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a b s t r a c t

The entrapment of linear polyisobutene (PIB) in semi-IPN architecture is shown to be as efficient as it is
in cross-linkable telechelic PIB based full IPN architectures as far as the suppression of cold flow is
concerned. Indeed, homogeneous linear PIB/cross-linked polycyclohexylmethacrylate (PCHMA) semi-
IPNs containing from 20 to 70 wt% PIB and synthesized without solvent show no cold flow and higher
mechanical properties than those of linear PIB or 50 wt% PIB containing blend. In addition, the particular
barrier properties toward gas and water are preserved. Those properties arise from the phase co-
continuity morphology of the semi-IPN materials which moreover compares with that of corresponding
IPNs. A systematic study of the synthesis conditions (nature of the initiator, temperature, cross-linking
density) showed that the reacting mixture viscosity is an important parameter that controls the phase
separation degree in the final material.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polyisobutene (PIB) is an important polymer both commercially
and from a fundamental point of view regarding its peculiar
physical properties. Indeed its thermal stability, resistance to
weathering and UV light [1], and excellent gas barrier properties
make it a choice elastomer in fields such as wrapping food and
flooring road. As far as unusual physical properties is concerned
low temperature relaxation [2,3] and the unusual dependence of
PIB fragility with the molecular weight [4], these anomalous
behaviours remain difficult to explain fundamentally. Nevertheless,
polyisobutene materials exhibit poor mechanical properties due to
creeping, low resistance to impact and penetration. Moreover PIB is
not resistant to organic components such as solvents, lacquers, fats
and oils. Thus, most applications require that polyisobutene pref-
erably be immobilized inside a material.

In order to immobilize PIB, different strategies can so be used. For
instance, the elaboration of PIB combinations with various polymers
has been thoroughly investigated through diblock [5] and mostly
triblock [6e9] copolymer synthesis leading to compatibilizing agents,
thermoplastic elastomers (TPE), or biomaterials [10]. For example,
Storey et al. synthesized a series of linear and three-arm star poly
fax: þ(33) 1 34 25 70 71.
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(styrene-b-isobutene-b-styrene) block copolymers with various
block compositionsvia living carbocationicpolymerization [11]. From
these block copolymers, ionomer block copolymer have been
obtainedby polystyrene block sulfonation. After sulfonation, physical
cross-linking remains stable at temperature higher than the Tg of
polystyrene and tensilemodulus and strength are increased [12e14].

Nowof course the strategy of entrapping PIB in amaterial has also
gone through the elaboration of networks. Indeed PIB based copoly-
mers canbeaswell cross-linked leading to the co-network formation.
Thus, Kennedy et al. have reported the synthesis of PIB/poly(dime-
thylsiloxane)(PDMS) co-networks [15e17]. In this material, PDMS
chains are cross-linked through allyl-trifunctional polyisobutene via
a hydrosilylation reaction. Bicomponent new nanostructured co-
networks of poly(ethyl acrylate) [18], poly(2-hydroxyethylmetha-
crylate) [19] or poly(N,N-methylacrylamide) [20] cross-linked with
a,u-dimethacrylic PIB have been tested as drug delivery devices. Poly
(ethyleneoxide)-linked-polyisobutene co-networks were also
prepared fromcondensation of hydroxy-telechelic three-arm star PIB
with isocyanate telechelic polyethyleneglycol [21].

PIB can be also immobilized into an interpenetrating polymer
network (IPN) architecture which is defined as the combination of
cross-linked polymers synthesized in juxtaposition [22,23]. Thus, PIB
networks have been combined with polymethylmethacrylate [24],
polystyrene [25] and poly(cyclohexyl methacrylate) [26] networks.
The entrapment of cross-linked polyisobutene in IPN architecture is
efficient and materials show interesting potential applications [27].
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Be it linear or multiple arm copolymer synthesis or network or
IPN design, either ionic polymerization mechanisms or ionic
synthesis of telechelic PIB are prerequisite for realizing the desired
immobilization strategy of PIB. Now a simpler route can be envis-
aged namely the elaboration of semi-Interpenetrating Polymer
Network (semi-IPN) architectures inwhich PIB would be entrapped
as a linear component in a partner network [23]. The advantage of
semi-IPNs over IPNs in the case of PIB based architecture is that
a no-functional linear PIB with middle/high molecular weight
could be included into this architecture. The phase separation
observed in the semi-IPN could be limited by a fast polymerization/
cross-linking reaction of the partner network which would freeze
the polymer chains before they can express their natural mobility.
On the other hand, a drawback of semi-IPNs over IPNs is that, in IPN
architecture, cold flow is totally prevented because of the cross-
linked entangled state of both polymer partners. Due to the
particular PIB flowproperty, a hazardous leaking out of thematerial
of the linear polymer cannot be ruled out in the PIB based semi-
IPNs. Another question arises as to whether the “interesting”
properties of PIB will be preserved in the semi-IPN architecture.
One of the possible solutions for meeting this challenge is to devise
synthetic pathways leading to a maximized “clamping” of PIB
within the partner polymer network promoting phase domains the
size of which approach those of full IPNs preventing the natural PIB
cold flow. On the other hand the design of semi-IPNs exhibiting
phase co-continuity or near so would favour preserving PIB unique
characteristics such as gas barrier properties.

Another challenge will be to avoid the use of solvent in an
attempt to carry out environmental friendly synthesis which
moreover could be carried out in one pot in some applications [28].
Thereby linear PIB must be soluble in the precursors of the partner
polymer network. On the other hand, the aimed size of the phase
domains must be as small as possible (<1 mm) in order to obtain
a near to homogeneous material. This property can be reasonably
expected if the interactions between linear PIB and polymer
network are strong enough and would also contribute to lessen the
possible PIB leakage phenomenon. In this respect poly(cyclo-
hexylmethacrylate) (PCHMA) was chosen specifically because its
solubility parameter value is very close to that of PIB (18.7 and
18.5MPa1/2 [29] respectively). In addition, CHMAmonomer is a good
solvent for PIB (PIB solubility higher than c.a. 4 gm L�1 in CHMA)
hence the semi-IPN elaboration can be carried out without solvent.

