
lable at ScienceDirect

Polymer 49 (2008) 5268–5275
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
Nanostructure and hydrogen bonding in interpolyelectrolyte complexes of
poly(3-caprolactone)-block-poly(2-vinyl pyridine) and poly(acrylic acid)

Nishar Hameed, Qipeng Guo*

Centre for Material and Fibre Innovation, Deakin University, Geelong, Victoria 3217, Australia
a r t i c l e i n f o

Article history:
Received 25 June 2008
Received in revised form 31 July 2008
Accepted 15 September 2008
Available online 1 October 2008

Keywords:
Block copolymers
Hydrogen bonding
Micelles
* Corresponding author. Tel.: þ61 3 5227 2802; fax
E-mail address: qguo@deakin.edu.au (Q. Guo).

0032-3861/$ – see front matter � 2008 Elsevier Ltd.
doi:10.1016/j.polymer.2008.09.032
a b s t r a c t

Nanostructured poly(3-caprolactone)-block-poly(2-vinyl pyridine) (PCL-b-P2VP)/poly(acrylic acid) (PAA)
interpolyelectrolyte complexes (IPECs) were prepared by casting from THF/ethanol solution. The
morphological behaviour of this amphiphilic block copolymer/polyelectrolyte complexes with respect to
the composition was investigated in a solvent mixture. The phase behaviour, specific interactions and
morphology were investigated using differential scanning calorimetry (DSC), Fourier transform infrared
(FTIR) spectroscopy, optical microscopy (OM), dynamic light scattering (DLS) and atomic force micros-
copy (AFM). Micelle formation occurred due to the aggregation of hydrogen bonded P2VP block and
polyelectrolyte (PAA) from non-interacted PCL blocks. It was observed that the hydrodynamic diameter
(Dh) of the micelles in solution decreased with increasing PAA content up to 40 wt%. After 50 wt% PAA
content, Dh again increased. The micelle formation in PCL-b-P2VP/PAA IPECs was due to the strong
intermolecular hydrogen bonding between PAA homopolymer units and P2VP blocks of the block
copolymer. The penetration of PAA homopolymers into the shell of the PCL-b-P2VP block copolymer
micelles resulted in the folding of the P2VP chains, which in turn reduced the hydrodynamic size of the
micelles. After the saturation of the shell with PAA homopolymers, the size of the micelles increased due
to the absorption of added PAA onto the surface of the micelles.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

A large amount of experimental and theoretical work has been
done till date on the self-assembly and micellization of block
copolymers [1–3]. It has been proven that amphiphiles can self-
assemble into a large variety of microstructures. The micellization
can provide information on the interactions between the compo-
nents in the system and is thought to have important implications for
biological studies [4–7]. Microphases formed by polymeric amphi-
philes, compared to low molecular weight amphiphiles, are kineti-
cally more stable, thus opening a variety of interesting applications
such as nanocarriers for catalytic particles, molecules with electronic
and photonic functions, and biological and medical species. The role
of block copolymers in micelle formation is highly appreciated
mainly from their unique solution and associative properties as
a consequence of their molecular structure. For instance, amphi-
philic diblock copolymers, such as poly(2-vinyl pyridine)-block-
poly(ethylene oxide) (P2VP-b-PEO) [8], polystyrene-block-poly
(ethylene oxide) (PS-b-PEO) [9], polystyrene-block-poly(acrylic acid)
(PS-b-PAA) [10], polystyrene-block-poly(4-vinyl pyridine) (PS-b-
: þ61 3 5227 1103.
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P4VP) [11], and polystyrene-block-poly(2-cinnamoylethyl methac-
rylate) (PS-b-PCEMA) [12] can self-assemble into core–shell micelles
with various morphologies in block-selective solvents.

