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Abstract

Three interpenetrating networks based on polymethylphenylsiloxane (PMPS) and polymethylmethacrylate (PMMA) with different
compositions were prepared. They were investigated using differential scanning calorimetry (DSC) and high-resolution solid-state '*C
NMR techniques, in order to study the heterogeneous character of the domains involved in these materials at the nanoscopic scale. DSC
observed broad glass transitions of the PMPS chains. B¢ cross-polarization (CP) experiments clearly showed that the aromatic PMPS
carbons have a rate of CP which is composition dependent, indicating that PMPS and PMMA chains are interpenetrating at a very low spatial
scale. These results were supported by T ,,(IH) and °C line width measurements as a function of temperature. Moreover, T p(lH) measure-
ments indicated that PMMA chains are rather homogeneously distributed whereas PMPS chains belong either to interpenetrating domains or

to PMPS-rich domains. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Synthesizing interpenetrating polymer networks (IPNs) is
a well-known way to force the compatibility of immiscible
polymers. Such materials are of particular interest when
they are made from two components which exhibit highly
different properties [1-3]. In this respect, IPNs based on
polymethylphenylsiloxane (PMPS) and polymethylmetha-
crylate (PMMA), which have been prepared recently [4],
can be considered as typical examples: at room temperature,
neat PMPS is a rubbery polymer, whereas atactic PMMA is
well below its glass transition temperature.

Since the network properties are expected to be highly
dependent on the quality of the interpenetration, it is very
important to investigate the interpenetrating character of
IPNs. In the case of highly different components like
PMPS and PMMA, several techniques can be used. Each
technique characterizes the domain sizes in the material
under study with its own spatial scale. For example, trans-
parency of the samples is a well-known criterion for the
interpenetrating character of networks. In a transparent
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material, the domain sizes must be of the order of or smaller
than the visible wavelengths, i.e. a few hundreds of
nanometers. Larger domains should result in opaque
samples.

Differential scanning calorimetry (DSC), dynamic
mechanical analysis (DMA) and, more general, techniques
which detect the glass transition temperature, 1, can give
information on the compatibility of polymers at a very low
spatial scale of the order of a few nanometers [5-8].
Immiscible polymer blends are known to exhibit several
T,s corresponding to each neat component T,. In compatible
polymer blends, only one 7 is observed, the value of which
is located between the T,s of the homopolymers and
depends on the blend composition [9]. However, miscible
polymer blends are very rare since they need appropriate
solubility parameters to achieve an intimate mixing. It is
interesting to use this general approach to study the inter-
penetrating character of IPNs for which the idea is to force
the compatibility of polymers, whatever the solubility para-
meters [10]. In the particular case of PMPS/PMMA based
IPNs, T,s of both components are highly different (—30 °C
[11] and 90 °C, respectively) and DSC should prove to be an
interesting method to investigate a phase separation at a
spatial scale of a few nanometers.

Several solid-state NMR parameters are available to char-
acterize the solid-state organization of multi-component
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polymer systems [12,13]. Some parameters, such as the "*C
line widths, are sensitive to differences in the chain mobility
between a neat homopolymer and an IPN component due to
the changes in the intermolecular interactions. Other tech-
niques based on the rises of '*C magnetization in a cross-
polarization (CP) experiment or on the measurements of 'H
spin—lattice relaxation times in the rotating frame, take
advantage of the spin diffusion commonly observed in
solids and thus probe the chain environment [14-23].
BC-detected T, p(lH) measurements are a very powerful
tool for monitoring the phase separated domains in
immiscible polymer blends. In a homogeneous sample, all
protons relax at about the same rate via spin diffusion [24].
In a blend, when the phase separated domains are larger than
1-2 nm, different proton relaxation rates may be observed.
On the opposite, if carbon resonances associated to each
homopolymer component exhibit the same Tlp('H) value,
then the efficiency of the spin diffusion during the few milli-
seconds of the spin—lattice relaxation in the rotating frame
indicates that the material is homogeneous at the length
scale of 1-2 nm. This criterion can be readily applied to
investigate the chain environments of each IPN component.

For IPNs made of glassy and rubbery components, the CP
experiments may be used to study the neighborhood of each
component at a still shorter spatial scale of a few angstroms.
The rate of the "*C polarization rise in a CP experiment
depends on the strength of the '"H-'H and "*C—'H dipolar
interactions. Glassy materials result in a rapid rise of the
observed "C intensities while rubbery materials exhibit a
slower rise. Therefore, flexible chains have a faster CP rise
when they are close to more rigid chains as it may occur in a
glassy/rubbery IPN, than when they are close to other
flexible chains as they are in the neat polymer.

