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Abstract

Interpenetrating polymer networks (IPNs) combining polyisobutene (PIB) and poly(cyclohexyl methacrylate) (PCHMA) networks were
prepared using an in situ strategy. PIB networks were formed by alcoholeisocyanate addition between the hydroxyl end groups of telechelic
dihydroxypolyisobutene and an isocyanate cross-linker, catalyzed by dibutyltindilaurate (DBTDL). PCHMA networks were obtained from
free-radical copolymerization of cyclohexyl methacrylate (CHMA) with ethylene glycol bismethacrylate (EGDM) in the presence of dicyclo-
hexyl peroxydicarbonate (DCPD) as the initiator. The network formations into the IPN architecture were followed by FTIR spectroscopy. In
a large composition range, transparent IPNs exhibit two mechanical relaxation temperatures as determined by dynamic mechanical thermal
analysis (DMTA), corresponding to those of a PIB enriched phase and of one interpenetrating phase containing the PCHMA network. This
morphology was confirmed by IPN surface analysis by AFM. As expected, mechanical properties of PIB networks are improved by the presence
of PCHMA network in such IPN architectures.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Interpenetrating polymer networks (IPNs) are defined as the
combination of two or more polymer networks synthesized in
juxtaposition. The entanglement of two cross-linked polymers
leads to forced ‘‘miscibility’’ compared with usual blends and
the resulting materials exhibit good dimensional stability. The
general aim for preparing such types of polymer associations is
to obtain materials with improved mechanical properties, an in-
creased resistance to degradation and a possible synergy of prop-
erties of homopolymers combined into the IPN architecture [1].
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Ideally, in a ‘‘true’’ IPN, interpenetration occurs only
through physical cross-links and the networks are entangled
at the molecular level as long as no covalent bonds exist be-
tween the different polymers. Practically co-continuous phases
are observed [1,2] and the interpenetrating degree of both net-
works into the IPN architecture can be analyzed by different
techniques. For instance, by using dynamic mechanical
thermal analysis (DMTA), the domain size is considered
in the order of 5e50 nm if a single transition, corresponding
to an interpenetrating phase, located at a temperature between
those of the single networks, is observed in the loss factor
(tan d)etemperature curve [3]. Usually however, IPNs show
two mechanical relaxations corresponding to two phases en-
riched in one of each polymer network, and only few IPNs
are characterized by a single mechanical relaxation. For
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example, polyurethane/poly(ethyl methacrylate) IPNs with
weight compositions (30e70) and (20e80) show only one
peak on the tan detemperature curves, indicating a high
degree of interpenetration between both partner networks
[4]. IPNs combining a polydimethylsiloxane (PDMS) network
and a cellulose acetate butyrate one (CAB) exhibit only one
mechanical relaxation temperature when the formation rate
of the CAB network is correctly adjusted compared with
that of the PDMS network [5]. This unique transition again
witnesses a high level of interpenetration. Polyisobutene
(PIB) is an elastomeric polymer, which flows at more or less
high temperature [6]. In order to avoid this creeping and to
improve the solvent resistance as well as the mechanical prop-
erties of the material, polyisobutene has been combined with
an IPN architecture with a network synthesized from a thermo-
plastic polymer. This has been realized by using an in situ
strategy, in which all components are first mixed together
and the networks are then formed more or less simultaneously,
according to different reaction mechanisms. Firstly, PIB net-
works have been combined with PMMA networks [7]. The
precursors of both networks are not miscible and toluene
must be used in order to obtain a homogeneous initial mixture.
The highest interpenetration degree is obtained when the PIB
network is formed prior to the PMMA one. The resulting IPNs
are transparent but they show two distinct mechanical relaxa-
tions corresponding to rich PIB and rich PMMA phases, for all
studied compositions and PMMA cross-linking densities.
Secondly, the association of PIB and polystyrene (PS) net-
works in an IPN architecture has been studied [8]. In this
case, the PS network precursor (styrene) plays the role of a sol-
vent toward the PIB oligomer, thus those IPNs are synthesized
without any additional solvent. The highest interpenetration
degree is again obtained when the PIB network is first formed
prior to the PS one. The final material properties depend on
their composition. When the PIB network is the main com-
ponent, it forms the matrix in which are dispersed PS rich
domains and the resulting material presents reinforced elasto-
meric properties. The PIB and PS phase co-continuity is ob-
served and the material is rigid when the IPN is mainly
composed of PS. In all cases, the mechanical properties of
the PIB network and the UV ageing resistance are again
improved by the introduction of a thermoplastic network
into the IPN architecture. Although interactions between
both networks exist in those two associations, no ‘‘true’’ inter-
penetrating phase between both networks has been detected.

