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Abstract

A novel PMMA/silicone semi-IPN, in which linear PMMA and silicone network were the guest and host polymers, respectively, was
synthesized in this study. The silicone network formed by the self-condensation reaction among the pendent reactive methoxysilane groups
on the polymethylphenylsiloxane (DC3074). Before curing, PMMA and DC3074 were miscible at any blended ratio, but phase separation
occurred when the silicone network formed. The morphology of this semi-IPN was investigated by SEM and DSC, an inward-shift T, for the
pure components in the blends and a particular broad 7, were observed in the 50/50 blend. The phase structure for the blends was further
investigated by the dynamic relaxation experiments of '*C-CP/MAS NMR spectroscopy. A multi-exponential relaxation rate of T (H) at 50/
50 ratio shows that this semi-IPN is not homogeneous at the interfacial on the length scale of 21 nm. The decrease of Ty and the change of
T, ,(H) for this semi-IPN, comparing to the pure materials, imply that intermolecular polarization transfer between PMMA molecules and
silicone network is possible. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Interpenetrating polymer networks (IPNs) consist of two
or more polymers where these components form two or
more than interpenetrated networks by crosslinkage in the
presence of others, even though these polymers have rather
low miscibility [1]. While in the semi-IPN, at least one of
the component polymers does not form network but
interpenetrating in the network. Due to the immisibility
of polymer components, phase separation is expected in
IPNs. It is thus of great interest to study the phase-
separated microstructures and morphology of phase-
separated IPNs.

Among many varieties of polymeric blends, addition of
silicone or silicon containing polymers can greatly improve
the material performance that has become an interesting
subject of both scientific and industrial research [2—10].
Moreover, crosslinked silicone polymers have many
advantages, including flexibility, low surface tension, low
dielectricity, ultraviolet resistance, non-flammability, as
well as high thermal and chemical stability. Although
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some of IPNs based on crosslinked polysiloxanes have
been reported in the literature [3,11,12], and yet the cross-
linked silicone network through self-condensation of the
reactive methoxysilane groups (=Si—OCH;), has been
seldom studied. In this work, we have synthesized a novel
PMMA/silicone semi-IPN in which linear PMMA and
silicone network treated as the guest and host polymers,
respectively. It is shown that the mixture of linear thermo-
plastic PMMA with the reactive methoxy-functional
silicone (DC3074) formed a homogeneous blend at any
ratio of the two before the self-condensation crosslinking;
however, it turned into a phase-separated system after the
reaction. Based on SEM and DSC analysis, the polymer
blend revealed a variety of phase-separated morphology
depending on the compositions.

Solid-state NMR has been proven a fruitful technique to
investigate microstructure and molecular dynamics of poly-
mer blends [13—15]. Detail information about morphology,
miscibility, microstructure and mobility can be directly
accessed [16—29]. In this study, we have performed »si
and *C-CP/MAS solid-state NMR spectroscopy to charac-
terize the chemical structure in the synthesized PMMA/
silicone semi-IPN. The microstructure of the system was
analyzed and the spatial dimension of the domains was
estimated via proton relaxation approaches.
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2. Experimental section
2.1. Material

Poly(methyl methacrylate) (PMMA, M,, = 90000) was a
commercial product from Chi-Mei Chemical Engineering,
a reactive methoxy-functional silicone resin (DC3074)
(M,, = 1400; methoxy content = 18 wt%) was purchased
from Dow Corning Co., tin catalyst (M & T FASCAT"4200)
was purchased from M and T Chemicals Inc. Reagents and
solvents was used without further purification in this study.

2.2. Sample preparation of PMMA/silicone semi-IPN

PMMA (solid grains) was dissolved in THF, then
DC3074 (liquid) was added at the desired weight ratios;
100/0, 75/25, 50/50, 25/75 and 0/100, together with
0.1 wt% of tin catalyst based on the weight of DC3074.
The blend was first kept in circulation oven at 40°C for
evaporating the most part of solvent, and subsequently
processed in vacuum oven at 60°C for 24 h to ensure the
complete removal of the solvent. The resulting solvent cast-
ing films were then heated in a circulation oven at 120°C for
72 h in order to allow the self-condensation crosslinking
reaction completed among the methoxysilane groups. It
was noticed that the crosslinking reaction rate might be
very slow at the temperature below 80°C.