The purpose of the present work is to characterize the
interpenetration of three PMPS/PMMA based IPNs with
different compositions. In this study, DSC and NMR experi-
ments have been employed to probe the interpenetrating
character at different length scales.

2. Experimental
2.1. IPN synthesis

Five samples including two homopolymer networks
(PMMA and PMPS) and three interpenetrating networks
with different compositions were prepared as described
previously [4,25]. IPN synthesis was achieved using the in
situ sequential method in which the first network is formed
at low temperature in the presence of the components of the
second polymer network, which is obtained at a higher
temperature. In this strategy, the PMPS network was formed
by condensation of the silanol end groups of the telechelic
siloxane oligomers (M, = 4300) with a mixed crosslinking
agent, such as trimethoxysilylpropylmethacrylate, at room
temperature, with a catalytic amount of dibutyltindilaurate.

Table 1
Composition of the samples under study and glass transition temperatures,
T,, as determined by DSC

Sample Composition (% w/w) T, (K)
PMPS PMMA

PMPS 100 0 241

IPN75 75 25 241

IPN50 50 50 245

IPN25 25 75 244

PMMA 0 100 363

The polymethacrylate network was then obtained by free-
radical polymerization performed at 70 °C with AIBN as
an initiator and 5% of ethyleneglycol dimethacrylate
(EGDMA) as a crosslinking agent. Code names and compo-
sitions of samples are reported in Table 1.

2.2. DSC analysis

Thermograms were recorded on a Perkin Elmer DSC7
calorimeter. Samples were first cooled down to 203 K and
then heated up to 433 K at the rate of 20 K/min. All samples
underwent this thermal treatment twice. Glass transition
temperatures were measured at the intersection of the extra-
polated base line at the low temperature end and the tangent
to the curve at the inflexion point. They correspond to the
onset of the glass transition phenomenon.

2.3. NMR experiments

High-resolution solid-state '*C NMR spectra were
obtained at 75 MHz on a Bruker ASX 300 spectrometer
monitored with Bruker Xwin-NMR software. A variable
temperature 4 mm magic angle spinning (MAS) probe
head was used. For experiments performed below room
temperature, a low temperature kit using liquid nitrogen
evaporation was connected to the probe head. After cryo-
genic grinding, samples were packed in zirconia dioxyde
rotors closed with borum nitride caps allowing variable
temperature measurements. High-resolution spectra were
obtained using the combined techniques of CP, dipolar
decoupling (DD) and MAS [26]. Hartman-Hahn condition
was set with a glycine sample. A 4.8 s 90° 'H pulse, corre-
sponding to *C and 'H magnetic field strengths of 50 kHz,
was used with a spectral width of 33 kHz on the 13C channel.
Chemical shift calibrations were done using the glycine
carbonyl carbon resonance at 176 ppm. For CP experiments,
the best sensitivity was reached with a contact duration
close to 1 ms. However, for experiments measuring the effi-
ciency of CP as a function of the contact time, 16 spectra
were recorded with different contact durations ranging from
0 up to 13 ms. All MAS experiments were recorded at the
spinning frequency of 6500 Hz, leading to spectra with no
residual sidebands, except for PMMA carbonyl carbon
which exhibits a very broad chemical shift anisotropy.

Selective T} p(lH) measurements were performed using a
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spin-lock pulse sequence with a delayed contact time. In
these experiments, 17 variable 'H spin-lock delays from 1
up to 20 ms were used prior to CP. The signal intensities
were then plotted as a function of the delay. The obtained
curves were fitted using Igor-Pro software from Wave-
Metrics. The T, ( 'H) decreases were fitted with an exponen-
tial function or with the sum of two exponential functions
when necessary.

For line width experiments, 10 spectra were recorded for
each sample at temperatures ranging from 250 to 333 K.
Full medium-height line widths were then measured on
Fourier transformed spectra.

3. Results

All synthesized samples were transparent indicating that
there is no phase separation at the microscopic scale. There-
fore, the domain sizes involved in all samples and, particu-
larly in the IPNs, are smaller than a few hundreds of
nanometers.

3.1. DSC

T, values, as determined from DSC are reported in
Table 1. Pure PMMA and PMPS networks have T, values
of 363 and 241 K, respectively. All three IPN samples
exhibit a single broad glass transition. The onset of the
glass transition observed in the three IPNs corresponds
to the onset of the glass transition of the neat PMPS
network. The only difference with the neat PMPS network is
the width of the transition, which extends over 20-35°
depending on the sample. The glass transition of the
PMMA component is not detected by DSC in the IPNs
under study.

3.2. NMR

As an example, the *C NMR spectrum of the IPN75 is
shown in Fig. 1.