The use of interpolymer interactions to trigger the complex
formation and further study the aggregation has been imple-
mented by many investigators [13–16]. In this, bond formation
should only occur between the mutually interacting blocks which
leads to the formation of microphase morphologies. Recent prog-
ress has demonstrated that these interactions can also induce
polymer assembly in solutions [17,18]. An interpolymer interaction
can significantly change the polymer solubility and conformation,
which facilitates the formation of aggregates. The interactions can
be electrostatic, hydrogen bonding, coordination bond or polar.
Making use of such strong secondary interactions, one may greatly
enhance the ability towards controlling novel and well-defined
ordered nanostructures. Micelle formation in many block copoly
mer/homopolymer systems has also been studied extensively.
Formation of spherical and cylindrical micelles, and hierarchical
nanostructures was investigated in our previous work [19]. Gohy
et al. [20] studied the micelle formation between PS-b-P4VP
copolymers and PAA homopolymers in organic solvents, where the
micelle core consisted of neat PS. Jiang and coworkers [21] inves-
tigated the micellization and stoichiometric complexation of PS-
b-P4VP with formic acid (FA) in chloroform.
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However, though the addition of a polyelectrolyte into the block
copolymer micelles has been investigated [22], a comprehensive
analysis on the influence of hydrogen bonding on the micelle
formation and morphology in such systems has not been explored
well. Micelle formation in a stoichiometric mixture of poly
(3-caprolactone)-block-poly(2-vinyl pyridine)/poly(acrylic acid)
(PCL-b-P2VP/PAA) taking place in THF/ethanol solvent mixture is
investigated here. Such systems are usually known as inter-
polyelectrolyte complexes (IPECs). Most studies including PAA have
been focused on the assembly of single chains to form micelles under
different conditions and the interactions of the resulting spherical
micelles. The resulting core–shell micelles are usually considered
thermodynamically frozen in solution. PAA is a polyelectrolyte and is
thus strongly sensitive to the surrounding conditions. Thus most of
the investigations are based on the response of the PAA blocks or
homopolymers to the pH of the solution, which may affect the
structure of the micelles [10,22]. Here, we investigate the effect of
stepwise addition of the polyelectrolyte solution into an amphiphilic
diblock copolymer which already exists as aggregate micelles in
a solution mixture. The micelles formed here are termed as complex
coacervate micelles, or precisely complex coacervate shell micelles
since the shell of the micelles is composed of oppositely charged PAA
and P2VP. A similar system where the core of the micelles was
composed of oppositely charged blocks was studied by Voets et al.
[23]. In their system, the micelles are termed as complex coacervate
core micelles because the core consists of the oppositely charged
polyelectrolyte blocks PAA and poly(2-methylvinylpyridinium
iodide) (P2MVP), whereas the corona consists of neutral poly
(acrylamide) (PAAm) blocks. The micelle formation and the hydro-
dynamic diameter (Dh) of the micelles were confirmed by dynamic
light scattering (DLS), the microphase morphology was examined
using atomic force microscope (AFM) and the semi-crystalline
morphology of the IPECs was examined using polarizing optical
microscope (POM). The effect of hydrogen bonding interactions on
the morphological changes was investigated using Fourier trans-
form infrared (FTIR) spectroscopy and the phase behaviour of the
IPECs was analyzed with differential scanning calorimetry (DSC).

2. Experimental section

2.1. Materials and methods

The polymers used in the present study were poly(acrylic acid)
(PAA) and poly(3-caprolactone)-block-poly(2-vinyl pyridine) (PCL-
b-P2VP). PAA with an average Mw¼ 1800 was obtained from
Aldrich Chemical Company, Inc. The PCL-b-P2VP copolymer was
from Polymer Source, Inc., with Mn (P2VP)¼ 20,900, Mn

(PCL)¼ 26,100 and Mw/Mn¼ 1.11. The block copolymer PCL-b-P2VP
was first dissolved in THF to make a 0.5% (w/v) of polymer solution
followed by the slow addition of ethanol. Ethanol solution con-
taining 0.5% (w/v) of PAA homopolymer was prepared separately.
Interpolyelectrolyte complexes were prepared by slowly adding
PAA solution into PCL-b-P2VP solution. The resultant solution was
kept for complete precipitation. The solvent was allowed to evap-
orate slowly at room temperature.