In this third study, the synthesis of IPNs combining PIB and
poly(cyclohexyl methacrylate) (PCHMA) networks involves
an in situ strategy. PCHMA has been chosen as the new part-
ner of PIB because (i) cyclohexyl methacrylate monomer is
more hydrophobic than methyl methacrylate or styrene [9]
and can be used as a ‘‘reactive’’ solvent of PIB network pre-
cursors, (ii) the resulting polycyclohexyl methacrylate
(Tg¼ 128 �C [10]) has a higher glass transition temperature
than that of usual PMMA (Tg¼ 108 �C [11]) or polystyrene
(Tg¼ 100 �C [11]), and (iii) PCHMA and PIB polymers
have close solubility parameters (18.5 and 18.7 MPa1/2, re-
spectively) which could lead to an improved interpenetration
of both partner networks in the IPN architecture [12,13]. As
in the case of PIB/PMMA and PIB/PS IPNs [7,8], the PIB net-
work has been synthesized prior to the PCHMA one, accord-
ing to different mechanisms, in order to obtain the highest
degree of interpenetration. The conversion of reactive func-
tions involved in the synthesis of each network during the
IPN formation has been investigated as a function of time
by near FTIR spectroscopy. In order to examine the extent
of network interpenetration, thermomechanical properties of
IPNs of all weight compositions have been studied by
DMTA and morphology of final materials has been examined
by AFM microscopy.

2. Experimental part

2.1. Material

a,u-Dihydroxypolyisobutene (MnSEC¼ 4200 g mol�1,
Ip¼ 1.2 in THF, MNMR¼ 4400 g mol�1 in C6D6, func-
tionality¼ 1.9) was kindly provided by BASF. Dibutyltin
dilaurate (DBTDL) (Aldrich), ethylene glycol dimethacrylate
(EGDM) (Aldrich), dicyclohexyl peroxydicarbonate (DCPD,
groupe Arnaud) and Desmodur�N3300 (Bayer) (NCO content
by weight: 21.8� 0.3% according to the supplier) were used
as received. This last compound is described as an isocyanu-
rate mixture resulting from the condensation of three to several
hexamethylene diisocyanate molecules and mainly composed
of mono-, di- and tri-isocyanurates with a global functionality
higher than 2. Thus mere ‘‘tri(6-isocyanatohexyl)isocyanu-
rate’’ is not a proper description and the compound is referred
to as isocyanate cross-linker or cross-linking agent [14].
Cyclohexyl methacrylate (CHMA, Aldrich) was distilled
before use (69 �C/4 mm). Dichloromethane (CH2Cl2, Carlo
Erba) was used as received.

2.2. Synthesis

The single PIB network was obtained as previously
described [7]. The single PCHMA network was synthesized
as follows: 1 g CHMA (5.9� 10�3 mol) was mixed with
28 mL EGDM (1.5� 10�4 mol, 3% by weight with respect
to CHMA) and 10 mg free-radical initiator DCPD (3.5�
10�5 mol, 1% by weight with respect to CHMA). The mixture
was poured under argon into a mould made from two glass
plates clamped together and sealed with a 0.5 mm thick
Teflon� gasket. The mould was heated in an oven at 40 �C for
6 h and at 80 �C for 1 h. A rigid transparent film was obtained.

For the PIB/PCHMA (50/50) IPN, 1 g a,u-dihydroxypoly-
isobutene (4.5� 10�4 OH mol eq.) was mixed with 1 g CHMA
(5.6� 10�3 mol) and 28 mL EGDM (3% by weight with re-
spect to CHMA, 1.5� 10�4 mol) under argon. Then 10 mg
DCPD (3.5� 10�5 mol, 1% by weight with respect to
CHMA), 3 mL DBTDL (5.9� 10�6 mol, [DBTDL]/[OH]¼
0.013) and 0.13 g isocyanate cross-linker ([NCO]/[OH]¼
1.2) were added. The [NCO]/[OH] molar ratio is calculated
from OH concentration deduced from SEC determination of
the molecular weight of the a,u-dihydroxypolyisobutene.
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The mixture was degassed and then treated as the single
PCHMA network.