The synthetic strategy for entrapping linear polyisobutene in
PIB/PCHMA semi-IPN architecture is described here. The advan-
tages and disadvantages of this type of architecture are compared
with parent PIB based full IPNs from the flow properties,
morphology and mechanical point of view. The first part of this
study is devoted to the synthesis conditions of semi-IPNs. A
detailed analysis is made of two particular synthesis parameters e
nature of the radical initiator and polymerization timeewhich will
help optimizing the properties of the resulting semi-IPNs. Then, the
effects of cross-linking density of the methacrylic network on
the semi-IPN properties are studied. The third part is devoted to the
modelling of the semi-IPNmorphology from the thermomechanical
analysis data and the comparison with features evidenced by TEM.
Finally, mechanical properties andmorphologies of PIB based semi-
IPNs and those of the corresponding IPNs previously made from
telechelic PIB are compared.

2. Experimental part

2.1. Material

Oppanol B150G (Mn ¼ 425,000 g mol�1 BASF data) described as
high molar weight PIB showing no cold flow and Oppanol B15SFN
(polyisobutene or PIB in the text) a middle molar weight PIB
(Mn¼ 25,000 gmol�1; polydispersity index (PDI)¼ 2.4 determined
by SEC e polystyrene standard) showing important cold flow at
room temperature were kindly provided by BASF. Cyclohexyl
methacrylate (CHMAeAldrich), ethylene glycol dimethacrylate
(EGDMAeAldrich) and dichloromethane (CH2Cl2, Carlos Erba) were
used as received. Radical initiators benzoyl peroxide (BPO, Jansen)
and dicyclohexylperoxydicarbonate (DCPD, Groupe Arnaud) were
dried under vacuum before use.

2.2. Semi-IPN, blend and IPN synthesis

A PIB/PCHMA (50/50 wt/wt) semi-IPN was synthesized as
follows: 2 g PIB, 2 g cyclohexylmethacrylate (CHMA) and 0.12 g
EGDMA (5 mol% with respect to methacrylate monomer) were
stirred slowly (50 rpm) in a reactor under argon atmosphere at
25 �C. Then, 2 mol% radical initiator with respect to methacrylate
monomerwas dissolved in themixturewhichwas then poured into
a mould made from two glass plates clamped together and sealed
with a 1 mm thick Teflon� gasket. The synthesis was carried out in
an oven at temperatures according to radical initiator for different
curing times. Semi-IPNs with different PIB contents ranging from
20 to 70 wt% were synthesized keeping the same proportions
between monomer, cross-linker and initiator for PCHMA network.
All investigated PIB/PCHMA compositions are reported inweight by
weight ratio. Thus, a semi-IPN obtained from amixture of 0.70 g PIB
and 0.30 g CHMA will be noted PIB/PCHMA (70/30) semi-IPN.

PIB/PCHMA 50/50 blends were synthesized identically except
that EGDMA was not included in the reacting mixture.

PIB/PCHMA IPNs synthesized for comparison were elaborated
according to a procedure previously described [26] adapted to this
study. Briefly, a,u-dihydroxypolyisobutene (MnSEC ¼ 4200 g mol�1;
PDI ¼ 1.2 in THF with PS as external standard) and a pluri-isocyanate
cross-linker (Desmodur N3300eBayer) were mixed with CHMA and
EGDMA (5mol%) under argon. Then BPO (2 mol%) and a dibutyltindi-
laurate catalyst (1.3 mol% DBTDL with respect to PIB terminal OH
groups)wereaddedandthemixturewasmoldedas thesemi-IPNs.The
curing programwas 6 h at 60 �C, 25 min at 80 �C and 5min at 100 �C.

2.3. Analytical techniques

Viscosity measurements were performed with a Brookfield
Viscosimeter (DV-I Prime) at 40 and 80 �C. They were carried out on
synthesis mixtures leading to PIB/PCHMA semi-IPN in which
radical initiator was not added. However hydroquinone was added
to prevent any polymerization in the medium.

Real time near infrared spectroscopy monitoring was performed
onaBrüker spectrometer (Equinox55) in the range7000e4000cm�1

by averaging 10 consecutive scans with a resolution of 4 cm�1. The IR
cell was inserted in an electrical heating jacket with an automatic
temperature controller (Graseby Specac). The sample was cured in
a specially designed and thermally controlled cell bracket (Eurolabo).
The PCHMAnetwork formationwas followedby thedisappearanceof
the HeC¼C overtone absorption bands of the methacrylate group at
6163 cm�1 [30] integrated between 6255 and 6075 cm�1. The peak
area is directly proportional to the reagent concentration (the appli-
cability of Beer Lambert law has been verified), thus the conversion-
time profiles were easily derived from the spectra recorded as
a function of time. The conversion of reactive bonds (p) can be
calculated as

p ¼ 1� At

Ao
(1)

from the absorbance values (A) where the subscripts 0 and t denote
reaction times.



Table 1
Viscosity of different initiator free PIB/CHMAmixtures and methacrylate conversion
rate measured on the corresponding semi-IPNs at different temperatures.

PIB/CHMA proportion 0/100 30/70 50/50 70/30

Viscosity (Pa s) 40 �C <1 3.4 66.8 1231.5
CHMA conversion

rate (mol min�1)
0.433 0.180 0.089 0.028

Viscosity (Pa s) 80 �C <1 1.1 17.8 201.0
CHMA conversion

rate (mol min�1)
3.178 1.833 0.941 0.389
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Fig. 1. Conversion of the methacrylic function in a mixture of precursors of PIB/PCHMA
(0/100) (B), (30/70) (,), (50/50) (6) and (70/30) (,) semi-IPNs initiated with 2 mol%
(A) DCPD at 40 �C and (B) BPO at 80 �C versus time measured by real time monitoring
near IR spectroscopy.
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The soluble fraction contained in the material (uncross-linked
material) was extracted in a Soxhlet with CH2Cl2 for 48 h, PIB being
soluble in this solvent. After extraction, the sample was dried under
vacuum and then weighed. The extracted content (EC) is given as
a weight percentage:

ECð%Þ ¼ ðW0 �WEÞ
W0

� 100 (2)

The soluble fractions were analyzed by 1H NMR. Thus the extent of
covalent bond formation in the networks and semi-IPNs can be
quantified.

