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ABSTRACT: New amphiphilic polymer networks were
synthesized by the free-radical copolymerization of a,o-
diacryl polycaprolactone (DAPCL) and N-vinylpyrrolidone
(NVP), which was initiated by 0.5% azobisisobutyronitrile
at 708C. The chemical structures of the networks were
characterized by proton nuclear magnetic resonance spec-
trometry. The NVP/DAPCL feed ratio played an impor-
tant role in the crosslinking process. The synthesized

amphiphilic polymer networks exhibited controlled swel-
ling properties in water and organic solvents (ethanol, ace-
tones, and toluene). A porous structure was observed for
the amphiphilic polymer networks under a scanning elec-
tron microscope. � 2007 Wiley Periodicals, Inc. J Appl Polym
Sci 105: 2712–2716, 2007
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INTRODUCTION

Amphiphilic polymer networks (APNs) are polymer
networks consisting of both hydrophilic and hydro-
phobic components.1–3 APNs have been widely stud-
ied because they exhibit unique properties such as
swelling in both organic and aqueous media, excel-
lent biocompatibility, adjustable mechanical proper-
ties, and controlled release of hydrophobic/hydro-
philic drugs.4,5

The most convenient method for the preparation
of APNs is the free-radical crosslinking copolymer-
ization of a hydrophilic component and a hydropho-
bic component.2 Generally, APNs can be synthesized
by the copolymerization of a hydrophobic and
hydrophilic monomer, a hydrophobic macrocros-
slinker and a hydrophilic monomer, or a hydropho-
bic monomer and a hydrophilic macrocrosslinker.3

The use of macrocrosslinkers has attracted extensive
interest because they provide the ability to separate
the polymerization process from the network forma-
tion and to produce APNs with controlled struc-
tures.1 Various macrocrosslinkers such as a,o-diacry-
late polyisobutylene,6–13 a,o-diacrylated poly(tetrahy-
drofuran),14–17 a,o-diacrylated polylactide (PLA)/
poly(e-caprolactone) (PCL),18–21 and a,o-diacrylate
poly(2-oxazoline)s22,23 have been investigated widely
for the preparation of APNs. Recently, biodegradable

APNs synthesized by the free-radical copolymeriza-
tion of biodegradable macrocrosslinkers and mono-
mers have attracted much interest.18–21 Jérôme
et al.20 prepared bioerodible and biocompatible APNs
from 2-hydroxyethyl methacrylate and a,o-dimetha-
crylate with PLA/PCL, which was synthesized by liv-
ing cationic ring-opening polymerization. The result-
ing networks could swell in both organic solvents and
aqueousmedia; thus, they could be loadedwith both lip-
ophilic (dexamethasone acetate) and hydrophilic (dexa-
methasone sodiumphosphate) drugs.

PCL is one of the most widely used biodegradable
polyesters in biomedical and packaging applications.
It is a highly hydrophobic polymer with a slow
hydrolytic degradation rate.24 Poly(N-vinylpyrroli-
done) (PVP) is a water-soluble polymer with excel-
lent biocompatibility and low cytotoxicity to living
tissue.25,26 In addition, PVP is miscible with many
organic solvents, and it interacts with a variety of
small molecules in solution because of its amphi-
philic nature.27 As a result, PVP has attracted much
attention as a material for use in medicine and phar-
maceuticals.28,29 The combination of the two compo-
nents (i.e., PCL and PVP) in the synthesis of APNs
can result in adjustable properties providing the
potential to carry both hydrophilic and hydrophobic
drugs. APNs with controllable swelling properties
also can be obtained by the variation of the feed ra-
tio of the a,o-diacryl polycaprolactone (DAPCL) to
the N-vinylpyrrolidone (NVP) monomer. This article
reports a family of novel biodegradable amphiphilic
networks synthesized by the free-radical copolymer-
ization of DAPCL and NVP.
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EXPERIMENTAL

Materials

A PCL diol with a molar mass of 4000 g/mol, a gift
from Solvay Caprolactones (Cheshire, UK), was dried
in vacuo before use. Acryloyl chloride was purified
by distillation in the presence of hydroquinone. Tri-
ethylamine was dried and distilled over calcium
hydride. NVP was purified by distillation under re-
duced pressure. Azobisisobutyronitrile (AIBN) was
purified by recrystallization from hot ethanol and
dried under a vacuum. The other regents were ana-
lytical-grade and were used as received.

Synthesis of DAPCL

DAPCL was prepared according to the literature.30

Briefly, 8.000 g (2.0 mmol) of the PCL diol was dis-
solved in 100 mL of dichloromethane at 408C; then,
0.455 g (4.5 mmol) of triethylamine and 0.407 g (4.5
mmol) of acryloyl chloride were added, and the
reaction mixture was stirred overnight at room tem-
perature. Triethylamine hydrochloride salt was pre-
cipitated during the reaction process and was
removed by filtration after the reaction was com-
pleted. The filtrate was concentrated with a rotary
evaporator and poured into n-hexane. The white
precipitate was collected and dried under a vacuum
at room temperature overnight.

