucleation is always
homogeneous, independent of the cooling rate. Nucleation of
PEO-1070 within the 65 nm pores is representative of the
nucleation processes within the 35 and 25 nm pores. As soon as
homogeneous nucleation is the sole process at all cooling rates
for a given AAO pore diameter, it will also be homogeneous for
all smaller pore diameters. Heterogeneous nucleation in larger
pores, on the other hand, can be amplied at the expense of
homogeneous nucleation under conditions of slow cooling or
annealing at higher temperatures where heterogeneous
2626 | Soft Matter, 2013, 9, 2621–2628
nucleation prevails. The cooling rate dependence of the
heterogeneous/homogeneous ratio nucleation for the two pore
diameters is summarized in Fig. S2 of ESI.†
(b) Dynamics under connement

In the bulk, the segmental a process and the secondary b

process of PEO originate from amorphous PEO segments. The
segmental a process displays a Vogel–Fulcher–Tammann
temperature dependence, and the secondary b process an
Arrhenius-like temperature dependence.31,32 Inside AAO, the
degree of crystalline PEO-1070 is lower than in the bulk, which
facilitates measurements of dipolar relaxations. Fig. 8 shows the
dielectric loss curves corresponding to the segmental a process
and the secondary b process for PEO-1070 located inside self-
ordered AAO with different pore diameters at two temperatures.
The dielectric loss peaks associated with the a-process were
horizontally shied by a shi factor aT and the dielectric loss
peaks associated with the b-process by a shi factor a

0
T so that

the dielectric loss peaks belonging to a specic relaxation
process coincided. Evidently, the main effect of conning PEO
to AAO is a broadening of the relaxation peaks. For the
segmental process, the low (m) and high-frequency (mn) slopes
change systematically with pore size. In addition, the distribu-
tion of relaxation times for the 25 nm pores is so broad that
the segmental peak is hardly visible. The distribution for the
b-process is also affected but to a lesser degree. The low
frequency slope, m, changes systematically from �0.2 to below
0.1 in going from pore diameters of 400 nm to pore diameters of
25 nm, indicative of a very broad process.

The broadening of relaxation times indicates the presence of
different environments and possibly interactions of the PEO
dipoles at the time-scales of the segmental and secondary
processes. For example, adsorption of PEO to the AAO pore
This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 Relaxation times at maximum loss corresponding to the a-process (solid
symbols) and the b-process (open symbols) of PEO-1070 located inside self-
ordered AAO with pore diameters ranging from 400 to 25 nm. Dashed and solid
lines are the respective relaxation times for bulk PEO (Mw ¼ 3 � 104 g mol�1).
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walls and the associated density modulations near the walls
may result in slower and faster dynamics. In addition, the
presence of a distribution of crystalline domains can lead to
connement effects on the dynamics. These effects may
broaden the relaxation peaks, as observed experimentally.

The measured relaxation times at maximum loss for the
a- and b-processes are shown in Fig. 9 in the usual Arrhenius
representation. In the same gure we include the times from a
bulk PEO of a higher molecular weight (Mw¼ 3� 104 gmol�1).32

The b-process of PEO-1070 inltrated within self-ordered AAO
obeys an Arrhenius equation, s¼ s0exp(E/RT), with an activation
energy E ¼ 23.7 kJ mol�1 similar to that of bulk PEO. However,
conned PEO-1070 shows a weaker s(T) dependence. The small
available T-range prevented a clear descrimination between a
VFT and an Arrhenius dependence. This result is reminiscent of
the PEO segmental dynamics in the presence of layered sili-
cates.33 There, connement resulted in faster segmental relax-
ation with an Arrhenius T-dependence in agreement with the
present investigation (Fig. 9).
4 Conclusions

Bulk PEO crystallizes due to impurities and defects, i.e., via
heterogeneous nucleation. PEO-inltrated within nanoporous
alumina crystallizes predominantly via homogeneous nucle-
ation in AAO pores with volumes of �10�8 mm3 and solely via
homogeneous nucleation within smaller AAO pores (pore
volumes � 3 � 10�9 mm3 and below). The drastic change in the
nucleation mechanism is related to the volume per heteroge-
neous nucleus in PEO that is several orders of magnitude larger
than the volumes of the AAO pores. This constitutes the main
difference from iPP crystallization within AAO pores with
similar volumes. In the case of iPP the nucleation mechanism
changed progressively from heterogeneous to homogeneous
with decreasing pore size. A strong molecular weight depen-
dence of the crystallization temperature of crystallization initi-
ated by homogeneous nucleation was found that is attributed to
the molecular weight dependence of the mobility/diffusion.
This journal is ª The Royal Society of Chemistry 2013
Strikingly, the cooling rate strongly inuences the nucleation
mechanism as long as the fraction of pores containing hetero-
geneous nuclei is large enough for the detection of heteroge-
neous nucleation. The relative contribution of heterogeneous
nucleation is highest at slow cooling rates and vanishes at high
cooling rates. Studying the dynamics of PEO conned to AAO by
dielectric spectroscopy revealed broadening of the distribution
of relaxation times associated with the segmental a process and
the secondary b process as compared to bulk PEO.
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