2.2. Fourier transform infrared (FTIR) spectroscopy

The KBr disk method was adopted to determine the FTIR char-
acteristics of the IPECs. The FTIR spectra of all the samples were
measured on a Bruker Vetex-70 FTIR spectrometer. The sample
solution was cast onto KBr disk, solvent was allowed to evaporate
slowly at room temperature. The disks were dried under vacuum in
an oven before taking the measurements. The spectra were recor-
ded at the average of 32 scans in the standard wavenumber range of
400–4000 cm�1 at a resolution of 4 cm�1.
2.3. Differential scanning calorimetry (DSC)

The thermal behaviour of the IPECs was analyzed by a Perkin–
Elmer Diamond DSC. The measurement was performed using
5–10 mg of the sample under an atmosphere of nitrogen gas. The
samples were first heated to 100 �C and held at that temperature
for 3 min to remove the thermal history. Then the samples were
cooled to �50 �C at a rate of 20 �C/min, held for 5 min and again
heated from �50 to 200 �C at 20 �C/min. The glass transition
temperature (Tg) was taken as the midpoint of transition and
melting temperature (Tm) was taken as the maximum of the
endothermic peak in the DSC thermograms.

2.4. Polarizing optical microscopy (POM)

The semi-crystalline morphology of PCL-b-P2VP/PAA IPECs was
analyzed using a Nikon eclipse-80i optical microscope under
polarized light. The solutions of the IPECs were spread as thin films
on the glass slides and dried in vacuum oven.

2.5. Dynamic light scattering (DLS)

In DLS [24], an autocorrelation function plots the average overall
change in intensity with time, for a given time interval which is
given by,

GðsÞ ¼
Z

IðtÞIðt þ sÞdt (1)

where t is the delay time. In DLS, all the information regarding the
motion or diffusion of particles in the solution is embodied within
the measured correlation curve, which can be fit to a single expo-
nential form i.e.,

Z
IðtÞIðt þ sÞdt ¼ Bþ A exp

h
�2q2Ds

i
(2)

where B is the baseline, A is the amplitude, q is the scattering vector
(q¼ 4pr sin[q/2], r is the refractive index of the solvent) and D is the
diffusion coefficient.

The diffusion coefficient is calculated by fitting the correlation
curve to an exponential function, where D is proportional to the
exponential decay time. The hydrodynamic diameter (Dh) can be
calculated using the particle diffusion coefficient and Stokes–Ein-
stein equation given below, where k is the Boltzmann constant, T is
the temperature, h is the refractive index, and h is the dispersant
viscosity.

Dh ¼ kT=3phD (3)

DLS measurements were performed with a spectrometer (Zetasizer
Nano ZS) equipped with He–Ne laser with a wavelength of 633 nm
digital correlator. All measurements were carried out at 25 �C, with
a detection angle of 173�. Solutions of 0.5% (w/v) complex aggre-
gates in ethanol/THF were used. The scattering intensity autocor-
relation functions were analyzed using the methods of CONTIN and
Cumulant which are based on an inverse-Laplace transformation of
the data and give access to a size distribution histogram for the
analyzed solutions.

2.6. Atomic force microscopy (AFM)

The phase morphology of the IPECs was examined using an AFM
(DME type DS 45-40, Denmark) in the tapping mode at room
temperature. The thin films of the samples were prepared on glass
slides. The samples were annealed for 72 h under vacuum. The
height and phase images were recorded simultaneously while
operating the instrument in the tapping mode.
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3. Results and discussion

3.1. Hydrogen bonding interactions

The FTIR spectra of PCL-b-P2VP/PAA IPECs in the region 1800–
4000 cm�1 are given in Fig. 1. It can be noticed that pure PAA
exhibits some characteristic bands in this region. The broad band in
the region 2800–3300 cm�1 can be attributed to the O–H stretching
and the band at 2647 cm�1 corresponds to the ‘satellite’ band.
According to Lee et al. [25], these satellite bands arise due to some
overtones and combinations owing to different stretching modes.
The spectra of the IPECs show two new bands at 2530 and
1930 cm�1. These bands arise due to the intermolecular interaction
between the carboxylic groups in PAA and pyridine groups in P2VP.