Cross-linking density calculations: The Mc value for a given
cross-linker amount is calculated as:

MC ¼ nCHMA �MCHMA

2� nEGDMA
(3)

where nCHMA and nEGDMA are the number of moles of CHMA and
EGDMA introduced in the reaction mixture, respectively. The factor
2 corresponds the number of methacrylic groups of EGDMA. MCHMA
is the molar weight of CHMA.

The O2 and water gas permeation of different materials were
carried out in BASF according to the standards ASTM D 3985 and
ASTM F-1249, respectively.

Dynamic Mechanical Thermal Analysis (DMTA) measurements
were carried out with a Q800 model (TA Instruments) operating in
tension mode. Experiments were performed at a frequency of 1 Hz
and a heating rate of 3 �C min�1 from �100 to 200 �C. Typical
dimensions of the sampleswere 30mm� 5mm� 1mm. The set up
provides the storage and loss moduli (E0 and E00) and the damping
parameter or loss factor (tand) measured at 0.05% deformation in
the linear domain.

The creep recovery measurements were carried out with the
same DMTA apparatus. First, the temperature was equilibrated for
5 min at 30 �C and then a 0.05MPa stress was applied to the sample
for 10 min. The chosen stress is low in order to set the deformation
in the linearity domain where the sample is reversibly solicited.
Finally, the stress was stopped after 10 min and the sample length
evolution was recorded during the next 20 min.

Transmission electron microscopy was carried out in BASF on
cryomicrotomed samples and RuO4 was used as contrast agent
which selectively attaches on the PCHMA ester function.

3. Results and discussion

3.1. Semi-IPN synthesis

All the PIB/PCHMA semi-IPNs were synthesized from linear PIB
(Mn ¼ 25,000 g/mol-PDI ¼ 2.4), CHMA monomer being used both
as the precursor of the PIB partner network and as solvent in the
one pot synthesis. The polymerization/cross-linking of CHMA with
ethylene glycol dimethacrylate (EGDMA) proceeds through free-
radical mechanism leading to the formation of the corresponding
polymethacrylate network within PIB.

First the efficiency of two initiators was assessed by comparing
the yields of completion of the polymerization and cross-linking in
the presence of 2 mol% BPO or DCPD as free-radical initiators. The
synthesis temperature was set at 80 and 40 �C for BPO and DCPD
respectively. Under those conditions, radical flux should be similar
in both systems based on the same dissociation constant value
(kd ¼ 10�5 s�1 and t1/2 ¼ 10 h for DCPD and BPO [31]). Of course the
reactivemediumviscosities are different at those two temperatures
asmeasured for different initiator free PIB/CHMAmixtures at 40 and
80 �C (Table 1). For instance, the viscosity of a PIB/CHMA (50/50)
mixture is equal to 66.8 and 17.8 Pa.s at 40 and 80 �C respectively.
The effect of the viscosity value of the medium on the PCHMA
network formation leading to semi-IPNs was studied by real time
near IR disappearance of the HeC¼ C overtone absorption bands at
6163 cm�1 monitoring at 40 and 80 �C for DCPD and BPO initiators
respectively [26,30]. The methacrylate function conversions were
recorded versus time (Fig. 1).

When DCPD is chosen as free-radical initiator, the conversion
curves have the same shape whatever the semi-IPN composition
(Fig. 1A). An inhibition period probably due to the oxygen traces in
the reaction mixture is observed the duration of which increases
with decreasing starting PCHMA amount, hence with increasing
viscosity (argon degassing does not prove efficient enough in order
to get rid of residual oxygen due to high viscosity). After the inhi-
bition delay, the conversion rates are equal to 0.180, 0.089 and
0.028 mol min-1 for PIB/PCHMA (30/70), (50/50) and (70/30) semi-
IPNs, respectively i.e. proportional to CHMA weight fraction under
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those synthesis conditions. These rate values are lower than that of
the PCHMA single network as expected (without PIB-
0.433 mol min�1). Conversion values reach a pseudo plateau at
about 80% whatever the PCHMA proportion after 20 min to 2 h
according to the PIB/PCHMA composition. However, the methac-
rylate conversion continues to increase very slowly up to 85e95%
after 600 min at 40 �C.

When BPO is used as free-radical initiator, the conversion-time
curves at 80 �C show the same outline than with DCPD initiator
(Fig.1B).However, the inhibitionperiods are considerably lower (less
than 2 min). Thus the prominent parameter in the inhibition delay
rather seems to lie in thedecreaseof the initiatorefficiencydue to the
viscosity of the medium. Potential cage reaction of the initiator-
derived radicals, i.e. primary radical termination and transfer to
initiator relative importance, depends on monomer concentration
and medium viscosity [32]. Thus, the difference in viscosity at 80 �C
(temperature when BPO is used) and 40 �C (when DCPD is chosen)
seem sufficient to account for the observed phenomenon.

3.2. Influence of initiators

After the inhibition period, the methacrylate conversion rate is
again proportional to CHMA proportion in the semi-IPN when BPO
is used as the initiator (Table 1). However, for an identical CHMA
concentration, the conversion rate is faster with BPO initiator than
with DCPD although a similar radical flux is generated in the
reactivemediumunder the chosenexperimental conditions (Table1).
Finally the plateau conversion is higher with BPO initiator (between
90 and 100%) than with DCPD (80%). This behaviour can be also
accounted for by the modulation of the initiator efficiency
according to the medium viscosity, and early loss of free-radicals
due to oxygen absorption, as noted above.

