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Summary: We report homogeneous nucleation and first order crystallization

kinetics for the PEO block within a PEO-b-PB diblock copolymer infiltrated within

alumina nanopores. For the highly confined heterogeneity free PEO block nano-

domains, the overall crystallization kinetics is dominated by nucleation and therefore

becomes first order. The nucleation mechanism changes from heterogeneous

nucleation for the PEO block within the uninfiltrated copolymer (since it has a

composition with 79% PEO that conforms a percolated matrix) to homogeneous

nucleation for confined and isolated heterogeneity free nanodomains.
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Introduction

Crystallization under confinement has re-
ceived much attention recently, since nano-
technology requires its understanding for
future applications. Polymers can experience
confinement in one, two or three dimensions
and it is possible to find examples of
confinement in droplet dispersions, blends,
block copolymers, nanolayers and polymers
infiltrated within inorganic templates.[1–9]

In confined polymers, one of the follow-
ing two situations can arise during solidifi-
cation from the melt:

(a) Crystallization occurs in a single crys-
tallization step at much lower temper-
atures than the usual crystallization
temperature (Tc) of the bulk polymer.
This is encountered in systems charac-

terized by heterogeneity free domains,
when the number of domains is several
orders of magnitude higher than the
number of heterogeneities present in
the bulk polymer.

(b) The crystallization occurs in several
steps well spaced in temperature, i.e.,
fractionated crystallization.[1,2] This
situation occurs when the number
of active heterogeneities is of the
same order of magnitude than the
number of domains, so that a signifi-
cant population of domains still
contain some type of heterogeneity.

In the case described in situation (a), the
nucleation typically changes from a heteroge-
neousnucleation (present in thebulkpolymer)
to either homogeneous nucleation or surface
nucleation of the domains (i.e., initiated at
the surface of the domains or at the interface
between the crystallizable domains and the
matrix surrounding them). Surface nucleation
is frequently encountered (although not often
recognized in the literature[9]), since it
requires a lower free energy as compared
with homogeneous nucleation.
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In this paper, model confinement has
been achieved by infiltrating a linear diblock
copolymer with a crystallizable majority block
(i.e., PEO-b-PB diblock copolymer) into
nanoporous Alumina template. The crystalli-
zation of the PEO block changed from
heterogeneous (in the bulk uninfiltrated
sample) to homogeneous inside the nano-
pores. Additionally, the overall crystallization
kinetics of the PEO block was determined.
The crystallization kinetics order decrease
from a third order to a first order time
dependence as a consequence of confinement.

Experimental Part

Materials

A model poly(ethylene oxide) -block-
poly(1,4-butadiene) diblock copolymer
(Bd21 � b� EO257

79 ) with a composition of
79wt.% of PEO and 21wt.% of PB andMn

equal to 257 kg/mol and a polydispersity
index of 1.1 was employed.

Infiltration

The AAO templates employed in this work
had an average diameter of 35nm and
pore lengths of approximately 100mm. They
were prepared by the two-step anodization
method as reported elsewhere.[10] The pre-
cursor film wetting method was used for
infiltrating the Bd21 � b� EO257

79 sample.
The copolymer sample was heated to a
temperature well above the melting point
(Tm) during the infiltration (117.5 �C). Then
the sample was annealed under a nitrogen
atmosphere for 3h to be sure that the
copolymers will not degrade but, on the
other hand, all pores will be infiltrated. After
the infiltration process, the samples were
quenched under ice-water and finally cleaned
with the aid of a razor blade to remove any
remaining copolymer on the surface.

Differential Scanning Calorimetry

Standard DSC Measurements

The infiltrated samples contained the
precursor aluminum at the bottom of the
template, plus the alumina template and

the infiltrated copolymer. The aluminum
base was removed and 25mg were employed
consisting of just alumina template and the
infiltrated copolymer. From these about
0.25–0.5mg correspond to the copolymer
sample according to TGA experiments. The
samples were encapsulated in hermetically
sealed 100mL Aluminum pans.

A Diamond Perkin Elmer Instrument at
20 �C/min calibrated with zinc and indium
under an ultra high purity nitrogen atmo-
sphere was employed. For neat copolymer
samples, the same scan rate was used and a
mass of 5mg.