PMPS shows a high field signal around O ppm and several
lines in the range 120-140 ppm assigned to the methyl
group and aromatic carbons, respectively. PMMA exhibits
five signals at 16 ppm (methyl group), 45 ppm (quaternary
carbon), 51 ppm (methoxy group), 55 ppm (methylene
group) and 177 ppm (carbonyl carbon). The different signals
were readily assigned in the IPN spectrum since there are no
overlaps between the lines of PMMA and those of PMPS
and no significant chemical shift change with respect to the
signals of the neat components.

Fig. 2 shows the measured intensities of PMPS proto-
nated aromatic carbons as a function of the contact duration,
tcp, for the homopolymer PMPS network as well as for the
three IPN samples at room temperature. As expected, the
rubbery neat PMPS network exhibits a slow increase of
carbon polarization since PMPS is far above its 7,. The
maximum polarization transfer is reached for tcp = 11 ms;

* *
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Fig. 1. 75 MHz C CP-MAS NMR spectrum of IPN75. Lines character-
istic of the PMPS or PMMA network are marked with (#) and ( * ) symbols,
respectively.

at longer fcp, the magnetization decay is governed by the
T, p('H) relaxation. In the IPN samples, the PMPS aromatic
carbons have a much faster polarization transfer. The time
constants of the observed polarization rises are typical of
glassy materials [12]. These results show that the presence
of glassy PMMA in IPN modifies the PMPS phenyl group
environment. They are a clear indication that at least a
significant part of PMMA and PMPS units are within a
distance to each other of a few Angstroms and therefore
that the networks are interpenetrating at this low spatial
scale. This conclusion is supported by the fact that the
polarization rises are composition dependent and that the
fastest polarization rise is obtained for the IPN25 sample
which contains the largest amount of PMMA. As a matter
of fact, this sample reaches its maximum polarization at
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Fig. 2. Line intensity of aromatic PMPS carbons as a function of the contact
time used during CP. O symbols represent the CP rise of the PMPS homo-
polymer network. [J, /A and < symbols correspond to IPN75, IPN 50 and
IPN25, respectively.
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Fig. 3. Temperature dependence of PMPS aromatic carbon line widths of
PMPS (@ plain line), IPN75 (A dashed line) and IPN25 (& dashed dotted
line); lines are guide for the eye. (a) 127 ppm line; (b) 133 ppm line.

tcp = 0.8 ms whereas both IPN50 and IPN75 exhibit
maximum intensities at zcp = 1.2 ms.

Examining line widths as a probe of interchain mixing
has already been discussed for other polysiloxane based
IPNs by Klein et al. [3,27]. The authors found evidence of
mutual interpenetration at the phase boundary by using
solution state NMR [3]. Line widths measurements can
also be performed as a function of temperature by using
high-resolution solid-state NMR to probe the bulk organiza-
tion of IPNs.

Table 2

'H spin—lattice relaxation times in the rotating frame, Tll,(lH), of the
samples under study, as measured on °C NMR spectra by using a spin-
lock pulse sequence with a delayed contact time

Sample Tj,('H) PMMA First T;,('H) PMPS  Second T;,('H) PMPS

PMPS - 4.6 -
IPN75 8.6 42 10
IPN50  10.5 33 6.6
IPN25 169 29 6.6
PMMA 20.5 - -
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Fig. 4. Ty,( 'H) decays measured on carbons of the different IPN samples as
a function of the delay in the delayed contact time pulse sequence;
(a) IPN25, (b) IPN50 and (c) IPN75. PMPS carbons (O, V and /A symbols);
PMMA carbons (<, *, @ and # symbols).

Fig. 3 shows the line width temperature dependence of
two aromatic PMPS carbon lines in neat PMPS, IPN75 and
IPN25.

The aromatic carbon lines undergo a maximum line
broadening the temperature position of which is composi-
tion dependent. For pure PMPS, this maximum takes place
near 260 K while it occurs in the range 270-280 K for the
IPNs. Besides, the line broadening is observed on a much
larger temperature range in the IPNs than in the neat
network. Line broadening mechanisms in amorphous
polymers examined under MAS and proton DD may have
several origins [28]. Particularly, local motions can have
significant effects on line widths when their frequency is
of the order of the strength of the 'H decoupling field
expressed in frequency units. In the present case, the line
broadening observed in the PMPS network is clearly due to
the PMPS chain motions associated with the glass transition
phenomenon. The line broadening of the PMPS carbon lines
in the IPNs has the same origin. However, its dependence as
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a function of the IPN composition shows that the PMPS
local chain motions are sensitive to the presence of the
PMMA units, which supports the interpenetrating character
of the networks. The larger temperature range over which
the line broadening of the '*C PMPS aromatic lines occurs
can be interpreted in terms of a broader distribution of the
PMPS unit environments in the IPNs than in the neat
network. No line broadening was observed for PMMA in
the investigated temperature range indicating that there are
no chain motions of the PMMA units in this temperature
range.

