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Crystallization behavior via hydrogen bonding interaction in amphiphilic block copolymer/
surfactant mixtures consisting of poly(2-vinyl pyridine)-block-poly(e-caprolactone) (P2VP-
PCL) and 3-pentadecylphenol (PDP) were investigated by differential scanning calorimetry
(DSC) and Fourier transform infrared (FTIR) spectroscopy. The P2VP-PCL/PDP mixtures
exhibit eutectic crystallization behavior; the eutectic composition is approximately at
70 wt.% PDP. Scanning probe microscopy (SPM) observation revealed the microphase struc-
ture in the P2VP-PCL/PDP mixtures and the unique eutectic morphology at the eutectic

Iéﬁ{xgg Sc.rystallization composition, which was further confirmed by small angle X-ray scattering (SAXS) results.
Complexation To our knowledge, this is the first example of eutectic crystallization observed in amphi-
Block copolymer philic block copolymer/surfactant systems. The FTIR study proved that there are competi-
Surfactant tive hydrogen bonding interactions between P2VP block/PDP and PCL block/PDP pairs in

Hydrogen bonding the P2VP-PCL/PDP mixtures. On the basis of the SPM results and FTIR study, a model
describing the microstructure of the P2VP-PCL/PDP eutectic mixtures is proposed. The
amorphous P2VP blocks are expelled from the ordered eutectic lamellae formed by the
crystalline PCL blocks and PDP, which deviates remarkably from the existing structural
model proposed by other authors for poly(vinyl pyridine)/PDP and poly(styrene-block-4-
vinyl pyridine)/PDP mixtures.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen bonding is one of the significant and highly
directional non-covalent interactions which plays impor-
tant roles in many functions and properties of substance,
especially in biological fields [1-5]. In the field of polymer
processing, hydrogen bonding is employed to improve the
miscibility between different polymers [6-10]. Hydrogen
bonds can also act as the bridge in forming complexes or
supramolecular structures composed of different kinds of
molecules, such as the interesting comb-like ‘“block
copolymer” obtained in the mixtures of poly(vinyl pyri-
dine) and amphiphilic surfactant 3-pentadecylphenol
(PDP) [11-17].
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In recent years, the complexes of surfactant and poly-
mer have received extensive concerns due to their ordered
structures in various scales and the ability in morphology
control compared with the traditional copolymers. In the
system of poly(4-vinyl pyridine) (P4VP) and PDP, it was
found that the mesomorphic structure could be formed
in the mixtures of non-mesogenic substance once the
condition was tailored well [18]. The similar phenomenon
could also been observed in the mixtures of polyacids and
matching surfactants with the ionic bonding [19-21].
Though the supramolecular structure based on the
hydrogen bonds is under thermodynamic equilibrium
and the hydrogen bond is not as firm as the covalent bonds,
it is still enough for the complexes to exhibit many
characteristics similar to the real block copolymers, such
as the lamellar, cylindric and other microphase separated
morphologies.
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Furthermore, in the P4VP/PDP mixtures, it was found
that the tails of PDP molecules combined with P4VP can
cocrystallize with other non-associated PDP molecules
and the obtained crystallite is with a lower melting point
compared with the normal PDP crystallites [13]. In mix-
tures of surfactant and amphiphilic block copolymer con-
taining a poly(vinyl pyridine) block, more interesting
structures can be explored. The change in the order-disor-
der transitions or conversely and in interaction parameters
with the addition of salt or surfactant to block copolymers
have been studied by Mayes and Cruz [22], Bates et al. [23],
and Russell et al. [24]. The poly(styrene-block-4-vinyl pyr-
idine) (PS-P4VP)/PDP and the PS-P4VP/methane sulfonic
acid/PDP mixtures have received great attention recently
[25-33]. It has been well documented that additional
structure periodicity in different length scales from the ori-
ginal one can be introduced into the mixture system by
microphase separation. It was proved that with the varia-
tion in PDP content in PS-P4VP/PDP mixtures, spherical,
hexagonal and lamellar structure could be observed. This
offered the possibility to adjust the self-organized struc-
ture in multiscales through ordered-disordered transi-
tions. A good example is controlling the electrical
conduction of materials by manipulating microstructures
through temperature-dependent transitions [25].