IPNs with different PCHMA contents ranging from 40 to
80% by weight were synthesized keeping the same proportions
between monomer, cross-linker and catalyst or initiator for
each network. All investigated PIB/PCHMA compositions
were reported in weight-by-weight ratio. Thus, an IPN ob-
tained from a mixture of 0.70 g a,u-dihydroxypolyisobutene
and 0.30 g CHMA will be noted as PIB/PCHMA (70/30) IPN.

2.3. Analytical techniques

In order to estimate the amount of unreacted starting mate-
rials in the final product and thus the extent of network forma-
tion, single networks and IPNs were extracted in a Soxhlet
with dichloromethane for 72 h. After extraction, the sample
was dried under vacuum and then weighed. The extracted
content (EC) was given as a weight percentage:

ECð%Þ ¼ ðW0�WEÞ
W0

� 100

where W0 and WE are the weights of samples before and after
extraction, respectively.

The rates of network formation were followed in the bulk,
in real time, in the near and middle infrared (NIR and MIR)
regions (7500e1800 cm�1) using a Bruker spectrometer
(Equinox 55). The PCHMA and PIB network formations
were followed by monitoring the disappearance of the
HeC]C overtone absorption bands at 6167 cm�1 [15] and
of the isocyanate functions at 2270 cm�1 [16], respectively,
as described previously [5]. Each peak area was directly pro-
portional to the reagent concentration (the BeereLambert law
has been verified), thus the conversionetime profile was de-
rived easily from the spectra recorded as a function of time.
The conversion of reactive bonds could be calculated as
p¼ 1� (At/A0) from the absorbance values where the symbols
have the usual meaning and the subscripts 0 and t denote
reaction times. IPNs were directly synthesized in the IR cell
following the method described previously [7].

Dynamic mechanical thermal analysis (DMTA) measure-
ments were carried out on film samples with a Q800 apparatus
(TA Instruments) operating in tension mode. Experiments
were performed at a 1 Hz frequency and a heating rate of
3 �C min�1 between �100 and 200 �C. Typical dimensions
of the samples were 30� 10� 0.5 mm3. The set up provides
the storage and loss moduli (E0 and E00) and the damping
parameter or loss factor (tan d). All storage modulus values
were normalized at 3 GPa at �100 �C in order to compare
their relative evolution with increasing temperature.

The atomic force microscopy (AFM) apparatus is com-
posed of a Dimension 3100 Scanning Probe Microscope and
a NanoScope� IIIa from VEECO. The scanning window can
vary from 100 mm down to a few nanometers. The probe tip
frequency resonance is f0¼ 250 kHz.
3. Results and discussion

In the present work, PIB and PCHMA networks have been
combined in an interpenetrating polymer network (IPN) archi-
tecture for the reasons explained in Section 1, which should
lead to an IPN displaying a new interpenetrating phase.

3.1. Single networks

The PIB network is synthesized via an alcohol/isocyanate
condensation reaction between the a,u-dihydroxypolyisobu-
tene and isocyanate cross-linker as described previously [7].
This reaction is catalyzed by dibutyltindilaurate (DBTDL).
An insoluble transparent material, which contains a very low
amount of extracted products (<1%) as found by a Soxhlet
extraction with CH2Cl2 is obtained. In Fig. 1 are reported
the storage modulus (E0) and the loss tangent (tan d) versus
temperature curves of the single PIB network which are char-
acterized by a quite broad a-relaxation composed of a peak
centered at �30 �C and a shoulder located at �50 �C. Those
two mechanical relaxation temperatures are associated with
the PIB end local rotational chain motion (Ta¼�50 �C) and
to the PIB cooperative backbone motion (Ta¼�30 �C)
[17e19] and have been observed in other PIB based materials
[20,21].