Preparation of the APNs

The APNs were synthesized by the free-radical
copolymerization of DAPCL and NVP (Scheme 1).
DAPCL, NVP, and 0.5 wt % AIBN were added to a
glass ampule and vacuum-sealed after three vac-
uum–nitrogen cycles. The polymerization was car-
ried out at 708C in an oil bath for 24 h. The crude
product was extracted by dichloromethane for 72 h
to leach out the reactants and homopolymer. The
resulting product was dried at 608C under a vacuum
until a constant weight (Wgel) was achieved to

ensure the complete elimination of volatile impur-
ities. The gel content was calculated with eq. (1):

Gel content ¼ ½Wgel=ðWDAPCL þWNVPÞ� � 100% (1)

where WDAPCL is the weight of DAPCL and WNVP is
the weight of NVP in feed.

Swelling measurements

The classical gravimetric method was used to mea-
sure the swelling ratios. The sample was immersed
in one of the four solvents (i.e., water, ethanol, ace-
tone, and toluene) for 48 h to reach the swelling
equilibrium. After the solvent on the network surfa-
ces was wiped off with moistened filter papers, the
weight of the network was measured. Three meas-
urements were taken for each sample, and the swel-
ling ratio was calculated with eq. (2):

Swelling ratio ¼ ½ðWt �WdÞ=Wd� � 100% (2)

where Wd is the weight of the dried networks and
Wt is the weight of the swollen networks at time t.

Characterization

1H-NMR spectra of the PCL diol, DAPCL, and
APNs were recorded on a Mercury VX-300 spec-
trometer with tetramethylsilane as an internal stand-
ard and CDCl3 as a solvent. For the APNs, a 0.500-g
sample was swollen for 48 h in CDCl3 in the NMR
tube, and the resulting transparent swollen network
was used for the measurements.

The morphologies of the dried polymer networks
were investigated with a Hitachi scanning electron
microscope (Ibaraki, Japan) at 20 kV.

RESULTS AND DISCUSSION

Preparation of the APNs

The 1H-NMR spectra of the PCL diol and DAPCL
are shown in Figure 1. DAPCL was synthesized by
the reaction of the PCL diol with acryloyl chloride.
The differences in these two spectra are the peaks
that appear at d ¼ 5.70–6.50 ppm in the DAPCL
spectrum, indicating the incorporation of acrylate
groups into the PCL chain.

The copolymerization temperature was set at
708C, which was above the melting point of PCL (ca.
608C), to ensure a homogeneous reaction, which is
essential for this kind of reaction. The APNs were
prepared at six different NVP/DAPCL feed ratios
(w/w)—90 : 10, 70 : 30, 50 : 50, 30 : 70, 10 : 90, and 0 : 100—
and were designated CN1, CN2, CN3, CN4, CN5,
and CN6, respectively. After extraction in dichloro-Scheme 1 Synthesis of APNs.
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methane for 72 h to remove all the soluble fractions,
the insoluble network consisting of PCL and PVP
segments were obtained. As shown in Figure 2, the
peak at d ¼ 4.00 ppm belongs to ��OCH2�� of the

PCL unit in the network, and the peaks at d ¼ 2.80
ppm and d ¼ 3.20 ppm can be assigned to
��CH��CH2 and ��N��CH2�� of the NVP unit. The
composition of the hydrophobic PCL segment and
the hydrophilic NVP segment can be calculated by
the integrals of the peak at d ¼ 4.00 ppm and d
¼ 3.20 ppm, respectively.

The gel content and the calculated NVP weight
percentage in the APNs as a function of the NVP
feed weight percentage are shown in Figure 3. For
CN6, the gel content was 54 wt % with the use of
only DAPCL as the polymerization monomer. When
the NVP feed percentage increased from 0 to
30 wt %, the gel content increased from 54 to 69 wt %.
After that, the gel content decreased continuously
from 69 to 12 wt % when the NVP feed percentage
increased from 30 to 90 wt %. The presence of a
maximum gel content, which was obtained at an
NVP percentage of 30 wt %, indicates that the cross-
linking reaction was highly dependent on the NVP/
DAPCL feed ratio and that NVP played an impor-
tant role in the network formation. The crosslinking
efficiency was rather low for the high NVP/DAPCL
feed ratio systems, and this can be attributed to the
strong tendency for chain transfer of NVP.31 When
the NVP feed percentages were 10, 30, 50, 70, and
90 wt %, the corresponding NVP percentages in the
APNs were 8, 27, 40, 46, and 56 wt %, respectively.
Although the calculated NVP weight percentages in
the APNs increased with the NVP feed weight per-
centages, it is obvious that the weight percentages of
the NVP segments in the resulting APNs were lower
than those in the feed. This phenomenon showed
that NVP has lower reactivity than DAPCL during
the process of network formation. In other words,

Figure 2 1H-NMR spectra of NVP/DAPCL APNs.