In these mixture systems, the hydrophobic PS block is
amorphous and its property is rather different from any
other components in the mixtures, i.e., the hydrophilic
P4VP block and PDP. Its effects on the mixture property,
especially on the microphase structure and morphology
in the nanometer scales, have been deliberately investi-
gated. As it is known, the miscibility between the PS blocks
and the P4VP block chains or the surfactant molecule PDP
is poor. The miscibility is an important factor to determine
the final microphase morphology, apart from the block
length and the volume fraction of the components.

The eutectic crystallization behavior in PCL/PDP binary
blends has been investigated in our previous study [34].
Here we report the results of an investigation into amphi-
philic block copolymer/surfactant mixtures of poly(2-vinyl
pyridine)-block-poly(e-caprolactone) (P2VP-PCL) and PDP.
The carbonyl groups of PCL have the possibility to form
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hydrogen bonds with the phenol hydroxyls of PDP, as
shown in Fig. 1. Due to the repulsive non-polar PDP side
groups linked to the block copolymer by the hydrogen
bonding force, comb-shaped supramolecular structure
can be obtained. The coexistence of three kinds of hydro-
gen bonds, i.e., in the P2VP/PDP, PCL/PDP and PDP/PDP
pairs, will bring about the competition of the PDP distribu-
tion among PCL and P2VP microdomains, and even in PDP
crystallite where the self-association of PDP molecules ex-
ists. In the present P2VP-PCL/PDP block copolymer/surfac-
tant system, the hydrogen bonding interactions are
examined. Moreover, PCL is a crystalline polymer; the
structure and morphology of this block copolymer/surfac-
tant system can be enriched by incorporating a second
self-assembling mechanism, i.e., block crystallization. In
particular, unusual eutectic crystallization behavior was
found in this mixture system and studied in detail. To
our knowledge, this is the first example of eutectic crystal-
lization observed in amphiphilic block copolymer/surfac-
tant systems.

2. Experimental section
2.1. Materials and preparation of mixture solutions

Poly(2-vinylpyridine)-block-poly(e-caprolactone)
(P2VP-PCL) diblock copolymer was a product of Polymer
Scouce, Inc. The weight-averaged molecular weights M,,
of P2VP and PCL blocks were 2.09 x 10* and 2.61 x 10%,
respectively. The M,/M, of the copolymer was 1.11.
Poly(e-caprolactone) (PCL) with M, =1.4 x 10* and 3-
pentadecylphenol (PDP) (technical grade) were products
of Aldrich Chemical Company, Inc. Chloroform (Aldrich)
was the analytical grade and was used as received. To pre-
pare the mixture solution, PDP was first dissolved in chlo-
roform till a clear solution was obtained. Then an
appropriate amount of P2VP-PCL diblock copolymer was
added into the solution and stirred at room temperature
to obtain transparent solution. The concentration of the
solution was kept below 1 wt.% (w/v) to avoid the contrac-
tion of P2VP-PCL copolymer and PDP molecules in the

P2VP block

PCL bleck

Fig. 1. Schematic representation of the proposed interactions in P2VP-PCL/PDP mixtures.
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solution. The PCL/PDP mixture solutions were prepared in
the same way. To obtain the solid samples, the solvent was
removed completely by vacuum evaporation.

2.2. Differential scanning calorimetry

A Perkin-Elmer Diamond DSC was used to investigate
the thermal properties of the samples. All the samples
were first melted at 100 °C for 5 min to remove the thermal
history and then cooled to —60 °C at a rate of 5 °C/min. The
samples were subsequently heated to 100 °C again with a
heating rate of 5°C/min (second scan). The samples for
DSC measurements were cast from the mixture solutions
at room temperature and then dried for 72 h under vac-
uum to remove the residual solvent. The weight of sample
for DSC experiment was in the range of 5-10 mg.

2.3. Scanning probe microscopy

SPM images were recorded under ambient conditions
using a scanning probe microscope (DME type DS 45-40,
Denmark), operating in the tapping mode. Si cantilever tips
(TESP) with a resonance frequency of approximately
300 kHz and a spring constant of 40 Nm~! were used,
and the tips were calibrated before measurements. The
height and phase images were recorded simultaneously
during the scan. The specimens for observation were
obtained by solution casting on glass substrates. All the
specimens were placed in vacuum at room temperature
for 24 h to remove the residual solvent. For SPM experi-
ments, the specimens were first melt at 80 °C for 5 min,
and then isothermally crystallized at 25 °C for 72 h.