2.3. Measurements

Different scanning calorimetry (DSC) was applied to
determine the glass transition temperatures at a heating
rate of 10°C/min using DuPont DSC 2010. Scanning
electron micrographs were taken from a JEOL JSM-25
scanning electron microscopy (SEM).

High-resolution solid-state  NMR experiments were
carried out on Bruker AVANCE 400 spectrometer operating
at 100.6 and 400.2 MHz for "°C and 'H, respectively. The
samples was packed in 4 mm o.d. zicronia rotors and spun at
6 kHz under MAS condition. All experiments were
performed at 25°C.

Variable contact time technique was conducted to
determine T),(H) and Tcy, where the contact times varied
in the range of 50 ps to 25 ms. T (H) was measured by the
inversion-recovery method. The 'H 90° pulse width 3.5 ws
and the recycle delay time was set in 6—12 s. Single-pulse
»Si NMR spectra were acquired at 79.5 MHz with 90°pulse
width of 4.6 ws and a 200 s recycle delay.

In T;(H) experiment the resonance intensity decays
exponentially as the following equation [15]:

M(7) = My[1 — 2 exp(—7/T;(H))]

where T7(H) is the proton spin-lattice relaxation time in the
laboratory frame, 7 is the delay time for the measurement of
T,(H) and M(7) is the corresponding resonance intensity,
and M, is the intensity of the signal at 7 = 5T, (H). Taking

the natural logarithm of both sides of equation obtains:
In[(Ms, — M(7)2M] = —7/T,(H)

Thus, plotting In[(M,, — M(7))/2M,] against delay time
7 yields T;(H). The T (H) values for the carbonyl carbon of
PMMA and phenyl carbons of DC3704 (at 128 and
135 ppm) in the semi-IPN and the pure components were
listed in Table 2.

The Tcy and T',(H) were obtained by performing CPVC
experiment which the contact period itself is varied with
time. The T),(H) was obtained by a semilog method by
plotting In((M(#)/M,.,) Vs. contact time after the signals
have reached their maximum intensity. The T7;,(H) can
thus be found as —1/slope using the longer contact times.
The Tcy may be calculated after the T ,(H) was determined
from the following equation [13,15]:

M@= e"p( T )(1 “ew(70))
p

where M(t) is the peak intensity as function of contact
time ¢, M| is the normalization constant, T ,(H) is the proton
spin-lattice relaxation time in the rotating frame, and 7Tcy is
the cross-polarization transfer time constant. The T',(H)
and Ty values were also listed in Table 2.

3. Results and discussion
3.1. SEM and DSC analysis

Fig. 1 shows the synthetic route for the PMMA/silicone
semi-IPN, in which the linear PMMA was interpenetrated in
the silicone network that was formed after the crosslinking
reaction among the methoxysilane groups on the side chains
of DC3074. It should be noted that before the crosslinking
reaction proceeded the solvent casting film was transparent
and colorless at room temperature, indicating a highly
miscible mixture system of the PMMA and unreactive
DC3074. After the curing reaction was completed, the
resulting film was opaque and white, an evidence of forming
a phase-separated blend of PMMA and the crosslinked
silicone network.

The SEM micrographs of cold-fracture surface of the
PMMA/silicone semi-IPN are shown in Fig. 2(a)—(e). The
crosslinked DC3074 was transparent and shown to be a
uniform morphology, see Fig. 2(e), revealing a rather
smooth surface. In Fig. 2(b) and (c), the PMMA/silicone
(75/25) and (50/50) blends both exhibited a heterogeneous
morphology consisting of dispersed spherical particles,
which are comprised of PMMA, and the silicone network
matrix. In comparison of these two, the former one showed a
two-size particles feature with diameter of 0.6 and 1.6 pm
for each, whilst the latter appeared an one-size particles
character with diameter of 2 wm. Notice that, in contrast
to the well-defined domain boundary in the 75/25 blend,
the boundary of the two domains, seen in the 50/50 blend,
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DC3074 + PMMA tin catalyst

Fig. 1. Synthetic route for PMMA/silicone semi-IPN.

is less distinguishable. The evidences obtained from SEM
for the 50/50 blend, an increase in the diameter and the less
defined domain boundary, implied the compatibility
between the PMMA and the crosslinked silicone network
is better than that of the other ratios, which consisted with
the observation from the DSC measurement described
below. However, as the PMMA content decreases to
25 wt% (see Fig. 2(d)), no distinct separated spherical
domain is observed, but showing a network-grain type
morphology.