The influence of the initiator nature on the thermomechanical
properties (in particular tand-temperature curves) of semi-IPNs
with various compositions has been then examined after a 16 h
synthesis at 40 �C and 80 �Cwith DCPD and BPO as radical initiators.
Firstly, the half-height width (DT) of the PCHMA single network
relaxation centered at þ140 �C is larger when PCHMA network is
initiatedwithDCPD (DT¼ 37 �C) instead of BPO (DT¼ 26 �C-Table 2).
This behaviour is found again in the semi-IPNs. For example, the
half-height width of PIB/PCHMA (50/50) semi-IPN is equal to
DT ¼ 34 �C and DT ¼ 48 �C when PCHMA network formation is
initiated with BPO and DCPD, respectively (Table 2).

Conversely the bimodal shape of the PIB rich phase tand relax-
ation (�30 �C relaxation associated to the PIB cooperative backbone
motion and a low temperature shoulder (�50 �C) associated to the
PIB end local chain motion [33e35]) is significantly affected by the
initiator nature. This relaxation remains quite broad as in other PIB
based materials [6,12]. However when DCPD is used as initiator, the
tand peak intensity is equal (for lower PIB proportions) to lower
than that observed when BPO initiates the PCHMA network
formation. The difference is more important the more the PIB
proportion increases. This shows that the PIB cooperative backbone
motion is less hindered when PCHMA polymerization is initiated
with BPO and suggests amore important phase separation between
Table 2
tand peak half-height width (DT) of the PCHMA network and linear PIB relaxation in
the semi-IPNs and the PCHMA single network.

PIB/PCHMA semi-IPN composition 70/30 50/50 30/70 0/100

PCHMA tand peak half-height
width DT (�C)

DCPD initiated 58 48 44 37
POB initiated 52 34 36 26

PIB tand peak half-height
width DT (�C)

DCPD initiated 41 35 24 e

POB initiated 46 36 24 e
PIB and PCHMA network. The BPO mediated synthesis at 80 �C
yields a viscosity about four times lower than that at 40 �C. This
DMTA analysis shows that for PCHMA based PIB semi-IPNs the
nature of the initiator and/or the reaction temperature will play
a role in addition to the gross quantity of radicals.

3.3. Soluble fractions

The soluble fractions contained in the resulting semi-IPNs were
measured as to witness the degree of completion of the PCHMA
polymerization/cross-linking reaction and the strength of PIB
entrapment in the semi-IPNs after 16 h reaction at 80 �C. In each
case the initially introduced amount of PIB is expected to be totally
recovered by solvent extraction. When BPO is used as the initiator
the plot of the amount of soluble material shows slight deviation
from a straight linewith slope equal to 1 (Fig. 2).When PIB contents
exceed 60 wt% free PCHMA oligomers are detected in the extracted
products by 1H NMR suggesting that a 5% amount EGDMA cross-
linker or the polymerization temperature (80 �C-16 h) might be not
sufficient in order to complete the PCHMA network in highly
viscous media (Fig. 2(,)). When PIB content is �50 wt% the exact
amount of introduced linear PIB is recovered (as checked by 1H
NMR) witnessing the completion of the CHMA polymerization
reaction and the absence of PIB/PCHMA cross-reaction.

In the case where DCPD is used as the initiator the soluble
material amount disagrees with the expected one in a reproducible
way being consistently lower than expected especially when PIB
amount is lower than 50 wt% which could illustrate that a signifi-
cant PIB proportion (5e12wt% according to the PCHMA proportion)
is either very tightly entrapped in the material or covalently linked
to the PCHMA network (Fig. 2 (B)). This hypothesis is supported by
recent observations [36] on the elaboration of polymers from H-
labile bearing monomer initiated with DCPD where an over
expressed cross-linking reaction is involved. Moreover a PIB/
PCHMA (50/50) blend where DCPD or BPO are used alternatively as
initiators for the polymerization of CHMA (without EGDMA cross-
linker) lead to totally different materials: the blend initiated with
BPO is totally soluble as expected for two linear polymers whereas
the blend initiated with DCPD leads to only 38 wt% PIB soluble
fraction (instead of 50 wt%) supporting the hypothesis of a cross-
linking reaction between the two partner polymers. Thus DCPD
was definitely discarded as an initiator in the preparation of PIB/
PCHMA semi-IPNs and BPO was selected instead.
0

20

0 20 40 60 80 100

PIB proportion (wt%)

Fig. 2. Extractible amounts as a function of PIB weight proportion in PIB/PCHMA semi-
IPNs initiated with 2 mol% DCPD (B) 40 �C-16 h, BPO (,) 80 �C-16 h and BPO (6)
80 �C-25 min þ 100 �C-5 min.
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The curing time of the BPO initiated semi-IPNs has been then
optimized considering the excess amount of soluble material at
high PIB (�60 wt%) content and also the FTIR data (Fig. 1) show that
over 90 wt% only of the methacrylate group double bonds in the
reaction mixture convert within 10 min at 80 �C. A 5 min post-cure
at 100 �C was selected for the synthesis of all the subsequent PIB/
PCHMA semi-IPNs since it allows to get rid of a post polymerization
appearing on DSC signal between 110 and 170 �C after an
isothermal polymerization at 80 �C (Fig. 2(6)).