2.4. Infrared spectroscopy

Infrared measurements were performed on a Bruker
Vertex 70 FTIR spectrometer equipped with a DTGS detec-
tor. The experiments were carried out by using an average
of 32 scans and a resolution of 4 cm~!. To prepare the spec-
imens for infrared measurement, the mixture solution was
cast onto a potassium bromide (KBr) window. The concen-
tration of the sample solution was constant for all the sam-
ple compositions. After the solvent evaporated at room
temperature, the specimens were dried under vacuum for
24 h. Before measuring, the specimens were heated to
80 °C under the protection of nitrogen atmosphere, held
for 5 min to remove the thermal history, and then isother-
mally crystallized at 25 °C for 72 h.

2.5. Small-angle X-ray scattering

The SAXS measurements were conducted with a Bruker
NanoSTAR instrument using a HR-PHK high resolution pin-
hole chamber with CuKa1 radiation source (A =0.154 nm).
The scattering position was calibrated using the rattail
standard. Two-dimensional diffraction patterns collected
at room temperature were subtracted from background
scattering, corrected for response characteristics, and con-
verted into a one-dimensional format (intensity vs. q) by
azimuthal averaging of the data (q = (4n/2) sin (0/2) is the
scattering wavevector). For SAXS experiments, the samples

were first melt at 80 °C for 5 min, and then isothermally
crystallized at 25 °C for 72 h.

3. Results and discussion
3.1. Crystallization behavior of P2VP-PCL/PDP mixtures

The comb-like self-assembly systems involving poly(vi-
nyl pyridine)/PDP and P4VP-PS/PDP mixtures have re-
ceived considerable attentions over the last decade due
to the flexible control of the supramolecular structure. In
the present study, the introduction of crystalline PCL
blocks into such a self-assembly system brings about
new characteristics, especially coupling and competition
during crystallization.

The crystallization ability of the PCL blocks in P2VP-PCL
diblock copolymer was investigated firstly. As shown in
Fig. 2, crystalline spherulites of P2VP-PCL copolymer were
clearly observed with polarized optical microscope. DSC
results in Fig. 3 display that the melting point and crystal-
lization temperature of the copolymer are 60.4 and 36 °C,
respectively. These values are very close to those of
the PCL homopolymer with the approximate molecular
weights [35,36]. The crystallinity of the PCL blocks in the
copolymer was calculated to be 50% from the DSC heating
scan, according to the weight fraction of PCL blocks in the
copolymer, and the enthalpy of fusion for 100% crystalline
PCL, which is 139.5 J/g according to Pitt et al. [37]. So it can
be concluded that the PCL block in the P2VP-PCL copoly-
mer has considerable crystallization ability. Thus there
are two crystalline components in the P2VP-PCL/PDP mix-
ture; one is the PCL block and the other is surfactant PDP.

The crystallization behavior of a similar diblock copoly-
mer, poly(4-vinyl pyridine)-block-poly(e-caprolactone)
was previously studied by Sun et al. [38]. It was proven
that the crystallization of PCL was confined in the nano-
scale due to the strong microphase separation. Moreover,
the nucleation type was also changed under some extre-
mely confined condition. The P2VP-PCL block copolymer

Fig. 2. Semicrystalline morphology of the pure P2VP-PCL block copoly-
mer under polarizing optical microscope. The sample was isothermally
crystallized at 36 °C for 4 h and the image was taken at this temperature.
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Fig. 3. DSC curves of P2VP-PCL/PDP mixtures: (a) second scans at 5 °C/min; (b) cooling scans at —5 °C/min after melt at 100 °C for 5 min; and (c) DSC curves
of second scans at 5 °C/min in the glass transition region of 20/80 and 30/70 P2VP-PCL/PDP mixtures.

in this study has a relatively longer block chain both in PCL
and P2VP blocks; the confined crystallization characteris-
tics also appears, which will be proved by SPM study pre-
sented below.