On the other hand, the PCHMA network is formed by free-
radical copolymerization of CHMA with EGDM ([EGDM]/
[CHMA]¼ 0.025, 3% by weight with respect to CHMA) as
the cross-linker, initiated by DCPD ([DCPD]/[CHMA]¼
0.006, 1% by weight with respect to CHMA). A rigid trans-
parent material is obtained with a very low amount of ex-
tracted products (<1%) as shown by the Soxhlet extraction
with CH2Cl2. Thermomechanical properties of this single
PCHMA network are reported in Fig. 1B. Below 100 �C, the
PCHMA network is in a glassy state. Above 100 �C, E0

decreases rapidly down to a rubbery plateau value at 1 MPa.
The sharp decrease of E0 and the tan d maximum value
(tan d¼ 1.9) at 132 �C are associated with the mechanical re-
laxation temperature of PCHMA. A secondary relaxation peak
at around �80 �C is observed. This g relaxation can be asso-
ciated with the boatechair interconversion of the cyclohexyl
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side groups of the main chain [22,23,24]. This relaxation is
accompanied by a slight decrease of the network modulus.

3.2. PIB/PCHMA IPNs

The study of PIB/PCHMA IPNs extends the conception of
new resistant and damping materials [25]. As for all PIB based
IPNs presented in the previous papers [7,8], the in situ synthe-
sis pathway is chosen, i.e. all the reagents are mixed together:
monomers, cross-linkers, initiator and catalyst forming a
homogeneous solution.

An advantage of PCHMA is that the CHMA monomer is
a fairly good solvent of telechelic PIB oligomer. Thus PIB/
PCHMA IPNs with PCHMA content up to 40% have been
synthesized (for lower contents the precursor mixture viscosity
is too high and the reactive mixture is not homogeneous). Ac-
cording to PIB/PMMA and PIB/PS IPN syntheses, the best in-
terpenetration degree is obtained when the PIB network is first
formed. Indeed, under those synthesis conditions, the PIB net-
work is swollen by the monomer of the second network. This
state is thermodynamically stable and the phase separation be-
tween PIB and the other polymer (PS or PMMA) caused by
the lack of compatibility between the two polymers is slowed
down. When the second network is synthesized just after the
PIB network, the interpenetration degree is improved. Thus,
in this study, the initiator amount has been adjusted in order
to obtain a network formation sequence similar to that of the
PIB/PMMA IPN, i.e. PIB network is first formed and the
PCHMA network is then polymerized and cross-linked inside
the PIB network.

The PIB network synthesis is carried out according to opti-
mized conditions; i.e. with [NCO]/[OH]¼ 1.2 and [DBTDL]/
[OH]¼ 0.013. The PCHMA network is prepared by free-radi-
cal copolymerization of CHMA with ethylene glycol dimetha-
crylate (EGDM, 3% by weight with respect to CHMA) as the
cross-linker and DCPD (1% by weight with respect to CHMA)
as the initiator. The temperature is set at 40 �C. In order to
check the network formation order, a PIB/CHMA (20/80)
weight proportion is chosen for the FTIR monitoring of the
network formations which are followed by the disappearance
of the absorption bands of the methacrylate C]CeH bond
at 6167 cm�1 [15] and of the isocyanate groups at 2270 cm�1

[26]. The conversionetime curves of the reactive function
characteristic of each network formation are reported in Fig. 2.

The conversion of the PIB network reaches 40% at the time
when the PCHMA network formation starts i.e. 30 min after
the beginning of the reaction. This reproducible induction
period corresponds probably to the destruction of a low
DCPD radical amount by residual oxygen traces present in
the reaction mixture. After 50 min at 40 �C the conversion
of hydroxyl functions is around 55%. Between 50 and
80 min, it seems that a Trommsdorff effect self-acceleration
is observed during the PCHMA network formation inducing
an increase in the hydroxyl conversion rate. This assumption
is supported by an increase of the slope of the hydroxyl func-
tion conversion curve as a function of time. Both conversion
curves reach a plateau at around 90% after 100 min. A total
conversion of the reactive functions is reached when the tem-
perature is increased to 80 �C.

As expected, those curves show that the PIB network is
formed first, the PCHMA network formation starting after
a 30 min induction period. After 6 h at 40 �C, the material is
then annealed at 80 �C in order to reach the quantitative con-
version of reactive functions. Thus all IPNs the properties of
which are discussed below are synthesized under those experi-
mental conditions with 1% DCPD (by weight with respect to
CHMA). All transparent IPNs contain extracted amounts
lower than 2%. Their analysis by 1H NMR shows that they
are mainly composed of linear PIB chains of higher molecular
weight than the oligomer a,u-dihydroxypolyisobutene used as
PIB network precursor and they result from a extension reac-
tion through isocyanate functions of the cross-linker. These
extraction results are in agreement with the conversionetime
curves (quantitative conversion of reactive functions) and
show that both networks are well cross-linked.