Figure 3 Gel contents and calculated NVP weight percen-
tages in the polymer networks as functions of the NVP
feed weight percentage.

Figure 1 1H-NMR spectra of DAPCL (top) and PCL diol
(bottom).
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the NVP monomers can be incorporated more read-
ily into the NVP homopolymer than into the net-
work, and this leads to lower gel contents at higher
NVP feed percentages. For example, at an NVP feed
percentage of 90 wt %, most of the NVP converted
into the linear homopolymer and subsequently was
extracted by a solvent after polymerization, and this
resulted in the lowest gel content value.

Swelling studies

APNs have shown their ability to swell in both
aqueous media and organic solvents, as reported in
the literature.1 The swelling behavior of APNs is
governed by the preferential interaction of each sol-
vent toward one of the two constitutive components

of the network, as well as the network composi-
tion.20 In this work, swelling studies of the APNs
were performed in solvents with different hydrophi-
licities: water, ethanol (hydrophilic), acetone (less
hydrophilic), and toluene (hydrophobic). Of these
four solvents, water and ethanol were good solvents
for PVP, but acetone and toluene were poor solvents
for PVP.

The dependence of equilibrium swelling ratios in
different solvents at room temperature on the com-
position of the NVP/DAPCL networks is presented
in Figure 4. As expected, the polymer networks con-
taining both NVP and DAPCL segments showed
amphiphilic behaviors. The composition of the NVP
component and PCL component had a great influ-
ence on the swelling behavior of the polymer net-
works in these four types of solvents. For CN6,
because the polymer network comprised only hydro-
phobic PCL segments, it did not swell in water and
the hydrophilic ethanol. When the NVP weight per-
centage in the APNs increased from 0 to 56 wt %
(corresponding to the NVP feed percentage from 0
to 90 wt %), the swelling ratios of the networks in
water increased from 0 to 198%. This gradual
increase in the water uptake with the increase in the
hydrophilic component in APNs has been observed
in various APN systems, such as PCL/poly(2-
hydroxyethyl methacrylate)20 and poly(2-alkyl-2-oxa-
zoline)/poly(methyl methacrylate).23 With ethanol as
the swelling solvent, the swelling ratios of the net-
works also showed a gradual increase with the NVP
weight percentage, that is, from 0 to 272%. In con-
trast to the swelling behavior of the APNs in water
and ethanol, the swelling ratio in acetone and tolu-
ene decreased with an increasing NVP weight per-
centage (i.e., increased with an increasing PCL
weight percentage). When the NVP percentage
increased from 0 to 56 wt %, the swelling ratios for

Figure 4 Equilibrium swelling ratios of the polymer net-
works in water, ethanol, acetone, and toluene (258C).

Figure 5 Scanning electron microscopy micrographs of the APNs (CN1, CN3, and CN6).
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APNs in acetone and toluene decreased from 333 to
90% and from 386 to 148%, respectively. There were
four compositions at which the APNs swelled
equally in the hydrophilic solvent (water/ethanol)
and hydrophobic solvent (acetone/toluene). Such
swelling behavior is typical for APNs containing seg-
ments of the opposite philicities.23

Morphology of the polymer networks

Figure 5 shows scanning electron microscopy photo-
graphs of the dried polymer networks of CN1, CN3,
and CN6 with calculated NVP contents of 56, 40,
and 0 wt %, respectively. It has been reported that
networks prepared with AIBN as a free-radical ini-
tiator exhibit a porous structure resulting from the
release of nitrogen gas upon the thermal decomposi-
tion of AIBN.20 The surface of the samples appeared
to be rough and porous. CN6, consisting of only
PCL segments, exhibited a smoother surface with
tiny pores. CN1 and CN3 possessed larger and more
pores because of their heterogeneous structures as
well as the PVP (soluble fractions) leaching effect.

CONCLUSIONS

New APNs with controlled swelling behavior and
porous structures were synthesized by the free-radi-
cal polymerization of DAPCL and NVP. The gel con-
tent strongly depended on the NVP/DAPCL feed ra-
tio. With an increase in the NVP/DAPCL feed ratios,
the swelling ratios of the polymer networks in-
creased in water and hydrophilic solvents, such as
ethanol, and decreased in less hydrophilic solvents,
such as acetone and toluene. The observed phenom-
ena can be attributed to the hydrophilicity of the
NVP component and the hydrophobicity of the PCL
component in the APNs. Thus, the swelling ratios of
the APNs in different solvents could be controlled
by the variation of the PCL/NVP composition.
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19. Barakat, I.; Dubois, P.; Jérôme, R.; Teyssie, P.; Goethals, E. J

Polym Sci Part A: Polym Chem 1994, 32, 2099.
20. Barakat, I.; Dubois, P.; Grandfils, C.; Jérôme, R. J Polym Sci
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