Melting and crystallization behaviors of the P2VP-PCL/
PDP mixtures were studied by DSC. The results are shown
in Figs. 3 and 4. The melting points of crystalline PCL blocks
and PDP were detected to be 60.4 and 55.7 °C, respectively.
The melting points of the mixtures significantly depend on
the composition. At most compositions, two melting points
were detected, which implies that there was more than
one kind of phase transformation in the second scans
(Fig. 4a).

Moreover, it is noticed that in the samples within cer-
tain composition range (50-80 wt.% PDP), some melting
peaks remain around 32 °C and are not changed with the
composition. This phenomenon exhibits the characteristic
of a eutectic mixture system.

Eutectic crystallization is a common phenomenon for
growing composites in metallic and inorganic materials
[39]. While in polymeric systems, eutectic crystallization
is not as usual as in the other material fields. The eutectic
crystallization behavior was found in polyethylene and
high melting diluents systems [40], poly(L-lactide acid)/
parahydroxybenzoic acid systems [41]. Recently, the eu-
tectic crystallization behavior in biomacromolecules and
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Fig. 4. Thermal transitions of P2VP-PCL/PDP mixtures from DSC curves of
(a) the second scans and (b) the cooling scans.

low molecular weight chemical medicine systems has re-
ceived increasing concern for the application in the drugs
controlled release field [42-44].

Evidently, the melting point around 32 °C, i.e., Ty, for
the P2VP-PCL/PDP mixtures come from the eutectic struc-
ture, which is a homogeneous mixture of PCL block crystals
and PDP crystals. The melting points at the higher temper-
atures, T, belong to either the crystallites of pure PCL
block or the PDP crystals depending on the concentration.
The eutectic composition is approximately at 70 wt.% PDP
from Fig. 4a.

Glass transition temperature, Ty, was detected in some
mixtures under the experimental temperature conditions.
The T, values of —30 and —26 °C presented in Figs. 3c
and 4a are for the mixture with 20 and 30 wt.% PDP,

respectively. It was documented in literature that the T,
value of PCL is —60 °C [45,46] while that of P2VP block in
the diblock copolymer was detected to be 105 °C by DSC.
Therefore the glass transition detected in the P2VP-PCL/
PDP mixtures with 20 and 30 wt.% PDP can be ascribed to
the microphase composed of mainly PCL blocks.

To further understand the eutectic crystallization
behavior of P2VP-PCL/PDP mixture system, the PCL/PDP
mixtures within the entire composition range were inves-
tigated by DSC. Fig. 5 shows DSC curves of the second scan
of the PCL/PDP mixtures at a heating rate of 5 °C/min. The
eutectic crystallization behavior is clearly seen. The eutec-
tic composition is 60 wt.% PDP, slightly deviated from to
that of the P2VP-PCL/PDP system, which is 70 wt.% PDP.
However, if we take the PCL content in the copolymer into
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Fig. 5. Thermal properties of PCL/PDP mixtures. (a) DSC curves of the
second scan at 5 °C/min; (b) thermal transition temperatures.
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account, an even more profound difference in the eutectic
composition between these two mixture systems can be
discerned. This implies that considerable amount of PDP
was dissolved in the microphase composed of P2VP blocks.

The plain PCL exhibits a melting temperature of 59.1 °C
which is slightly lower than that of the pure P2VP-PCL
block copolymer (60.4 °C). However, the eutectic tempera-
ture is 38 °C for PCL/PDP system, which is approximately
6 °C higher than that in P2VP-PCL/PDP system. The lower
eutectic temperature in the P2VP-PCL/PDP can be attrib-
uted to the defects in the P2VP-PCL/PDP eutectic mixture
due to the interference of P2VP blocks. In our previous
study [34], we have observed the eutectic crystallization
behavior in mixtures of PCL homopolymer and PDP and
found that morphology at eutectic composition is different
from the other compositions.

Meanwhile, glass transitions were detected to be in the
range of —40 to —20°C for the PCL/PDP mixture with
40-90 wt.% PDP. The T values increase with the PDP con-
tent. From this observation, it is evident that the interac-
tion between PCL chain and PDP is the main reason for
the increase of the T, of PCL. This explanation also responds
for the T, increase in the P2VP-PCL/PDP mixtures as men-
tioned above.