Isothermal DSC Experiments

The isothermal crystallization kinetics
employing DSC was performed by two
methods: the conventional or “continuous
isothermal crystallization”[11] and the “iso-
thermal step crystallization” technique.[12]

The “continuous isothermal crystalliza-
tion” experiments were performed to
the un-infiltrated copolymer sample. After
erasing the crystalline history of the sam-
ples by heating them for 3min at 25 �C
above themelting temperature, the samples
were quickly cooled (at a controlled rate of
60 �C/min) to a crystallization temperature
(Tc) at which the isothermal DSC scan
was recorded. Experimental checks were
performed to ensure that the sample did
not crystallize during the cooling to Tc

(by heating the samples immediately after
reaching the corresponding Tc values and
ensuring that no melting was observed,
see ref.[11]).

When the block copolymer sample is
infiltrated within the alumina templates, the
crystallization of the confined nanocylin-
ders (inside the alumina nanopores) cannot
be detected by standard isothermal crystal-
lization experiments. The reason is that the
heat evolved per unit time is too small to be
detected by the calorimeter in isothermal
mode.

Therefore, the isothermal crystallization
of the block copolymer samples infiltrated
in the alumina templates was determined
with a technique employed previously with
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block copolymer microphases termed “iso-
thermal step crystallization”.[12] A similar
technique has also been used before by
Galante et al.[13] The procedure involved
the following steps: (a) erasure of crystal-
line history by heating the sample to 25 �C
above the melting temperature for 3min;
(b) fast cooling (at a controlled rate of
60 �C/min) down to Tc; (c) the sample was
held at Tc for a time tc which was later
increased in the subsequent steps; (d)
heating at 20 �C/min from Tc to 25 �C above
the melting temperature. The heat of fusion
calculated from this DSC heating scan
should correspond to the crystallization
enthalpy of the crystals formed in step “c”
at Tc for the specified crystallization time;
(e) steps “a”-“d” were repeated employing
the same Tc in step “b”, but increasing tc.
The final tc was taken as the time the
melting enthalpy in the subsequent heating
scan did not change with respect to the
previous one; (f) the whole process was
repeated for different Tc temperatures.

Results and Discussion

Figure 1 shows the standard DSC results
for neat and infiltrated diblock copolymer
samples.

The melting and crystallization temper-
atures for the neat Bd21 � b� EO257

79
diblock copolymer are within the expected
range for PEO (see Table 1). This diblock
copolymer exhibits a morphology of PB
cylinders inside a PEO matrix.[14] Since
PEO is the matrix, nucleation is hetero-
geneous and the material crystallizes and
melts in the typical range of PEO
homopolymers.[14]

On the other hand, once the copolymer
is infiltrated in the AAO nanopores,
confinement causes a dramatic reduction
of the PEO block crystallization tempera-
ture. A similar behavior has been reported
for PEO and other polymers that have
been infiltrated in AAO templates,
like PP, PE, sPS and PVDF.[15–25] In
the case of Bd21 � b� EO257

79 diblock co-
polymer within a 35 nm AAO template,
the crystallization temperature of the
PEO block experience a reduction of
72.2 �C upon infiltration of the material.
Such extreme supercoolings for PEO
are characteristic of heterogeneity free
nanodomains (considering the volume
of the PEO phase inside the AAO
pores).[2,15,26,27] The number of nano-
pores in the templates is approximately
10 orders of magnitude higher than the
number of active heterogeneities in the bulk

Figure 1.

DSC cooling (left) and heating (right) scans for the indicated samples. The y-axis scale on the left of the plots

refers to the un-infiltrated neat materials, while that on the right to the AAO infiltrated materials. Data

modified from ref.[9].
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PEO diblock copolymer, therefore, the
number of clean MDs will be exceedingly
higher than those with heterogeneities.