The thermal transition behavior of PMMA/silicone semi-
IPN was investigated by DSC analysis; the DSC curves,
100/0, 75/25, 50/50, 25/75 and 0/100, are shown in Fig. 3
(their T, are listed in Table 1). Polymer blend like IPNs are
usually phase-separated, and the glass transition tempera-
tures of the substituents are tend to shift inward depending
on miscibility and the ratio of the substituents [1,30]. In this
study, the PMMA/silicone semi-IPN showed the same beha-
vior, an indication of phase separation and the existence of
two domains. The inward shift of the T, of 75/25, 50/50 and
25/75 blends reflected for a degree of compatibility of
PMMA in the silicone network. It is noteworthy that the
inward shift and broadening of high T, component (7g,
attributed to the PMMA-rich domain) in 50/50 blend is
more pronouncing than the others. This broadening of 7,

Table 1
Glass transition temperatures ns of the PMMA/silicone semi IPN measured
from DSC

PMMA/DC3074 Ty (K)* Ty (K)
100/0 382.1 -
75125 372.9 3292
50/50 368.8 327.8
25/75 377.6 3269
0/100 - 3219
* Ty is the glass transition temperature for the PMMA-rich domain, and

Ty, for silicone-rich domain.

Table 2
Results of T} (H) (s), Tcy (ms) and T ,(H) (ms) of PMMA/silicone semi-IPN

PMMA/DC3074 Carbon (ppm) T, (H) Tcu T,,(H)
100/0 177 0.75 1.10 21.3
7525 177 0.89 0.94 20.5
128 1.38 0.32 18.8
135 1.26 0.30 20.2
50/50 177 -2 0.92 18.5
128 1.28 0.71 16.1
135 1.25 0.64 17.1
25/75 177 0.77 0.87 21.5
128 141 0.74 18.3
135 1.37 0.62 18.2
0/100 128 1.41 0.83 29.8
135 1.45 0.69 29.7

* A multi-exponential 7 (H) was present, see discussion in text.

arises from different regions of space that have different
compositions, each yielding its own T, and resulting a distri-
bution [1]. Therefore, it can deduce that the PMMA-rich
domain gave a gradient concentration distribution across
the interface region, especially in 50/50 blend.

3.2. NMR characterization

¥Si solid-state NMR spectrum of the PMMA/silicone
semi-IPN (50/50 blend) revealed three resonances at —18,
—71, and —79 ppm, respectively, shown in Fig. 4. The
signals were denoted as D', T' and T? with respect to differ-
ent silicon sites [4,31], as shown below:

D' = (Si0)Si*(0Si)(CH;),
T! = (Si0)Si*(0Si)Ph(OH)

T? = (Si0);Si*Ph

where T corresponds the silicon site which is associated the
crosslinking reaction between two methoxysilane groups,
T' is the one due to the hydrolysis reaction on the side
chain, D' refers to the dimethyl silicon sites. The conversion
of the reaction of methoxysilane groups can be directly
determined by the T? and T' peak integrals available from
the *Si single-pulse NMR measurements; TT' + T2 It
was found that the conversions around 52 * 3% for all the
blends.