From the apparent evidence of hydrogen bonding
between PCL and PDP, the comb-shape self-assembly

(a)

structures can be supposed in the PCL/PDP mixtures, as
that in the poly(vinyl pyridine)/PDP system. However, the
formation of comb-shape self-assembly may be affected
by the strong crystallization ability in the PCL/PDP system.

The SPM phase images of P2VP-PCL/PDP mixtures with
40 and 70 wt.% PDP are shown in Fig. 6a and b, respec-
tively. Microphase separation is still the main characteris-
tic in these mixtures. Particularly, typical in-plane
meandering lamellar morphology stands out in the mix-
ture with 70 wt.% PDP, i.e., the eutectic composition
(Fig. 6b). The microdomains take the orientation parallel
to the mixture film surface. Besides, classic island topogra-
phy is also displayed in the image. The period of lamellae is
calculated to be approximately 58 nm. Taking the DSC re-
sults and the finding of eutectic behavior into account, it
can be assumed that the bright areas in the phase image
are of eutectic mixture whereas the dark areas correspond
to the non-crystalline regions, mainly composed of amor-
phous P2VP. This speculation differs from the reported
structure in the P4VP-PS/PDP systems, where P4VP and
PDP self-assemble cooperatively into the ordered comb-
shape structures while the PS blocks form the disordered
microdomains.

The SAXS profiles of annealed P2VP-PCL/PDP samples
were taken at room temperature in order to confirm the
morphology obtained in SPM analysis and are shown in

Fig. 6. SPM images of (a) P2VP-PCL/PDP mixture film with 40 wt.% PDP, and (b) P2VP-PCL/PDP mixture film with 70 wt.% PDP; left is the phase image and

right the height image (the height scale in 245 nm).
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Fig. 7. The SAXS profiles were shifted vertically to avoid
overlap. For pure P2VP-PCL block copolymer, the first or-
der scattering peak corresponds to a spacing of 18.2 nm
which is the average distance between the PCL and neigh-
boring P2VP microphases [5]. The peak positions in the
SAXS profile indicate of hexagonally-packed cylindrical
morphology, i.e., q/q =+/1:\/3:y/4:\/7... (Here, q is the
wave vector at the maximum intensity of SAXS profiles.)
[43,45]. The 40 wt.% PDP mixture shows a broad peak
and the broadening of the peak indicates the absence of
long range ordered structures. However, the SAXS profile
of eutectic mixture (i.e., 70 wt.% PDP) again displays the
characteristics of lamellar morphology and the peak posi-
tions notably shift to lower g values, indicating an increase
of the spacing (54.8 nm). Moreover, the SAXS profile of the
eutectic mixture shows another peak at very high g value
(g =1.75 nm™1), which can be attributed to the PDP crys-
talline phase alone [13] or P4VP/PDP pair with or without
crystallization of the alkyl tails. This arises from the inter-
action between P4VP and PDP, but at the same time the
quantity of this combination is relatively less compared
to the PCL/PDP pair.

To further explore the inner structures of the regularly
alternating lamellar regions in the P2VP-PVL/PDP
mixtures, the interaction behavior in the mixtures with
different compositions was investigated by infrared
spectroscopy.

3.2. Complexation behavior of P2VP-PCL/PDP mixtures

From the chemical structures of P2VP-PCL and PDP,
interactions may form not only between P2VP block and
PDP, but also between PCL block and PDP. These mixtures
come from the hydrogen bonds between pyridine ring of
P2VP blocks and phenol hydroxyl group of PDP and be-
tween carbonyl of PCL blocks and phenol hydroxyl group,
respectively.

Infrared spectroscopy is a powerful technique in the
exploration of molecular interactions. It can give the most
direct structural information on the molecular scales,

P2VP-PCL

Intensity (a.u)

40 wt% PDP

70 wt% PDP
Y,

g=1.75nm"

0.0 0.I5 1.IO 1.I5 2.0
q (1/nm)

Fig. 7. SAXS profiles of P2VP-PCL/PDP mixtures.

including the association of molecules. The study of hydro-
gen bonding interaction between poly(vinyl pyridine) and
PDP utilizing FTIR has received much concern during the
last decade. It is well known that the characteristic infrared
absorption changes related with this intermolecular inter-
action are the bands at 1590, 993, and 625 cm™! for P2VP
and 1597, 993, and 627 cm™! for P4VP [47,48].