The difference between the respective refractive indices of
both polymers being extremely small (nD

20
PCHMA¼ 1.506 and

nD
20

PIB¼ 1.505 [27] at 25 �C), the final material will be trans-
parent whatever the interpenetration degree of both networks
in the PIB/PCHMA IPNs and transparency cannot thus be
regarded as a proof of a correct interpenetration between
both networks.

An improvement in the poor mechanical properties of PIB
and a high interpenetration degree of the networks were ex-
pected by combining PIB and PCHMA in an IPN architecture.
Thus, thermomechanical properties of PIB/PCHMA IPNs are
studied by DMTA, paying a special attention to the influence
of IPN composition.

Fig. 3 shows the storage modulus E0 versus temperature
curves for different IPN compositions ranging from 40 to
80% PCHMA by weight every 10%. The PCHMA cross-linker
weight proportion is set up at 3% by weight with respect to
CHMA. All storage moduli are normalized at 3 GPa at
�100 �C in order to analyze the modulus evolution as a func-
tion of PCHMA content.

All samples show a glassy phase below �70 �C, a tempera-
ture corresponding to the beginning of a PIB rich phase me-
chanical relaxation. When the temperature increases from
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�70 to 100 �C, the samples soften and the storage modulus
decreases regularly for each composition when the PCHMA
content decreases. In this temperature range, the storage modu-
lus increases when the PCHMA weight proportion increases
from 40 to 80%. Thus, the material is more and more rigid
on increasing the PCHMA content. At around 120 �C, the stor-
age modulus decreases again which corresponds to the begin-
ning of the PCHMA phase mechanical relaxation.

Above 150 �C, which corresponds to the PCHMA mechani-
cal relaxation temperature, the storage modulus hardly de-
pends on the PCHMA content. Those materials do not flow
at higher temperatures and a constant modulus value of around
1 MPa is observed up to 200 �C.

Several theories have been developed in order to correlate
the modulus of a multiphase system with its composition
and morphology. Most theories assume a perfect adhesion be-
tween the phases and samples being macroscopically isotro-
pic. Kerner [28] described a theory for a matrix (noted 1) in
which spherical inclusions (noted 2) are dispersed over the
whole composition range. The material shear modulus G is
then defined as:

G

G1

¼ ð1�F2ÞG1þ ðaþF2ÞG2

ð1þ aF2ÞG1þ að1�F2ÞG2

ð1Þ

where G is the material shear modulus (the indices 1 and 2
correspond to the continuous phase and the inclusion spheres,
respectively) and F2 is the volume fraction of the inclusion
spheres; a is a function of the matrix Poisson ratio according
to:

a¼ 2ð4� 5nÞ
ð7� 5nÞ ð2Þ

where n is Poisson’s ratio. Generally, this model correctly pre-
dicts the polymer melt properties when the volume fraction of
the dispersed phase (inclusion) is low, since it does not take
into account the different interactions between the dispersed
domains and the matrix.
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Budiansky has developed a model, which predicts a phase
inversion at middle-range compositions [29]. The material is
composed of a continuous phase 1 in which the phase 2 is dis-
persed when the volume fraction F2 is lower than 0.5. When
F2 is higher than 0.5, a phase inversion occurs and phase 2
becomes continuous, phase 1 being dispersed into phase 2.
Then the shear modulus G obeys the expression:

F1

1þ 3ðG1=G� 1Þ þ
F2

1þ 3ðG2=G� 1Þ ¼ 1 ð3Þ

with

3¼ 2ð4� 5nÞ
15ð1� nÞ ð4Þ

where n is Poisson’s ratio of the melt calculated using a linear
combination of mixing, G the material shear modulus and Fi is
the volume fraction of each component polymers. For a high
content of one of the two components (F2 close to 1 or 0),
Kerner and Budiansky models give almost the same results.

Finally, Davies has developed a model [30], which takes
into account different interactions between the phases and in
which both phases are co-continuous over the whole material.
Then the shear modulus G is expressed as:

G1=5 ¼ F1G
1=5
1 þF2G

1=5
2 ð5Þ

where G is the whole material modulus, G1 and G2 are each
phase moduli, and F1 and F2 the volume fraction of each poly-
mer. This model and the two previous ones give the same
results at extreme compositions.