The T, ,,(IH) values of the neat PMMA and PMPS homo-
polymer networks and IPN samples, measured via high-
resolution solid-state *C NMR, are reported in Table 2. In
the neat networks, as a result of spin diffusion, all carbons
exhibit an exponential Tlp(lH) decay characterized by a
single T p(]H) for each homopolymer network. The glassy
PMMA network has a much longer Tlp('H) (20.5 ms) than
the rubbery PMPS network (4.6 ms).

IPNs show a more complex behavior. As shown in Fig. 4,
PMMA carbons and PMPS carbons exhibit different 7 p(lH)
decays. The PMMA decay has an exponential dependence
on time over the time range investigated (20 ms). As shown
by data reported in Table 2, the associated T; p(lH) depends
on the IPN composition. At low PMPS concentration
(IPN25), PMMA T,,('H) is close to the T;,('H) of neat
PMMA whereas, at high PMPS content (IPN75), the
Tlp('H) of the PMMA chains has a much lower value.
The existence of an exponential decay over a rather large
time range shows that a large amount of PMMA units have a
quite well-defined environment in the IPNs. The composi-
tion dependence of the T} p(lH) clearly indicates that, within
a distance of a few nanometers, PMMA and PMPS units
co-exist.

The T,p(lH) decays of the PMPS carbons in the IPNs are
not monoexponential. They can be fitted with a sum of two
exponential functions, resulting in two T; p(lH) whose
values are listed in Table 2. The shorter Tlp(lH) value is
close to the T),('H) of neat PMPS and the longer T',('H) is
composition dependent. Therefore, as a first approximation,
the PMPS chains may be considered to experience two
different environments. Some IPN regions are PMPS-rich;
other regions correspond to a close interpenetration of
PMMA and PMPS units, at the scale of a few nanometers.

4. Conclusion

All the techniques used in the present work give informa-
tion on the interpenetrating character of the IPNs at different
scales. The transparency of the materials shows that the
domain sizes in the materials under study are smaller than
a few hundreds of nanometers. At the much smaller length
scales of a few angstroms or nanometers, all the NMR
experiments based on either line width measurements or
CP rise show that the IPN behavior is clearly different

from the neat network behavior and, therefore, they indicate
that the PMPS and PMMA chains are highly interpenetrat-
ing. In this respect, CP data are particularly interesting since
they probe the close neighborhood of each carbon.
However, the description of the network chain organization
as deduced from the NMR approach is much more complex:
the line width dependence of the PMPS aromatic carbons as
a function of temperature demonstrates that the variety of
PMPS unit environments is larger in the IPNs than in the
PMPS network. More information is derived from the
Tlp(lH) decays which show that the PMPS chain environ-
ment has a bimodal distribution, with PMPS-rich domains
where the PMMA presence is barely detected and PMPS/
PMMA interpenetrating domains where the PMMA sub-
chains are mostly located. It must be noticed that such a
description is in agreement with the DSC analysis of the
IPN samples: the onset of the PMPS glass transition is
observed at temperatures equal to or only very slightly
higher in the IPNs than in the PMPS network, which
corroborates the existence of PMPS-rich domains. Besides,
the width of the glass transition, as determined from DSC,
can be explained in terms of the distribution of PMPS
environments involving more and more methyl
methacrylate units on increasing temperature.

Finally, it is interesting to note that the PMMA and PMPS
chains do not play a symmetric role in the solid-state
organization of the network. Within the sensitivity of the
NMR experiments, the distribution of PMMA environments
appears to be much more narrow than the distribution of
PMPS environments. Such differences in behaviors may
be related to the glass transition temperatures of the IPN
components. Once the IPN is formed, the PMMA sub-
chains do not exhibit chain motions in the temperature
range investigated, as shown by the line width measure-
ments. Therefore, they cannot undergo any reorganization
at room temperature and are trapped within the network. On
the opposite, the PMPS units have a significant mobility,
which is reflected by the PMPS line broadening and can lead
to a partial reorganization of the sub-chains, with some
small PMPS-rich domains with characteristic dimensions
of a few nanometers. The possible reorganization of
PMPS chains might occur during the last step of synthesis
during which the PMMA network is formed. As a matter of
fact, this latest polymerization occurs at 70 °C i.e. far above
the PMPS T,. During this step, PMPS chains can reorganize
more easily since the PMMA network is not yet formed.
This would thus explain the presence of PMPS-rich domains
together with interpenetrating domains.
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