Müller et al.[2] found an empirical rela-
tionship between the volume of the micro
or nano domains and the crystallization
temperature of PEO by analyzing a large
amount of literature data:

Tc ¼ �41:8þ 2:89logðvdÞ ð1Þ
whereTc is the crystallization temperature of
the PEO domains and vd their average
volume. In previous publications, we have
employed this equation for the calculation of
the crystallization temperature of infiltrated
neat PEO and have found that its value
correlates well with homogeneous nucle-
ation of the PEO nanocylinders.[9,15]

The morphology of the block copolymer
may have changed with infiltration, as has
been reported for other block copolymers
in the literature.[28–30] In any case, the
volume occupied by the PEO block should
be lower than the size of the nanopore
(35nm), therefore the crystallization tem-
perature for this system should be lower

than the crystallization temperature of
an infiltrated PEO homopolymer. In fact
the temperature reported in Table 1 for
the PEO block within the infiltrated
block copolymer is lower (�26 �C) than
for neat infiltrated PEO reported by us
using templates of identical pore volume
(�22 �C[9]). Hence, we believe that the
nucleation of the PEO block nanodomains
is homogeneous and not initiated at the
interphases (i.e., at PEO-PB or PEO-AAO
interphase).

If the nucleation of the infiltrated nano-
domains is homogeneous, a first order
crystallization kinetics would be expected.
As detailed in the experimental part, in the
case of the infiltrated block copolymer
samples, the measurements of the overall
isothermal crystallization kinetics were
performed employing the DSC based step
crystallization technique.

Figure 2 presents the results of the
overall isothermal crystallization DSC
experiments as the relationship between
the relative degree of crystallinity ~H
and time for samples before and after

Table 1.
Transition temperatures and enthalpies obtained by DSC standard heating and cooling scans.

Sample Tc (
�C) DHc (J/g) Tm (�C) ~Hm (J/g)

Bd21 � b� EO257
79 46.2 �111 66.1 122

Bd21 � b� EO257
79 /AAO 35 nm �26.0 �0.5� 50.8 0.6�

� These values are not normalized, because the exact weight of the polymer inside the nanopores is unknown.

Figure 2.

Variation of the relative degree of crystallinity (expressed as relative DH values) with time for (a) Bd21 � b�
EO257

79 in the bulk (Tc¼ 58 �C) and (b) infiltrated within a 35nm AAO template (Tc¼ -4 �C). The insets show: (a) A
polarized light optical micrograph of the Bd21 � b� EO257

79 spherulites (formed by the PEO block major

component) and (b) SEMmicrograph of the AAO template (top view). The solid lines represent fits to the Avrami

equation. Data modified from ref.[9].
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infiltration. In the case of un-infiltrated
Bd21-b-EO79

271 the sample isotherm pro-
vided (at Tc¼ 58 �C) displays a typical
sigmoidal shape, as expected for polymers
free from confinement.[9] It must be re-
membered that the PEO phase is a
percolated matrix in this copolymer (with
PB cylinders), hence it can develop spher-
ulites (as shown in Figure 2 (a)). After
infiltration a dramatic change is observed
induced by confinement, since the curve
corresponds to a simple exponential
growth. This trend was observed for
all the infiltrated samples at all the crystal-
lization temperatures studied. A quantifi-
cation of the order of the kinetics can
be performed by fitting the results with
the Avrami equation, closely following the
procedure developed by Lorenzo et al.[11]

The Avrami equation[31] can be written
as: [11]

1� Vcðt � t0Þ ¼ expð�kðt � t0ÞnÞ ð2Þ

where Vc is the relative volumetric trans-
formed fraction, t is the experimental time
variable, t0 is the induction time or the time
at which the detection of crystallization
starts, k is the overall crystallization rate
constant and n is theAvrami index. Figure 3
shows typical Avrami plots for the data
presented in Figure 2. All fittings were
performed according to the recommenda-
tions given in ref.[19] with a low conversion
degree (up to 30%) and the correlation
coefficients were always larger than 0.99.

The differences in overall crystallization
kinetics shown in Figure 3 is striking since
the Avrami coefficient (represented by the
slope) changes from 3.8 to 0.6.

Müller et al.[12] have argued that the
Avrami exponent could be expressed by
the addition of two terms:

n ¼ nn þ ngd ð3Þ
where nn is related to nucleation and ngd
to growth dimensionality. The nn term
can have values ranging from 0 to 1 by
considering that nucleation can be instan-
taneous or sporadic. Fractional values
usually indicate that nucleation is not
purely instantaneous or sporadic, but that
it follows a certain characteristic kinetics in
between these two extremes.

Figure 4(a) shows the changes in the
Avrami index encountered upon infiltration
for all the isothermal temperatures examined.