Although these models have been established for the me-
chanical properties of polymer melts, numerous authors have
found that they apply successfully to the description of IPN
viscoelastic properties [4,31,32]. The ‘‘miscibility’’ between
polymers is forced by permanent chemical cross-links formed
during the synthesis. This ‘‘miscibility’’ determines the ar-
rangement, the size and the interactions between both phases.
Even if these models do not correspond to the material real
morphology, they suggest an arrangement and interactions
between phases, which could be confirmed by other analyses.

In order to compare the experimental data to the modulus
values calculated from models, the authors report commonly
the modulus variation of the materials versus their composi-
tion. Interestingly, Akay and Rollins [32] have noticed that,
according to the polyurethane (PUR)/PMMA IPN synthesis
pathway, the IPN modulus variation versus composition can-
not be described by the same mechanical model. Indeed,
when the in situ simultaneous synthesis is used, modulus
can be correlated with Budiansky model (phase inversion).
However, when the in situ sequential synthesis is used, the
modulus can be described by Davies model (phase co-continu-
ity). Hourston and Schäfer [4] have correlated the modulus
values of PUR/poly(ethylmethacrylate) IPNs with the Budian-
sky model. The predicted phase inversion for intermediate
compositions indeed occurs but is shifted to higher composi-
tions of PUR (between 70 and 80% by weight according to
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the measurement temperature). The same shift has been ob-
served on PUR/polystyrene (PS) IPNs [33], and the composi-
tion at which the phase inversion occurs also depends on the
temperature at which the moduli are measured. Yeo et al.
[34] have compared the poly(n-butyl acrylate)/PS IPNs
modulus with those calculated according to the three models
presented previously. None of the models correlates the exper-
imental data over the whole composition range. Indeed,
Davies model fits the experimental data for high PS contents
whereas Budiansky model is in agreement with the experimen-
tal values for low PS contents. In this last case, PS domains are
dispersed into a poly(n-butyl acrylate) matrix. When the PS
content increases, the phase inversion predicted by Budiansky
model corresponds to PS domain coalescence.

The shear moduli of PIB/PCHMA IPNs have been deter-
mined from the DMTA data (E0 and tan d) and compared
with the values calculated with different mechanical models
in order to estimate the phase morphology in the material.
At 25 �C, the Poisson coefficients of PIB and PCHMA are
equal to 0.5 [11] and 0.33, respectively (the PCHMA coeffi-
cient being supposed equal to that of PMMA [35]). The Pois-
son coefficient of IPNs is calculated as the weight average of
those of both components. The shear moduli calculated
according to each model and the experimental data deduced
from DMTA analysis are reported versus PCHMA volume pro-
portion in the IPN in Fig. 4. The phase co-continuity model
(Davies model) correlates exactly with the IPN shear moduli
in the studied composition range. This agreement suggests
that the PIB/PCHMA IPNs could be described as two co-con-
tinuous phases identified by the tan d versus temperature
curves (Fig. 5), for example.

The tan d values are associated with segmental chain move
and also influenced greatly by the IPN weight composition.
All IPNs show a complex phase morphology evidenced by
two or three distinct mechanical relaxations: the tan d peaks
centered at þ134 and �50 �C correspond to the mechanical
relaxations of rich PCHMA and PIB [20,21] phases. A third
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relaxation can be detected at þ80 �C, a temperature located
between those of the mechanical relaxations of PIB and
PCHMA. This relaxation is characteristic of a new phase re-
sulting from some kind of interpenetration between PIB and
PCHMA networks.

In the PIB/PCHMA (20/80) and (30/70) IPNs, tan d peak
associated to the mechanical relaxation of a rich PCHMA
phase is detected at 134 �C. The maximum value of the
peak at �50 �C characteristic of the rich PIB phase is strongly
affected by the PCHMA introduction to the point where it is
not detected any more when the material contains more than
70% by weight PCHMA (and this cannot be assigned only
to the dilution effect of the PIB in the IPN). Indeed it reveals
that interactions develop between both networks into the IPN,
i.e. the PIB chain segmental motions are hindered by the
PCHMA network. The same phenomenon has been observed
by Brachais et al. with poly(methylphenylsiloxane)(PMPS)/
poly(methylmethacrylate) (PMMA) IPNs by solid state NMR
analysis. The PMPS local chain motions are sensitive to the
presence of the PMMA, which do not undergo any chain
motion in the studied temperature range [36]. The same
phenomenon is believed to occur here.