3.4. PIB entrapment

Due to the particular properties of PIB no prediction can be
made about how strong the entrapping in the semi-IPN architec-
ture which was chosen so as to entrap PIB inside a material and
further compared with a full PIB/PCHMA IPN architecture reported
earlier [26]. PIB efficient entrapping inside PCHMA network
requires that the molecular weight between PCHMA cross-links
(Mc) must be smaller than molecular weight between PIB entan-
glements (Me) in order for each linear chain to be clamped several
times between each entanglement. Molecular weight between
entanglements (Me) is of the order of 8000e9000 g mol�1 in linear
PIB [37] which corresponds to a packing length of about 2 nm [38].
Thus, it would be preferable to entrap PIB into a PCHMA network
withMc from 500 to 2000 g mol�1 for the PIB chains to be clamped
at least three times between each entanglement. From the Equation
(3) reported in Experimental section, 5 mol% EGDMA cross-linker
in CHMA leads to the formation of a network inwhich calculatedMc

is 1680 g mol�1.
Indeed a PIB/PCHMA (50/50) semi-IPNs synthesized with 1 mol

% EGDMA leads to 55 wt% soluble fraction containing residual
methacrylic oligomer chains (confirmed by 1H NMR), showing that
this amount of cross-linker is not sufficient to complete the
network. For 5 mol% EGDMA (where Mc is 1680 g mol�1 i.e. the
minimum value for sufficiently entrapping PIB) 48 to 52 wt%
soluble fractions (Fig. 2(6)) are composed of linear PIB as
confirmed by 1H NMR analyses. Thus, as expected, the lowest the
PCHMA Mc, the better PIB chains seem to be entrapped in PCHMA
network.

The DMTA analysis performed on PIB/PCHMA (50/50) semi-IPNs
cross-linked with 1, 2, 4, and 5 mol% EGDMA were then compared
with similar measurements performed on a PIB/PCHMA blend
where the entrapment of PIB is expected to be minimal (Fig. 3).

As expected, the semi-IPN in which PCHMA is cross-linked with
5 mol% EGDMA shows the highest storage modulus. In addition,
whatever the cross-linking density, the semi-IPNs do not flow up to
200 �C. The tand value at the maximum of the PCHMA rich phase
mechanical relaxation decreases from 2.3 to 1.6 when the EGDMA
proportion with respect to CHMA increases from 0 to 5 mol%.
Simultaneously, the Ta value of the PCHMA rich phase slightly
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Fig. 3. Storage modulus (left) and tand-temperature curves recorded on PIB/PCHMA (50/50
EGDMA. PIB/PCHMA (50/50) blend (þ) is reported for comparison. Initiator: BPO 2 mol%.
increases from about 134 �C up to 142 �C which is characteristic of
networks with increasing cross-linking densities [39]. The PIB
cooperative backbonemotions (Ta¼�30 �C) aremore important in
the blend than in the semi-IPNs of identical composition. The tand
is down shifted from 0.7 to 0.5 witnessing that a decrease in chain
mobility depends upon the PCHMA cross-linked environment.
Moreover the PIB tand peak is nearly not affected in shape neither
intensity confirming that no cross-reaction occurs between PIB,
EGDMA nor PCHMA under the studied conditions. All the following
semi-IPNs have been synthesized with 5 mol% EGDMA.

3.5. Oxygen and water gas barrier properties

It seemed significant at this point to checkwhether the particular
permeability property of PIB is kept in the semi-IPNs. The oxygen
and water gas barrier properties were analyzed on linear PIB,
PCHMA single network and PIB/PCHMA (50/50) semi-IPN. The
O2 permeation of PCHMA and PIB are 51400 and
84000 cm3.mm m�2.d�1.bar�1 respectively. The semi-IPN perme-
ation i.e. 56200 cm3.mm m�2.d�1.bar�1 value lies close to the lower
one i.e. that of PCHMA. Otherwise the water vapour barrier prop-
erties of PCHMA and PIB are equal to 571 and 45 cm3.mm m�2.d�1

respectively. The semi-IPN value is in between the former ones and
equals 240 cm3.mm m�2.d�1. The semi-IPN barrier properties result
from both component polymers and PIB and PCHMA have very
different barrier properties. The resulting semi-IPN takes advantage
of the PIB water barrier properties and exhibits a behaviour close to
that of the hydrophobic polymer. The PCHMA network included in
the semi-IPN seems to behave similarly to the lone polymer
(restricted chain mobility) and the resulting semi-IPN has a low O2
permeation. So the (50/50) semi-IPN takes advantage of both poly-
mer properties. Curiously the gas permeation properties that one
hoped to keep in synthesizing a PIB based semi-IPN are even
improved in this architecture. Examination of other semi-IPN
compositions is in progress.

Finally, under these optimized experimental conditions relative
weight proportions between PIB and the PCHMA network in final
materials were varied from 20 to 70 wt% PIB. These samples have
been characterized by their optical and thermomechanical prop-
erties and transmission electron microscopy.

3.6. Semi-IPN transparency

Same as the corresponding IPNs, all the PIB/PCHMA semi-IPNs
are transparent whatever the partner weight proportions. Trans-
mittance of all 1 mm thick semi-IPNs is about 87% between 400 and
800 nm and remains constant from 20 �C to 100 �C. The reflection
and the diffuse transmission are equal to about 9% and 5%, respec-
tively. However no conclusionwith regard to themorphology can be
drawn fromthis observation since the transparencyoriginates in the
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fact that the two components have matching refractive indices i.e.
1.507 and 1.497 for PCHMA and PIB [40].

3.7. Creep recovery response

Coldflowpropertieswere then studied at 30 �Cbycreep recovery
experiments performed on PIB/PCHMA semi-IPNs, single PCHMA
network and linear PIB (Oppanol B150G-Mn ¼ 55000 g mol�1)
described as highmolar weight PIB and usually taken as a reference
for a PIB material showing no cold flow (Fig. 4).

The PCHMA single network is in a glassy state and does not
deform. The value measured on linear high molecular weight PIB is
equal to 6% strain and shows 90% recovery. The maximum strain
values recorded on the semi-IPNs are very low (between 0.01 and
0.15% for 30 to 70wt% PIB) comparedwith linear PIB and the process
is reversible for all samples (between 100 and 94% recovery for 30 to
70 wt% PIB). These experiments confirm that the PIB/PCHMA semi-
IPNs containing a PIB weight proportion lower than 70 wt% do not
coldflow. Thus, even thoughPIB included in the studied semi-IPNs is
middlemolarweight it does not flow under the standard conditions
contrary to that included in the PIB/PCHMA (50/50) blend.