The infrared spectra of P2VP-PCL/PDP mixtures are
shown in Fig. 8. In the mixtures with 40-80 wt.% PDP,
new bands at 1597 and 1006 cm~' appear which can be
attributed to the stretching vibration of pyridines in the
bonded state. The corresponding original bands at 1590
and 993 cm ™! related to the stretching vibration of pyri-
dines in the non-bonded state impair or disappear
(Fig. 8b and c) due to the changed chemical environment.
Therefore the evidence of hydrogen bonding between
P2VP and PDP is obvious. It is also noticed that the compo-
sition of the mixture plays an important role on the inten-
sity ratio of the new and original bands. This indicates
different degree of hydrogen bonding in different mixtures.

Besides the association of P2VP blocks and PDP, the
bonding of carbonyl group in the PCL blocks can also be
discerned from infrared spectra, especially in the range of
1780-1680 cm™!, as shown in Fig. 8a. The bonded carbonyl
groups often bring about new absorption at a lower wave-
number than that of carbonyl in crystalline (1724 cm™!)
and amorphous states (1737 cm™') [49]. The new band
due to hydrogen bonding of the PCL blocks and PDP arises
at the wavenumber of 1715cm~". It is found that the
intensity of the new band grows with the increase of PDP
amount in the mixtures, which means that the more PDP
in the mixtures, the more bonded carbonyl groups of PCL
blocks. He et al. [50] reported the inter-associated hydro-
gen bonds of PCL/4,4'-thiodiphenol mixtures and found
the composition and temperature both affected the frac-
tion of hydrogen bonds in the system.

Therefore, the interactions in both P2VP/PDP and PCL/
PDP pairs in the P2VP-PCL/PDP mixtures are proven
undoubtedly, which means the possibility of comb-shape
self-assembly in both P2VP/PDP and PCL/PDP pairs. The eu-
tectic forming binary system consisting of poly(ethylene
oxide) (PEO) and p-hydroxybenzaldehyde (PHB) was previ-
ously investigated by Zhu et al. [49]. They found that at the
eutectic composition, the hydrogen bonding association of
PHB with PEO reached its maximum and a homogeneous
morphology of the blends was observed, respectively.
Hence it can be suggested that in P2VP-PCL/PDP eutectic
mixture the hydrogen bonding interaction between PCL
and PDP is the most predominant. This thus results in
the lamellar morphology with a homogeneous PDP/PCL
phase and a separated amorphous phase composed of
P2VP blocks and PDP molecules as revealed in AFM and
SAXS experiments.

3.3. Microstructures in P2VP-PCL/PDP mixtures

Based on the above results, a model describing the
microstructures in the P2VP-PCL/PDP mixtures can be pro-
posed, as shown in Fig. 9. For the pure P2VP-PCL block
copolymer, microphase separation results in the microdo-
mains where the crystallization of PCL is restricted within
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Fig. 8. Infrared spectra of P2VP-PCL/PDP mixtures in the region of (a) 1800-1650 cm™', (b) 1650-1540 cm ™', and (c)1025-980 cm™".

the hard confined environment. The hard confinement
environment originates from the high glass transition tem-
perature of P2VP blocks, which was detected to be 105 °C.
The microstructure is schematically illustrated in Fig. 9a.

The introduction of PDP molecules changes the crystal-
lization environment totally, especially for the mixture
with a large amount of PDP. It can be predicted that in
the molten state at 80 °C, the P2VP-PCL copolymer are dis-
solved in the PDP “solvent”. The high degree of hydrogen
bonding in both P2VP/PDP and PCL/PDP pairs detected by
FTIR is indicative of the miscibility. During the quenching
and annealing, new crystalline microdomains emerge.

As to the mixture with 70 wt.% PDP, which is the eutec-
tic composition, the P2VP-PCL/PDP mixture is mainly com-
posed of two kinds of microdomains after the annealing, as
illustrated in Fig. 9b. The alternating lamellae consists the
eutectic structure comprising crystalline PCL blocks and

PDP crystals and the lamellae region mainly composed of
amorphous P2VP blocks and PDP molecules.