In the PIB/PCHMA (40/60) IPN the tan d peak characteris-
tic of PCHMA phase disappears and the new peak characteri-
stic of the interpenetrating phase appears at about þ80 �C
extending from 0 to 200 �C with a maximum tan d value equal
to 0.46. This broad peak width highlights the presence of
interpenetrating phases of different compositions.

In the PIB/PCHMA (40/60), (50/50) and (60/40) IPNs the
position and the maximum tan d values of that peak character-
istic of the interpenetrating phase do not vary significantly.
Thus a large weight proportion of the PIB and PCHMA part-
ners is included into the interpenetrating phase, a major com-
ponent in the whole material. In the three IPNs the peak at
�50 �C characteristic of the PIB rich phase, is also detected.

It would have been interesting to compare the experimental
a-relaxation temperatures with those calculated starting from
the Fox equation (assuming miscibility). However, the a-
relaxation temperature of the new interpenetrating phase
does not vary significantly with the IPN composition (its relax-
ation temperature remains more or less close to 80 �C for all
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Fig. 6. Storage modulus (full) and tan d (empty) measured at 25 �C for (C) PIB/PCHMA IPNs and (-) PIB/PMMA IPNs with different contents.
investigated compositions) and thus these temperatures are not
in agreement with the Fox equation.

This interpenetrating phase has not been detected in the
PIB/PMMA and PIB/PS IPNs studied previously [7,8]. Frisch
et al. have noticed that it was easier to obtain IPNs with inter-
penetrating phases when the associated polymers have near
solubility parameters [12,13]. The solubility parameters of
PIB, PS, PMMA and PCHMA are equal to 18.50, 18.19,
19.65 and 18.7 MPa1/2, respectively, at 25 �C [37]. According
to those values, the compatibility between polymers increases
for PIB/PMMA, PIB/PS and PIB/PCHMA combinations, in
good agreement with those results.

In order to evaluate the effect of this new phase on the ma-
terial properties, the thermomechanical properties of PIB/
PCHMA IPNs at room temperature are compared with those
measured of PIB/PMMA IPNs. Storage modulus and tan d of
each material at 25 �C are reported in Fig. 6. The IPN storage
moduli increase from 120 to 1450 MPa when the PCHMA
content increases from 40 to 80% by weight. Thus the material
rigidity increases expectedly with the PCHMA content. Simul-
taneously, tan d values decrease linearly from 0.24 to 0.03. At
25 �C, a part of the interpenetrating phase undergoes the
mechanical relaxation, which ensures the material damping.
The higher the PIB content, the better the damping properties
of the material. This damping increase is of course associated
with a rigidity decrease. These results are in good agreement
with the macroscopic behavior of the final materials. Thus,
the storage moduli and tan d values depend on the methacry-
late structure (methyl or cyclohexyl side group). Thus, for
all IPNs in the studied composition range, the storage moduli
of PIB/PMMA IPNs are lower than those of the corresponding
PIB/PCHMA IPNs, for example, 500 and 1500 MPA, respec-
tively, for a (30/70) composition. Simultaneously, tan d values
of PIB/PCHMA IPNs are slightly lower than those of PIB/
PMMA IPNs (excepted for (60/40) compositions, which
show identical values). For example, tan d values of PIB/
PMMA (30/70) and PIB/PCHMA (30/70) IPNs are equal to
0.15 and 0.12, respectively. In the studied composition range,
the PIB/PCHMA IPNs are more rigid and show slightly lower
damping properties at a given composition.

According to the comparison between experimental and
calculated (from Davies model) shear moduli, each phase
evidenced by DMTA might be continuous over the whole
material. Such a morphology would correspond to the ‘‘dual
phase continuity’’ as proposed by Sperling [38], i.e. the inter-
penetrating phase is composed of co-continuous PIB and
PCHMA networks. Depending on the IPN composition, the in-
terpenetrating phase is either associated with a PIB rich phase
(in the PIB/PCHMA (60/40), (50/50) and (40/60) IPNs) or
with a PCHMA rich phase (in the PIB/PCHMA (30/70) and
(20/80) IPNs). This IPN morphology has been confirmed by
AFM analysis of the IPN surfaces.