The FTIR spectra of PCL-b-P2VP/PAA IPECs in the region 1650–
1780 cm�1 are given in Fig. 2. This region is quite complicated since
both PAA and PCL show characteristic absorption bands due to the
presence of carbonyl groups. The two carbonyl bands of pure PCL-
b-P2VP, one relatively sharp at 1725 cm�1 and the other seen as
a shoulder at 1736 cm�1 can be attributed to crystalline and
amorphous conformations of PCL, respectively. Pure PAA exhibits
a broad band at 1710 cm�1 which can be attributed to the over-
lapping of two carbonyl stretching bands comprising of free as well
as self-associated carboxylic groups in PAA. This band moves
towards higher wavenumbers upon complex formation and a sharp
band appears at 1730 cm�1 in the spectra of PCL-b-P2VP/PAA IPECs
as shown in Fig. 2. This behaviour is schematically represented in
Fig. 3. However, since both PCL and PAA exhibit bands in this region,
the observed band at 1730 cm�1 region could be resulted from the
overlapping of contributions from these two bands. The interaction
between PAA and P2VP blocks of PCL-b-P2VP block copolymer can
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Fig. 1. Infrared spectra in the region of 1800–4000 cm�1 of PCL-b-P2VP/PAA IPECs at
room temperature.

Fig. 2. Infrared spectra in the carbonyl stretching region of PCL-b-P2VP/PAA IPECs at
room temperature.
be examined by analysing the 1550–1610 cm�1 region in the IR
spectra of IPECs which are given in Fig. 4. Pure P2VP exhibits two
peaks at 1568 and 1591 cm�1, respectively which are the ring
modes of pyridine group. The band at 1591 cm�1 becomes broad
and shifts towards higher wavenumbers as the PAA content
increases in the IPEC, which is due to the increase in stiffness of the
pyridine ring as a result of hydrogen bonding [26]. The hydrogen
bonded pyridine band is observed at 1596 cm�1 in the complex. It is
possible to calculate the quantitative fraction of hydrogen bonded
pyridine groups in the IPECs. The fraction of hydrogen bonded
pyridine groups can be calculated using the equation,

fb ¼
Ab=a

Ab=aþ Af
(4)

where Af and Ab are the peak areas of the free and hydrogen bonded
pyridine groups. The conversion constant a is the specific
(a) (b)

C

OO

H

C

O O

H N

O

O

N

C

O

C

O

H

H N

Fig. 3. Formation of free carbonyl groups due to the intermolecular hydrogen bonding
in PCL-b-P2VP/PAA IPECs: (a) self-associated PAA and (b) inter-associated PAA and
P2VP with the liberated carbonyl groups.
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absorption ratio of the above two bands. The value of a¼ 1, as has
been reported for other systems where vinyl pyridines (VPs) are
mixed with hydrogen donor polymer [27]. The results from curve
fitting at room temperature are summarized in Table 1. From the
table it is clear that the fraction of hydrogen bonded pyridine
groups increases with increasing PAA content.

3.2. Phase behaviour

The thermal behaviour of PCL-b-P2VP/PAA IPECs was examined
using DSC. The DSC curves of the second scan (heating) of IPECs at
various compositions are shown in Fig. 5. The IPECs contain the
block copolymer PCL-b-P2VP with two immiscible blocks, which is
supposed to exhibit two separate Tgs corresponding to PCL block
and P2VP block, respectively. However, the Tg of PCL blocks is not
detectable from the DSC curves under the current experimental
conditions. From the DSC analysis, PAA shows a Tg at 115 �C, and in
the block copolymer, P2VP exhibits Tg approximately at 102 �C. The
Tg values of the IPECs are plotted against the composition as is
shown in Fig. 6. The IPECs exhibit a single Tg corresponding to the
homogeneous PAA/P2VP phase. This can be attributed to the high
Table 1
Curve fitting results of PAA/P2VP interactions in PCL-b-P2VP/PAA IPECs at room tempera

PCL-b-P2VP/PAA Free pyridine group

n (cm�1) W1/2 (cm�1) Af (%)

20/80 1591 16.3 19.6
40/60 1591 129 26.1
60/40 1591 18.8 47.9
80/20 1591 15.2 78.7
degree of mixing between the two polymers due to strong inter-
molecular hydrogen bonding.

The melting points of immiscible PCL phase can be detected
from DSC curves. Melting point depression, which is an important
characteristic of polymer mixtures where intermolecular interac-
tions exist, cannot be observed in this complex. The pure block
copolymer exhibits a peak at 57 �C which is the melting point of
crystalline PCL blocks [27]. However, in PCL-b-P2VP/PAA IPECs, the
melting point remains unchanged with increase in PAA content.
From Fig. 5, it can be observed that PCL melting peak can be
observed even at 90 wt% PAA IPECs. Meanwhile, the complex with
20–50 and 90 wt% PAA shows crystallization exotherms during
heating. This indicates that PCL becomes difficult to crystallize,
suggesting a gradually decreased crystallization rate. It can be
concluded that PCL phase was not involved in any kind of inter-
molecular attraction in the IPECs.