Fig. 5 shows the BC-CP/MAS spectra of (a) crosslinked
DC3074, (b) PMMA/silicone (50/50) semi-IPN and (c)
PMMA. In Fig. 4(c) the resonance peaks at 17, 45, 57,
177 ppm were assigned to CH;, backbone quaternary
carbon, CH;—O- (shown as low field shoulder) and back-
bone —CH,—, and carbonyl carbon of PMMA, respectively.
For crosslinked DC3074 (Fig. 5(a)), the resonance peaks
at 128 and 135 ppm are attributed to the ortho- and
para-position and the meta-position carbons on phenyl
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(c) 50/50

(e) pure crossiinked DC3074

Fig. 2. SEM micrographs of the fracture surfaces of PMMA/silicone semi-IPN.

ring, respectively, and the small peak at 130 ppm
corresponds to the quaternary carbon attached directly
to silicon." As seen in Fig. 5(a), the disappearance of
resonance peak for methoxysilane (Si—OCHj;) is taken a
proof that all the methoxysilane groups were reacted,
either for crosslinking reaction or hydrolysis reaction
as showing in Fig. 1. Although there is no change for
the °C chemical shifts of PMMA and DC3074 in their
blend, the lineshapes of phenyl carbons in 50/50 blend
become broader than that of pure crosslinked DC3074.
This might suggest that the microenvironment for the
phenyl rings of the crosslinked DC3074 is affected in
the presence of the PMMA.

! The assignment is on the basis of the 2D BC{'H} HETCOR NMR
spectrum, which was obtained under fast MAS (25 kHz), of our new
PEO/silicone semi-IPN system that is prepared for publication.

3.3. T\(H) and T,,(H) measurements

To further investigate the detail of the microstructure of
PMMA/silicone semi-IPN, the T;(H) and 7' ,(H) relaxation
experiments were conducted via the *C-CP/MAS spectro-
scopy. From such relaxation time measurements, one can
investigate the scale of miscibility of a polymer blend. In
those cases where the length scale of mixing is longer than
the spin diffusion length scale, the measured rate will be
identical to that for pure polymer, and in cases where
there is heterogeneous mixing the relaxation behavior may
be more complex, and multiexponential relaxation may be
observed. As mentioned, the microstructure of the semi-
IPNs depends on the interpenetrating capability as well as
the compatibility of the substituent polymers. From the
T,(H) and T),(H) relaxation studies, it can be verified the
degree of heterogeneity of the PMMA/silicone semi-IPN.
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Fig. 3. DSC thermograms for PMMA/silicone semi-IPN.

The T,(H) relaxation data are summarized in Table 2. It
should note that in 50/50 blend at the delay time smaller
than 2 s the relaxation behavior (see Fig. 6) is similar as the
pure PMMA and the slope corresponds to a relaxation rate
identical to that of pure PMMA (0.75 s), whereas at the
delay time longer than 2 s a multi-exponential relaxation
decay was observed for the carbonyl carbon of PMMA. It
can be concluded that the 50/50 blend is not homogeneous
on the length scale measured by 7' (H). Therefore, the multi-
exponential 7;(H) relaxation behavior and the broad
transition in DSC analysis for the 50/50 blend is again a
clear evidence that there exists a interfacial region with
heterogeneous concentration between PMMA-rich domain
and silicone-rich domain as shown in Fig. 2(c).

The relaxation time measurements are also commonly
used to determine the length scale of polymer mixing. An
approximate estimation of the length scale of spin diffusion
L measured by such experiments depends on the relaxation
time and the diffusion coefficient D, as follows [15,32—-34]:

L= ~6DT

The D is the spin diffusion coefficient determined by the

Yl emi

50 0 -50 -100 -150  ppm

Fig. 4. ¥Si single-pulse spectrum for PMMA/silicone (50/50) seim-IPN.

(€Y
* * .
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T T T T N T
200 150 100 50 ppm

Fig. 5. BC CPMAS spectra for (a) pure crosslinked DC3074 (b) PMMA/
silicone (50/50) seim-IPN and (c) pure PMMA.