3.3. AFM image

AFM analyses in tapping mode are performed on the sur-
face of three different PIB/PCHMA IPNs. The image contrast
is given by the stiffness difference between a soft PIB very
rich phase which appears pale and a hard PCHMA phase
combined with undetermined (although depending on the
IPN composition) amounts of PIB which appears dark on
the images. The AFM images recorded on PIB/PCHMA (60/
40), (40/60) and (20/80) IPNs are reported in Fig. 7.

The thermomechanical properties reported above clearly
indicate the coexistence of two phases in these materials,
one quite rich in PIB and another containing essentially of
a closely interpenetrated PIB/PCHMA situation. Whatever
the observation scale, the AFM images confirm that conclu-
sion: a soft PIB rich phase appearing dark, and a hardest
one apparently due to an increasingly interpenetrating PIB/
PCHMA IPN appearing clear. In probable agreement with
the fact that the PIB network is formed in a first stage of the
synthesis and might remain morphologically dominant in the
second stage, the variation in the imaging might be dependent
on CHMA concentration and further diffusion and maybe
repetition of the incipient PCHMA chains: hence the better
dispersion or interpenetration of the two phases increases
from (A) to (B). This observation comes somewhat closer to
the idea of co-continuity suggested by the fitting the Davies
model shown above. Unfortunately, for the (20/80) composi-
tion (C) the hardness contrast remains low whatever the
strength applied on the AFM probe and for the moment no
suitable image for a precise multiscaling image to corroborate
a co-continuous situation.
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Fig. 7. AFM images of PIB/PCHMA 60/40 (A), 40/60 (B) and 20/80 (C) IPNs.
Co-continuous nanophase morphologies have been already
observed in amphiphilic based-PIB co-networks in certain
composition ranges by AFM microscopy. Poly(2-hydroxy-
ethylmethacrylate)(PHEMA)/PIB co-networks show different
morphologies according to their composition [39]. At low
PIB content, spherical PIB domains of about 13 nm diameter
are dispersed in the PHEMA matrix. At 50e70% PIB content,
a co-continuous morphology is observed. PHEMA dispersed
domains, of about 5 nm diameter, develop in the PIB matrix
for PIB content higher than 70%. Particularly, in the PHEMA/
PIB (36/64) co-network, both co-continuous phase morphol-
ogy and dispersed PHEMA domains spaced of 17e22 nm
are detected [40].

Thus, the different domain sizes are smaller in the based-
PIB co-network (10 or so nanometers) than in the PIB/
PCHMA IPN (about 100 nm). On the other hand, the
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co-continuous phase morphology is observed on a larger com-
position range in the IPN architecture than in co-network.

4. Conclusion

Association of a PIB network with a thermoplastic network
in an interpenetrating polymer network (IPN) architecture has
been described. Thus PIB/PCHMA IPNs in which PIB and
PCHMA networks are independently cross-linked have been
synthesized and characterized. The IPNs are synthesized
through an in situ synthesis pathway in which the PIB network
is formed prior to the PCHMA one. The obtained materials are
transparent, soft and slightly elastic whatever the PIB/PCHMA
weight proportion. As expected, the mechanical properties of
the PIB network are improved by the introduction of the
PCHMA network into the IPN architecture. The IPN shear
moduli values are correlated to a phase co-continuity model,
which supports the idea of two continuous phases in the mate-
rial. The tan d versus temperature curves show that the phase
interpenetration, evidenced by the presence of a broad tan d

peak at intermediate temperatures, is the highest for interme-
diate weight proportion. This new tan d peak is characteristic
of phases in which the PIB and PCHMA networks are cor-
rectly interpenetrated. Simultaneously, the tan d peaks corre-
sponding to the PCHMA and PIB rich phases disappear or
become weaker. The AFM images confirm a distribution at
the IPN surface of co-continuous hard (PIB/PCHMA) and
soft (rich in PIB) phases in the whole material.

Thus combining in an IPN PIB with PCHMA, polymers with
very close solubility parameters, leads to the occurrence of an
interpenetrating phase, although not unique throughout the ma-
terial whereas in PIB/PMMA IPNs, a clearly PMMA and PIB
biphasic material was systematically obtained instead. More-
over the PIB/PCHMA IPN moduli are close to those of PIB/
PMMA IPNs, but the presence of the interpenetrating phase in
the PIB/PCHMA IPN clearly improve their damping properties.
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