3.8. Thermomechanical properties

The thermomechanical properties of PIB based semi-IPNs are
reported in Fig. 5. The storage modulus (E0) e temperature curves
confirm that the semi-IPNs do notflowup to 160 �C except for the PIB/
PCHMA 70/30 composition. The storage modulus of linear PIB
(Mn¼ 25000 gmol�1) has been also reported for comparison. Due to
the cold flow of this polymer, regular DMTAmeasurements as a func-
tion of temperature cannot be carried out. Thus the storage modulus
values have been calculated at each temperature starting from shear
modulus and elasticmodulus reported in the literature [41]which are
converted in storage modulus using Poisson coefficient equal to 0.5.

When the temperature is raised above �50 �C where the
samples are considered to be in a rigid glassy state, the value of E0

decreases from about 3000 MPa to a plateau extending from 0 to
100 �Ce120 �C. The plateau storage modulus values decrease from
1500 to 5 MPa when the PIB content increases from 20 to 70 wt%.
The regular evolution of plateau height as a function of the PIB
content is an indication of polymer phase co-continuity on the
whole material. When the temperature is higher than 100 �C, the
semi-IPN storage moduli decrease below 1 MPa at the poly-
methacrylate network mechanical relaxation temperature
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Fig. 4. Creep recovery experiments performed on PCHMA single network (B), PIB/
PCHMA (,) (30/70), (6) (50/50), and (A) (70/30) semi-IPNs. PIB/PCHMA (50/50)
blend (:) and linear PIB (Oppanol B150G-�) are reported for comparison. Stress:
0.05 MPa for 10 min at 30 �C. Insert (a): zoom between 0 and 0.2% strain.
(Ta ¼ þ140 �C) and the semi-IPNs are in a rubbery state. The
position of the rubbery plateau decreases from 1 to 0.03 MPawhen
the PIB proportion increases from 20 to 70 wt%. The (70/30) semi-
IPN shows a different behaviour compared with that of the other
semi-IPNs. For all the measurements, the strain applied to the
sample is set at 0.05%. However, the apparatus does not succeed in
keeping this strain which increases to 0.3% at 200 �C although the
same stress is applied on the (70/30) semi-IPN. Thus the high PIB
weight proportion semi-IPN starts flowing at temperature higher
than 160 �C. Thus, the semi-IPN architecture leads to PIB based
materials which do not show flowwhen the PIB proportion is lower
than 70wt% only. The semi-IPN storagemoduli are higher than that
of linear PIB whatever the semi-IPN composition above �50 �C.

The corresponding tand-temperature curves of PIB/PCHMA semi-
IPNs in which the PIB proportion increases from 20 to 70 wt% are
reported in Fig. 6. The tand values of linear PIB (Mn¼ 25,000 gmol�1)
calculated with the same procedure as the corresponding storage
modulus have been also reported for comparison.

All semi-IPNs show twomechanical relaxations characterized by
a tand peak located at the PIB and PCHMAnetwork Ta temperatures.
The mechanical relaxations are detected at about �30 and þ140 �C
and they are characteristic of linear PIB and PCHMA network rich
phases, respectively. The PIB tand peak intensities in the semi-IPNs
are much lower than that of pure PIB, and decrease with decreasing
PIB proportion in the semi-IPN. This signal results from the super-
position of a peak corresponding to local movements (Ta¼�50 �C)
and a second one characteristic of the PIB segmental motions
(Ta ¼ �30 �C) [33e35]. This PIB mechanical relaxation is strongly
affectedwhen PCHMA content increases to 80wt%where only local
movements (Ta ¼ �50 �C) are still detected. Thus, the areas of �30
and �50 �C peaks have been calculated with a deconvolution soft-
ware (Origin�) [42]. The area proportions of the peaks characteristic
of PIB segmental motions are equal to 60, 66, 74, 90, 92, 95% of the
total PIB peak in PIB/PCHMA (20/80), (30/70), (40/60), (50/50), (60/
40) and (70/30) semi-IPNs, respectively, while the PIB mechanical
relaxation corresponds to 98% segmentalmotions inpure PIB.While
the segmental motion is predominant in pure PIB, it becomes
strongly hindered when the PCHMA weight proportion increases.
These results witness a strong interaction between PIB and PCHMA
phases. From these calculations, it can be considered that about 38%
of the present PIB is hindered by the PCHMA presence in the PIB/
PCHMA (20/80) semi-IPN, for example. Thus the linear PIB/PCHMA
network association cannot be considered as immiscible neither
without polymer interaction (indeed two distinct phases are
detected by DMTA analysis).
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At higher temperatures, all semi-IPNs show a PCHMA network
rich phase mechanical relaxation characterized by a tand peak
centered at 140 �C. Unexpectedly, the peak intensity seems hardly
affected by the PCHMA proportion in the semi-IPN although it is
slightly shifted in temperature. In order to try and interpret this
phenomenon, the molecular weight between PCHMA cross-links
(Mc) in the semi-IPNs has been measured by swelling of the
extracted semi-IPNs (i.e. totally freed fromPIB) in CHCl3 by using the
FloryeRehner equation [43]. It appears that the molecular weight
between PCHMAcross-links (Mc) increases from1730 gmol�1 in the
single PCHMA network (which is close to the calculated
Mc¼1680 gmol�1) to 5950 gmol�1 in the PIB/PCHMA (60/40) semi-
IPNwhile the samecross-linkermolar contentwith respect toCHMA
monomer is used for the synthesis. A similar behaviour has been
observed by Sperling in polybutylmethacrylate/polystyrene semi-
IPNs [44]. Thus, the higher the PIB weight proportion, the less the
PCHMA cross-linking density is. This result can partially explain the
irregular behaviour of the PCHMAmain peak intensity in semi-IPN.
Indeed, on the one hand, the PCHMA peak area decreases with
decreasing PCHMA weight proportion. On the other hand, the
PCHMA peak intensity and area would increase when the cross-
linking density decreases and the network become less homoge-
neous, i.e. when PIB proportion increases. Both effects act in opposite
way and this might explain the quasi constant intensity value of the
PCHMA peak. Moreover the two phases in the material keep
their typical mechanical relaxation temperature and thus do
coexist separately. Indeed no interpenetrating phase between the
two polymers appears in the semi-IPN which would be charac-
terized by an intermediate mechanical transition in a tempera-
ture range between �30 �C (PIB) and þ140 �C (PCHMA) as it
was observed for PIB/PCHMA full IPNs [26].