The values of the Avrami index for
the PEO block within Bd21 � b� EO257

79 are
expected. The PEO block constitutes the
percolated matrix of this diblock copolymer
that contains PB cylinders. Figure 4(a)
shows that the Avrami indexes increase
from 2.5 at the lowest crystallization
temperature to 3.8 for the highest, display-
ing an increasing trend with temperature.
The results correspond to instantaneously
nucleated spherulites at the low crystalliza-
tion temperatures, if we approximate the
value to n¼ 3. As the temperature is
increased, the Avrami index also increases
indicating that the spherulite nucleation

Figure 3.

Avrami plots for: (a) Bd21 � b� EO257
79 in the bulk (Tc¼ 58 �C) and (b) infiltrated within a 35 nm AAO template

(Tc¼�4 �C). The solid lines represent fits to the Avrami equation.
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is turning more sporadic with a limiting
value of n¼ 4, as expected.

Upon infiltration, a dramatic drop in
the Avrami index was obtained. The
range of values for the infiltrated materials
are roughly between 0.5 and 1 (each
experiment was repeated 3 times). When
the PEO block of the Bd21 � b� EO257

79
diblock copolymer is confined into the
AAO nanopores, the material crystallizes
at extreme supercoolings, and the nucle-
ation is most probably homogeneous, as
argued above. Therefore, the rate deter-
mining step of the overall crystallization
kinetics is probably the nucleation, since
once a nucleus is produced inside one
nanopore, crystal growth is extremely fast
(see Figure 2). So, this would be equivalent
to consider that ngd¼ 0 and the Avrami
equation would be only determined by the
nucleation rate. Then when the nucleation
is sporadic we would expect a first order
kinetics or n¼ 1. First order kinetics have
also been reported in the past for the
crystallization of PEO spheres by Chen
et al.[27], Massa and Dalnoki-Veress[32] and
Reiter et al.[33]

Shin et al. and Woo et al.[17,23] studied
the infiltration of a linear PE into AAO
templates. They reported values of the
Avrami index between 1.7 and 1.9, which
does not correspond to the expected first
order kinetics for truly isolated and confined
heterogeneity free nanodomains. Addition-
ally, the crystallization temperature range

employed is too high for homogeneous
nucleation since the difference between Tc

and Tg is of at least 100 �C. A surface
nucleation mechanism is more plausible in
their case. Duran et al.[16] reported results
on the infiltration of PP into alumina
templates. They also obtainedAvrami index
values that are much higher than 1 (most
values are between 2 and 2.5). It is difficult
to understand these results but they do not
conform to the expectation for homoge-
neous or surface nucleation.

Recently, we also reported first order
kinetics for a PEO homopolymer confined
within AAO templates that was able to
nucleate homogeneously.[9]

Another important parameter that can be
obtained by fitting the data to the Avrami
equation is k, the overall crystallization rate
constant.One of the problemswith k values is
that the units of this parameter are expressed
as time to the power n (e.g., min-n). This
singularity makes comparisons difficult to
make if values of n are not constant. Oneway
to overcome this difficulty is presented in
Figure 4(b), where k1/n is used instead of k, so
that the rate units are all in min�1. In fact, the
trends displayed by k1/n in Figure 4(b) are
almost identical to those obtained by repre-
senting the inverse of the half-crystallization
time as a function of Tc.

[9] Figure 4(b) shows
that the infiltrated samples require a much
larger supercooling to crystallize, a difference
attributable to the higher energy barrier
needed to activate homogeneous nuclei.

Figure 4.

a) Avrami index (n) values and b) k1/n versus temperature, for the block copolymer Bd21 � b� EO257
79 before

and after infiltration within a 35 nm AAO template.
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Conclusion

A clear change from heterogeneous to
homogeneous nucleation of the PEO block
corresponding to a Bd21 � b� EO257

79 di-
block copolymer has been obtained as a
consequence of infiltrating the material into
AAO nanopores. At least two distinct
features support this conclusion: (a) The
crystallization occurred at the maximum
possible supercooling (considering the
volume of the nanopores) and (b) The
isothermal overall crystallization kinetics
turned first order or lower (n� 1), since the
kinetics inside the nanopores becomes
dominated by the nucleation process.
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