average proton—proton distance and the strength of the
dipolar interaction, and it has typically a value of about
100 nm?s™ . T (T\(H) or T, ,(H)) is the characteristic time
over which the spin diffusion proceeds. The above equation
is possible to estimate the maximum length of microhetero-
geneous domains with single component decay and the
minimum domain sizes with double-component decay.
Therefore, the minimum length of the microheterogeneous
phase is estimate from the fast-component 7' (H) (0.75 s) of
50/50 blend to be 21 nm, and the local concentration
fluctuations would be expected to be rife in the phase
boundary region rather than that of distinct domains.
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0 1 2 3 4 5 6
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Fig. 6. TI(H) relaxation curves vs delay times; carbonyl carbon of pure
PMMA (A), carbonyl carbon PMMA/silicone (50/50) seim-IPN (@), and
quaternary phenyl carbon of pure crosslinked DC3074 (H).
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In 75/25 blend a single T} (H) value (0.89 s) was found for
carbonyl carbon resonance (see Table 2), and the value was
greater than that of pure PMMA carbon (0.75 s). On the
other hand, the phenyl carbons of DC3074 (silicone-rich
phase) in 75/25 blend also showed a single 7|(H) values
(1.38 and 1.26 s). This result is expected since spin diffusion
averages all in intrinsic 7 (H) values within a homogeneous
phase. Therefore, in 75/25 blend the length scale of concen-
tration fluctuation at interfacial region is presumably much
less 21 nm. The phenomena explain the distinct domain
interface observed in SEM photography and two inward
distinguished transition temperature rather a broad one in
DSC analysis in 75/25 blend. The similar phenomena were
also observed at the 25/75 ratio.

The Ty represent the rate of polarization transferred from
proton the carbon nuclei, and carbons that are not protonated
or have less close neighbor protons need long 7y to have
their resonance intensities to maximum. In Table 2, it can be
found that the T¢y of the carbonyl carbon of PMMA
decreases from 1.08 to 0.87 ms with increasing wt%
silicone. At the same time, the Ty of the phenyl carbons
of DC3704 also decrease from 0.83 to 0.30 ms with increas-
ing amount of PMMA. This indicates that intermolecular
polarization transfer between the carbonyl carbon and the
proton of silicone network is possible. The great reduction
of Tcy observed from the silicone-rich phase also indicates
that some of PMMA molecules were not expelled after
crosslinking reaction, but retained in the silicone network.

T,,(H) is very sensitive to the short-range spatial proxi-
mity of interacting dipole moments of protons and can be
used in determining the homogeneity and dynamics of the
polymer blends. It can be seen in Table 2 that single 7' ,(H)
values were obtained for the carbonyl and phenyl carbons in
both pure component and their blends, implying that
interdomain spin diffusion occurred fast enough among all
the protons within the timescale of 7,(H) (~20 ms) that
corresponds to a length scale of 3.5 nm. In addition, the
T,,(H) value for the carbonyl carbon of PMMA of the
blends are smaller than that of pure PMMA, especially at
50/50 ratio it decrease from 21.3 to 18.5 ms. Besides, it is
worthy to note that the T,(H) values of the phenyl carbons
of DC3074 in the semi-IPNs is much smaller than that of
pure crosslinked DC3074 (29.8 ms decreases to 18—20 ms),
and is close to that of PMMA-rich domain. This indicates
again that in silicone-rich phase contains not only pure 3074
but also some PMMA and the relaxation behavior in the
silicone-rich domain is similar as PMMA-rich domain.

4. Conclusions

A phase separated PMMA/silicone semi-IPN was synthe-
sized by the self-condensation reaction of polysiloxane
containing reactive methoxysilane groups. The SEM micro-
graphs show that PMMA formed distinct spherical island
morphology a 75/25 ratio; however, the domain interface

became ambiguous at 50/50 ratio. The combined results
obtained by DSC analysis and CP/MAS *C NMR analyses
with T7(H) and T;,(H) Measurements provided a clear
insight into the microstructure and the scale of miscibility
this PMMA/silicone semi-IPN. These results indicated that
there existed an interfacial concentration fluctuation in 50/
50 blend, and its length scale was estimated to be 21 nm.
However, the concentration fluctuation at interfacial region
was not observed in 75/25 and 25/75 blends. The change of
lineshape for the phenyl carbons of DC3074, reduction of
Tcy for the carbons of PMMA and DC3074, and the smaller
T, ,(H) for the carbons of PMMA and DC3074 confirmed
the existence of dispersed PMMA molecules in the silicone
network.
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