Finally unusual is the behaviour of 70 wt% PIB material where
the damping properties of the semi-IPN are distinctly affected by
the PIB content between 20 and 100 �C with tand values reaching
0.3 to 0.5. But it was shown that this particular sample exhibits
flown affirming that no cross-reaction occurs between PIB, EGDMA
nor PCHMA below 160 �C. And thus PIB is not correctly entrapped in
this case.

Themanner the domains rich in one of the two polymers arrange
i.e. the semi-IPNmorphology, governs the mechanical properties of
the material. The possible morphologies are a phase rich in one
polymer dispersed in the other or two co-continuous phases, each
morphology engendering particular mechanical features. Thus,
fromtheDMTAmeasurements,morphologycanbe inferredbyusing
mechanical models assuming a particular morphology, which will
be confirmed subsequently by microscopy imaging.
Although some models have been established for polymer
blends, numerous authors have found that they apply successfully
to the description of IPN viscoelastic properties [45e47]. Four
models have been considered in this work. These models allow
calculating the shear modulus GMODEL of a hard and a soft polymer
mixture arranged in a given morphology from the GHARD/GSOFT
ratio. These models assume no adhesion default between the
phases and samples being macroscopically isotropic. According to
Kerner model [48] spherical inclusions are dispersed over the
whole composition range in a polymer matrix supposedly without
interactions between the dispersed domains and the matrix.
Budiansky model predicts a phase inversion at middle-range
compositions [49]. The material morphology is supposed to be
a continuous hard phase in which the soft phase is dispersed when
its volume fraction is lower than 0.5 followed by a phase inversion
when this volume fraction is higher than 0.5. The Coran-Patel
model includes a fitting parameter, n, that can be related to phase
inversion the position of which can differ from 0.5. For systems of
variable morphology, 1�[(n�1)/n] probably indicates the approxi-
mate centre of a range of the volume fractions, wherein a phase
inversion takes place [50,51]. Finally, Davies model [52] considers
that both phases are co-continuous over the whole material.

First, the storage modulus values were extracted from the DMTA
curves at 25 �Cwhere PIB is taken as the soft polymer and PCHMA the
hard one. Based on the E0 (Fig. 5) and the tand (Fig. 6) values at 25 �C,
the tensilemodulus E (E ¼ E’

cosd) and the shearmodulusG (G ¼ E
2ð1þnÞ

where n is Poissoncoefficient) are successivelycalculated.Using shear
moduli of 0.017MPa for PIB [41] and1240MPa for PCHMAphases, the
shear moduli of materials with hypothetical morphologies can be
calculated fromthedifferentmodels (Fig. 7). Twoshearmoduli curves
have been calculated from the Kernermodel in one ofwhich the hard
PCHMA phase would be the matrix (G > 30 MPa over the whole
composition range) or else the PIB would be (G < 0.3 MPa). The
Budianskymodel leads to lowshearmoduli (<0.1MPa)at lowPCHMA
content and to higher moduli (>100 MPa) when this content
increases over 50 vol%. The Coran-Patel model with the fitting
parameter n¼ 4.7 leads to the same extreme values of shearmodulus
but with less abrupt phase inversion centered around 1�[(n�1)/
n] ¼ 21 vol% PCHMA. By considering phase co-continuity and using
the Davies model, G increases regularly from 0.2 to 300MPawith the
PCHMA content from 10 to 90 vol%. For extreme compositions, all
models give converging shear moduli values and would not be



Fig. 8. TEM morphology images of PIB/PCHMA (a)(20/80), (b)(50/50), (c)(60/40) and (d)(70/30) 50 nm thick semi-IPNs. The PCHMA rich domains are stained with RuO4 (in dark in
the pictures). The scale of the left picture is twice larger than that of the others.
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proportions were clear cut conclusions could be drawn when
compared with experimental data.

Comparing experimental values extracted from the DMTA data
on the PIB/PCHMA semi-IPNs (Figs. 5 and 6) and the model calcu-
lated values the Davies and the Coran-Patel models estimate very
close values for PCHMA ratio higher than 50 vol%. Whereas data for
semi-IPN with low PCHMA proportion follow the same tendency as
those of the Coran-Patel model (n ¼ 4.7) which stands for phase
inversion around 21 vol% PCHMA. Unambiguously for intermediate
PIBweight proportions (30e60 vol%) themechanical features of the
semi-IPNs are thus in good agreement with the PCHMA phase
connectivity, i.e. progressively increasing stiffness with the PCHMA
proportion without any material flow.

3.9. Transmission electronic microscopy

The PCHMA phase connectivity over a large composition range
hypothesis has been strengthened by transmission electronic
microscopy imaging of the morphology of four PIB/PCHMA (20/80),
(50/50), (60/40) and (70/30) semi-IPNs (Fig. 8). The methacrylic
partner was stained by RuO4, thus the rich PCHMA phase appears
dark and the clear domains on the picture are the PIB rich phase.

From these images, the PIB rich phase appears to remain
continuous in the studied composition range.

In the PIB/PCHMA (20/80) semi-IPN (Fig. 8a) large (2 mm)
PCHMA percolating spherical-like domains are dispersed in
a continuous PIB phase. PIB and PCHMA phases are thus co-
continuous at the 2 mm scale. If one re-examines the PIB rich phase
in this particular composition dispersion of a number of smaller
PCHMA domains the size of which is lower than 0.1 mm appears.
This smaller domain morphology is detected whatever the semi-
IPN composition as shown below for the other compositions.