Another block copolymer and low molar mass sub-
stance mixture system with eutectic behavior was
documented by De Rose et al. [51]. They proposed a
structure development process during the directional eu-
tectic solidification. Upon epitaxy of polystyrene-block-
polyethylene (PS-PE) block copolymer on the benzoic
acid (BA) crystals, two-dimensional periodic thin films
were obtained. In this system, BA acts as the substrate
for the epitaxy of PE since the eutectic temperature is
higher than the melting point of the PE blocks. Contrarily,
in the present P2VP-PCL/PDP system, the eutectic tem-
perature is lower than the melting points of both the
PCL blocks and PDP. Therefore, we propose here a differ-
ent model to describe the microstructure of the P2VP-
PCL/PDP eutectic mixture.
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Fig. 9. Schematic representation of the microstructures: (a) crystalline
P2VP-PCL block copolymer; (b) P2VP-PCL/PDP eutectic mixture with
70 wt.% PDP.
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4. Conclusions

The eutectic crystallization behavior was found in an
amphiphilic block copolymer/surfactant mixture system
for the first time. The eutectic temperature of the P2VP-
PCL/PDP system is 32 °C and the eutectic composition is
with 70 wt.% PDP content. The mixture at the eutectic
composition exhibits unique microphase separated mor-
phology. The eutectic composition forms lamellar mor-
phology with crystalline microdomains and amorphous
regions. The crystalline region consists of PCL blocks and
PDP crystals and the amorphous region composed of
P2VP blocks and PDP molecules located between them.
The results of infrared spectra of the mixture samples re-
veal the competition of hydrogen bonding among the
P2VP/PDP, PCL/PDP and PDP/PDP pairs. Based on the
experimental results, a model describing the microstruc-
tures is proposed, which is different from the existing

models for the mixtures containing PDP and copolymer
with poly(vinyl pyridine) blocks.