The semi-crystalline morphology of the PCL-b-P2VP/PAA IPECs
was examined using the optical microscope. The ethanol/THF cast
complex films were analyzed at different magnifications. The
polarizing optical microscopic (POM) images are given in Fig. 7.
From the figure it is clear that the IPECs contain PCL crystalline
spherulites. As the concentration of PAA increases in the IPECs, the
ture

Bonded pyridine group fb (%)

n (cm�1) W1/2 (cm�1) Ab (%)

1596 12.6 80.4 80.4
1596 14.6 73.9 73.9
1596 13.9 52.1 52.1
1596 16.2 21.3 21.3
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spherulites become smaller, however, can be observed even at very
high PAA concentrations.

3.3. Micelle formation

The PCL-b-P2VP/PAA IPECs are prepared by slowly adding PAA in
ethanol solution into PCL-b-P2VP in THF solution, because ethanol
is a common solvent for both PAA and P2VP block of the block
Fig. 7. POM images of (a) 100/0, (b) 70/30, (c) 4
copolymer, but a precipitant for the PCL block. Core–shell micelles
with PCL blocks as the core and hydrogen bonded P2VP/PAA phase
as the shell are formed when both solutions are mixed together.
These micelles are called complex coacervate shell micelles since
the shell of the micelles is composed of oppositely charged PAA and
P2VP.

When PAA in ethanol solution is dropped into the PCL-b-P2VP in
THF/ethanol solution, four different components exist in the
solution mixture, such as PCL-b-P2VP, PAA units, ethanol and THF.
Hydrogen bonding takes place not only between pyridine units and
acrylic acid units but may also exist between pyridine units
and ethanol, pyridine units and THF, acrylic acid units and ethanol,
and carbonyl units and THF. Thus, the final morphology of the
complex is the result of balance of all these factors. Of the four
components, the PAA block is the strongest Lewis acid and P4VP is
the strongest Lewis base; thus, hydrogen bonging between PAA
units and P2VP blocks should be the most predominant.

The micelle formation of PCL-b-P2VP/PAA IPECs in solution was
analyzed using DLS. Fig. 8 shows the plots of the hydrodynamic
diameter (Dh) distribution of the core–shell micelles vs intensity at
20 �C at different compositions. For each complex solution, the size
distribution consists of a single peak with a narrow size distribu-
tion. Moreover, it can be noted that the peak of the IPECs shifts with
the increasing PAA content. This is obviously due to the swelling of
the block copolymer by PAA homopolymer. Micelles with different
size distributions are formed in the solution at different composi-
tions. The Dh–composition and polydispersity index (PDI)–
composition plots are given in Fig. 9. Polydispersity in the area of
light scattering is used to describe the width of the particle size
distribution. Here, the term polydispersity is derived from the
polydispersity index, a parameter calculated from a Cumulants
analysis of the DLS measured intensity autocorrelation function.

It can be observed that the Dh of the micelles decreases initially
with increasing concentration of the PAA content. There is a gradual
decrease in Dh of the micelles till 40 wt% of PCL-b-P2VP/PAA IPECs
and increases thereafter. The PCL-b-P2VP diblock copolymer exists
in solution as spherical core–shell micelles with PCL chains as the
0/60, and (d) 20/80 PCL-b-P2VP/PAA IPECs.
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core and P2VP chains as the shell. When PAA solution is added to
the PCL-b-P2VP solution, PAA units are absorbed into the shell of
the core–shell micelles due to the hydrogen bonding between PAA
and shell forming P2VP blocks. The decrease in diameter can be
attributed to the strong hydrogen bonding induced absorption of
PAA units to the PCL-b-P2VP micelles. This reduction in diameter
continues till saturated amount of PAA is absorbed by P2VP blocks.
When an excess amount of PAA is further added (above 40 wt%
PAA), the PAA units are added onto the surface of the shell which
causes the increase in diameter of the micelles. In hydrogen
bonding interactions, unlike electrostatic interactions or hydro-
phobic interactions, the absorbed PAA units can be penetrated into
the shell of PCL-b-P2VP micelles. Moreover, upon the addition of
PAA in ethanol, the P2VP chains in the shell can stretch into the
solution since they are soluble in ethanol. The hydrogen bonding
between PAA and P2VP changes the conformation of the P2VP
chains from stretched to folded that results in the reduction in size.
In DLS, the average size is derived as the intensity weighed average
hydrodynamic size of the collection of particles being measured,
which is simply influenced by the hydration or solvation effects. In
microscopic measurements, on the other hand, it is the number
weighed average size of the dehydrated sample. Hence the average
diameter of the particles calculated from DLS is always slightly
higher than the AFM or TEM measurements.