For PCHMA proportions ranging from 50 to 30 wt% (Fig. 8b to d)
the PCHMAphase domain size vary fromabout 0.3 mmto lower than
0.1 mm. The shape of the domains does not vary compared with the
sample with the highest PCHMA proportion and the domains
remain connected aswell. Phase domain dimensions in this order of
0,01

0,1

1

10

100

1000

10000

0020010001-

Temperature (°C)

S
t
o
r
a
g
e
 
M
o
d
u
l
u
s
 
(
M
P
a
)

A

Fig. 9. Storage modulus (A) and tand (B)-temperature curves recorde
magnitude are smaller in size than those generally observed for
copolymers or blends [53,54], but also for semi-IPNs [55].

Thus, although the size of the PCHMA phase domains is clearly
a function of the composition, the morphologies detected by TEM
microscopy on the different semi-IPNs seem to indicate that
a PCHMA phase in the form of percolating connected domains
dispersed in a continuous PIB phase is obtained whatever the semi-
IPN composition.

Thus, the electron microscopy images suggest PIB and PCHMA
co-continuity in agreement with the morphology of the semi-IPNs
derived from the model study for proportion higher than 30 wt%
PCHMA. Based on these TEM images, no conclusion is drawn about
a potential phase separation mechanism by growth-nucleation or
spinodal decomposition. Indeed, samples are thin slices and the
observed shapes can mislead about the real shape (sphere, cylinder
or short rod) of the phase domains in bulk [56].

In addition a pixel image analysis of black, white and different
grey shades (GIMP 2.2� software) has been performed on the four
micrographs leading to finer conclusions. In extreme composi-
tions (Fig. 8a and d) it appears that the percentage the pure
polymer component (PIB and PCHMA respectively) is far lower
than the introduced one which means that the majority of the
sample is composed of a combined PIB/PCHMA phase corrobo-
rating a phase co-continuity. In the two intermediate composi-
tions i.e. PIB/PCHMA (50/50) and (60/40) semi-IPNs it appears that
pure PCHMA and pure PIB phase are of minor proportion (near to
5%) very different from the introduced amounts. This means
indeed that intimately combined phases (PIB/PCHMA (50/50) if all
the grey shades are combined, although finer analysis might be
tricky) between the two partners compose the majority of the
samples.

Phase co-continuity has been also observed on the corre-
sponding full PIB/PCHMA IPNs by AFM analyses in tapping mode
reported earlier [26]. From these images, the PIB and PCHMA rich
phase domain size in the IPN has been estimated at about 0.1 mm
which is of the same order of magnitude than in semi-IPNs con-
taining less than 50 wt% PCHMA.
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3.10. PIB/PCHMA semi-IPN, blend and full IPN comparison

Finally, a comparison can be drawn between the thermo-
mechanical properties of a semi-IPN, a blend and a full PIB/PCHMA
IPN with identical 50/50 weight proportions (Fig. 9).

All samples show an identical glassy phase below�50 �C, which
is the onset of the PIB rich phase mechanical relaxation. With
increasing temperature, the moduli decrease with different trends
between �70 and 110 �C according to the nature of the sample
(Fig. 9A). Indeed, the IPNmodulus decreases regularly from 3000 to
2 MPa whereas the blend and the semi-IPN moduli decrease more
sharply down to a pseudo plateau. The modulus at the pseudo
plateau for the semi-IPN (135 MPa) is ten times higher than that of
the blend (13 MPa). At about 110 �C, the storage moduli decrease
again which correspond to the beginning of the PCHMA phase
mechanical relaxation in the three samples. Themoduli of the semi-
IPN and IPN reach a third plateau extending to 200 �C whereas the
blend curve is characterized bya drop at 150 �C indicatingflowing of
thematerial. Above 150 �C the rubber plateau of the IPN is ten times
higher that of the semi-IPN. This difference clearly arises from the
PIB-PCHMA interpenetration highlighted with the tand-tempera-
ture curve of the IPN (Fig. 9B). A broad (0 �Ce170 �C) relaxationwith
a low intensity (tand ¼ 0.7) is detected with a maximum at 100 �C,
a temperature located between those of the mechanical relaxations
of PIB and PCHMA. This relaxation is characteristic of an inter-
penetrated PIB and PCHMA network phase [26]. Although both IPN
and semi-IPN exhibit phase co-continuity, their thermomechanical
behaviour is quite different. The interaction between the phases is
more important in the IPN than in the semi-IPN although the PIB
remains entrapped inboth cases. In addition, both architectures lead
to amaterialwithoutflowbycontrastwith the corresponding blend.

4. Conclusion

In this study, it was shown that it is possible to entrap poly-
isobutene as efficiently in a semi-IPN architecture as in cross-
linkable telechelic PIB based full IPN architecture as far as the cold
flow occurrence is suppressed. Indeed, PIB based semi-IPNs
showing no flow and higher mechanical properties than those of
linear PIB have been elaborated by entrapping this linear polymer
inside a PCHMA network. The morphology of these new materials
compares with that of corresponding IPNs, in the sense that phase
co-continuity is obtained on a large composition range. Moreover,
the PIB gas permeation properties are unexpectedly improved in
the PCHMA semi-IPN architecture.

Two of the main advantages of these new semi-IPN architec-
tures are, on the one hand, they do not require telechelic PIB olig-
omers as synthetic precursors. On the other hand, no solvent is
required in the described synthesis because middle molecular
weight linear PIB can be dissolved in CHMA monomer. Further-
more, it was shown that the synthesis conditions, in particular the
temperature as a direct control of the reacting mixture viscosity, is
an important parameter that allows modifying the phase separa-
tion degree in the final material.

It would be interesting to generalize the possibility of immobi-
lizing PIB in any givenmaterial studying other partner networks the
properties of which will be associated to those of PIB. Thus, a large
range of PIB based new materials showing tuneable mechanical
properties and tuneable tack, for instance, could be elaborated.
These other materials will be subjected in a forthcoming paper.
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