References

[1] He Y, Zhu B, Inoue Y. Prog Polym Sci 2004;29:1021.
[2] Bouteiller L. Adv Polym Sci 2007;207:79.
[3] Park Y, Veytsman B, Coleman M, Painter P. Macromolecules
2005;38:3703.
[4] Sotele J], Soldi V, Pires ATN. Polymer 1997;38:1179.
[5] Cesteros LC, Isasi JR, Katime I. Macromolecules 1993;26:7256.
[6] Alfonso GC, Russell TP. Macromolecules 1986;19:1143.
[7] (a) Dong L, Yukihiro O. Macromolecules 1997;30:286;
(b) Hameed N, Liu J, Guo Q. Macromolecules 2008;41:7596;
(c) Hameed N, Guo Q. Polymer 2008;49:922;
(d) Hameed N, Salim NV, Guo Q. ] Chem Phys 2009;131:214905;
(e) Salim NV, Hameed N, Guo Q. ] Polym Phys 2009;47:1894.
[8] Zhang LL, Goh SH, Lee SY. Polymer 1998;39:4841.
[9] Miyoshi T, Takegoshi K, Hikichi K. Polymer 1997;38:2315.
[10] Lu X, Weiss RA. Macromolecules 1995;28:3022.
[11] Ikkala O, ten Brinke G. Science 2002;295:2407.
[12] Moel K, maki-Ontto R, Stamm M, Ikkala O, ten Brinke G.
Macromolecules 2001;34:2892.
[13] Luyten MC, Ekenstein GOR, ten Brinke G, Ruokolainen J, Ikkala O,
Torkkeli M, et al. Macromolecules 1999;32:4404.
[14] Ikkala O, Ruokolainen ], Torkkeli M, Tanner J, Serimaa R, ten Brinke G.
Colloid Surf 1999;147:241.
[15] Ruokolainen J, Tanner ], Ikkala O, ten Brinke G, Thomas EL.
Macromolecules 1998;31:3532.
[16] Ruokolainen ], Torkkeli M, Serimaa R, Komanschek E, ten Brinke G,
Ikkala O. Macromolecules 1997;30:2002.
[17] Ruokolainen ], ten Brinke G, Ikkala O, Torkkeli M, Serimaa R, ten
Brinke G. Macromolecules 1996;29:3409.
[18] Ruokolainen J, Torkkeli M, Serimaa R, Vahvaselka S, Saariaho M, ten
Brinke G, et al. Macromolecules 1996;29:6621.
[19] Talroze RV, Kuptsov SA, Sycheva TI, Shandryuk GA, Plate NA. Polym
Mater Sci Eng 1995;72:431.
[20] Talroze RV, Kuptsov SA, Sycheva TI, Bezborodov VS, Plate NA.
Macromolecules 1995;28:8689.
[21] Wernet W, Monkenbusch M, Wegner G. Makromol Chem Rapid
Commun 1984;1:165.
[22] Mayes AM, Cruz MO. Macromolecules 1988;21:2543.
[23] Kim SH, Misner MJ, Yang L, Gang O, Ocko BM, Russell TP.
Macromolecules 2006;39:8473.
[24] Jain S, Bates FS. Science 2003;300:460.
[25] Ruokolainen ], Makinen R, Torkkeli M, Makela T, Serimaa R, ten
Brinke G, et al. Science 1998;280:557.
[26] Zhang P, Gao ], Li B, Han Y. Macromol Rapid Commun 2006;27:295.
[27] Lu Q, Bazuin CG. Nano Lett 2005;5:1309.
[28] Ruotsalaninen T, Turku ], Heikkila P, Ruokolainen ], Nykanen A,
Laitinen T, et al. Adv Mater 2005;17:1048.
[29] Fahmi AW, Braun HG, Stamm M. Adv Mater 2003;15:1201.
[30] Polushkin E, Ekenstein GOR, Dolbnya I, Bras W, Ikkala O, ten Brinke
G. Macromolecules 2003;36:1421.
[31] Saito R. Macromolecules 2001;34:4299.
[32] Polushkin E, Ekenstein GOR, Knaapila M, Ruokolainen ], Torkkeli M,
Serimaa R, et al. Macromolecules 2001;34:4917.
[33] Makinen R, Ruokolainen ], Ikkala O, de Moel K, ten Brinke G, De
Odorico W, et al. Macromolecules 2000;33:3441.
[34] Kuo SW, Lin CL, Chang FC. J Polym Sci Part B Polym Phys
2001;39:1348.
[35] Guo Q, Zheng H. Polymer 1999;40:637.
[36] Zheng S, Zheng H, Guo Q. ] Polym Sci Part B Polym Phys
2003;41:1085.
[37] Pitt CG, Chasalow FI, Hibionada YM, Klimas DM, Schindler A. J Appl
Polym Sci 1981;26:3779.
[38] Sun YS, Chung TM, Li Y], Ho RM, Ko BT, Jeng US, et al
Macromolecules 2006;39:5782.
[39] Laidler K], Meiser JH. Physical chemistry. California: Benjamin/
Cummings Publishing; 1985.
[40] Smith P, Pennings AJ. Polymer 1974;15:413.
[41] Zwiers RJM, Gogolewski S, Pennings AJ. Polymer 1983;24:167.
[42] Joshi HN, Shah N. Am Pharm Rev 2005;8:120.
[43] Lacoulonche F, Chauvet A, Masse ], Egea MA, Garcia ML. ] Pharm Sci
1998;87:543.
[44] Law D, Wang W, Schmitt EA, Long MA. Pharm Res 2002;19:315.
[45] Guo Q, Harrats C, Groeninckx G, Reynaers H, Koch MJH. Polymer
2001;42:6031.



J. Liu et al./European Polymer Journal 46 (2010) 2290-2299 2299

[46] Guo Q, Groeninckx G. Polymer 2001;42:8647. [49] Zhu X, Xiao Y, He P, Yan D, Fang Y. Polym Int 2003;52:813.
[47] Cesteros LC, Meaurio E, Katime I. Macromolecules 1993;26:2323. [50] He Y, Asakawa N, Inoue Y. Macromol Chem Phys 2001;202:1035.
[48] Ciesik K, Koll A, Grdadolnnik ]. Vib Spectrosc 2006;41:14. [51] De Rose C, Park C, Thomas EL, Lotz B. Nature 2000;405:433.



	Complexation and eutectic crystallization in pol
	Introduction
	Experimental section
	Materials and preparation of mixture solutions
	Differential scanning calorimetry
	Scanning probe microscopy
	Infrared spectroscopy
	Small-angle X-ray scattering

	Results and discussion
	Crystallization behavior of P2VP–PCL/PDP mixtures
	Complexation behavior of P2VP–PCL/PDP mixtures
	Microstructures in P2VP–PCL/PDP mixtures

	Conclusions
	References