The morphology of the solid IPECs was examined with AFM. The
phase images of PCL-b-P2VP/PAA IPECs at various compositions are
given in Fig. 10. Spherical micelles are observed in all the complex
compositions. The phenomena of reduction in diameter of the
micelles, however, cannot be analyzed precisely since the average
diameter of the spherical micelles in the solid sample is almost the
same at lower PAA concentrations. However, it can be observed
from Fig. 10 that there is no noticeable increase in the micelle
diameter till 40 or 50 wt% PAA IPECs. The micelles at 80 or 90 wt%
PAA IPECs appear to be larger compared to the lower concentra-
tions. Therefore, the result is consistent with the DLS experiments.

The formation mechanism of different microphases in PCL-b-
P2VP/PAA IPECs at different compositions is illustrated in Fig. 11.
Fig. 11a shows a schematic representation of PCL-b-P2VP block
copolymer micelles in THF/ethanol solvent mixture. Here, the PCL
blocks, which are insoluble in ethanol, form the core of the micelle
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while the P2VP blocks which are soluble in both ethanol and THF
form the shell. Therefore, P2VP chains are quite relaxed and can
stretch freely into the solution. The size of the core–shell micelles is
about 50 nm in solution as determined by DLS. In the IPECs con-
taining 10 wt% of PAA, the size of the micelles changes (Fig. 11b) as
a result of addition of PAA homopolymers. The added PAA forms
strong hydrogen bonds with the P2VP shell and which changes the
Fig. 10. AFM images of (a) 100/0, (b) 90/10, (c) 70/30
shell conformation into folded structure. The absorption of PAA
homopolymers into the shell causes the reduction in the hydro-
dynamic size of the micelles. This reduction in size continues till
40 wt% PAA IPECs. The size of the micelle aggregates increases
(Fig. 11c) after 50 wt% PAA IPECs; this may be due to the saturated
amount of PAA in the shell. The added PAA homopolymers are
absorbed onto the surface of the micelles which results in the
increased hydrodynamic size of the micelles. However, the reduc-
tion in hydrodynamic size can be identified only in DLS studies. The
AFM images give no information about the reduction in size of the
micelles at lower PAA content. This is because the stretching and
folding of the P2VP chains can happen only in solutions. Since the
samples were thermally annealed, AFM provided only the
morphology of the dry solid surface.
4. Conclusions

The micellization in PCL-b-P2VP/PAA interpolyelectrolyte
complexes was observed as a function of composition. Core–shell
micelles were formed by the mutual mixing of polyelectrolyte PAA
in ethanol and PCL-b-P2VP in THF/ethanol solutions. This complex
, (d) 50/50, and (e) 20/80 PCL-b-P2VP/PAA IPECs.
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coacervate shell micelles were composed of hydrogen bonded PAA/
P2VP shell and with non-interacting PCL blocks as the core. The
hydrogen bonding interaction in the IPECs was revealed by FTIR
results. The PCL blocks showed crystallinity even at very high PAA
contents. The absorption of PAA homopolymer units into the shell
of PCL-b-P2VP micelles was confirmed by the decrease in the
hydrodynamic radius of the micelles with increase in PAA
concentration up to 40 wt%. The reduction in size of the micelles
was attributed to the penetration of PAA homopolymer units into
the P2VP shell, since P2VP and PAA form very strong intermolecular
hydrogen bonding. The size of the micelles again increased after
50 wt% PAA IPECs, which is attributable to the saturation of PAA
groups in the shell of the micelles.
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