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SYNOPSIS

The molecular motions of spin probes at the interphase region of poly (methyl methacrylate)
particles sterically stabilized by polyisobutylene ( PIB) were studied by ESR spectroscopy.
The correlation times (1) were measured by using the methods of Freed and Kivelson.
Activation energies for different modes of motion were calculated at wide temperature
range between —140 and 140°C. Viscosities were estimated in methanol saturated PIB
channels in the polymer particles. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

It has been well known that the spin-probe technique
is very useful to understand and characterize the
molecular motions in synthetic and biopolymers.'™
Since the order of magnitude of anisotropy in a hy-
perfine coupling is about 10® Hz, the time scale of
molecular motion required to average the anisotropy
is shorter than 107® s. This makes the ESR tech-
nique important to study rapid molecular motion on
the time scale of nanoseconds to picoseconds.

The basic problem arising from the use of this
method is the relationship between the motions of
a low molecular particle and those of the kinetic
elements of macromolecules. It has been shown that
the motions of spin probes in the high elastic state
are determined by the short-range segmental mo-
tions.*® It was reported that spin-probe motions in
the polymer films were influenced by differences in
the side chains; this influence is strongly dependent
on the side chain length.5

Rabold successfully applied the spin-probe
method to several synthetic polymers, to study their
molecular motions.”® Poly(methyl methacrylate)
(PMMA) is one of the polymers on which molecular
motions have been studied by the spin-probe tech-
nique.*® Kusumato et al. used the same method to
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study segmental diffusion in the rubbers.!® All these
authors analyzed the observed spectra based on the
assumption that the rotational reorientation is iso-
tropic. The correlation time, 7, of the rotational mo-
tion of the spin probe can be determined by the sim-
plified expression of Freed et al.!! for isotropic ro-
tation in the slow motional region (10 °s <7 <1077
s). However, for isotropic rotation in the fast-mo-
tional region (107! s < 7 < 107° s), Kivelson’s
expression'? has been widely used to estimate the
rotational correlation times.

We used spin probes to study solvent penetration
into polymer-blendlike particles.!® Recently, we re-
ported the penetration of various solvents into
PMMA particles sterically stabilized with polyiso-
butylene (PIB).*

In this work, ESR spectra of spin probes in
PMMA-PIB particles were measured over a wide
range of temperature and the correlation times (7)
were estimated by making use of Freed’s and Kiv-
elson’s methods. These particles are spherical in
shape and usually prepared by dispersion polymer-
ization of methyl methacrylate (MMA) in cyclo-
hexane in the presence of butyl rubber.?® The major
component in this type of particle, PMMA homo-
polymer of broad molecular weight distribution, is
present to about 95-97% by weight. During the re-
action, grafting occurs between the butyl rubber and
the growing PMMA chains. Most of the graft co-
polymer is buried in the particle interior where it
forms an interconnected network ' from PIB. Some
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graft copolymer forms a monolayer on the particle
surface, which serves as the steric stabilizer. Thus,
these particles have an interpenetrating networklike
global morphology. This global feature of the
morphology has been of interest and studied
carefully.)™?

In this article, our emphasis is focused on the
interface between the PIB and PMMA phases where
they mixed and formed an interphase domain.?
Here, transport experiments were prepared with
PMMA-PIB particle dispersion in an aliphatic hy-
drocarbon liquid with nitroxide radicals. Since this
solvent will not swell PMMA itself, we inferred that
PIB penetrated throughout the particle, exposing
the interior of the particle to solvent and the spin
probe. The composite nature of the nitroxide spectra
of PMMA-PIB particles in methanol were inter-
preted in terms of the interphase structure in the
particle. Spin-probed PMMA film was used as a
model for the slow component of the ESR spectra
of powder PMMA particles. The spectra of the free
spin probes in methanol were used to check the be-
havior of the fast component of the ESR spectra of
the methanol-saturated PMMA particle. The results
are discussed in terms of the mode of the molecular
motions in polymeric system over a wide range of
temperature. Viscosities were estimated in meth-
anol-swollen PIB phase of the particle at various
temperatures.

EXPERIMENTAL

The structure of the nitroxide radicals used in this
work as spin probes are shown in Figure 1. 3-Car-
bomoyl-2,2,5,5-tetramethyl-3-pyrolin-1-xloxy (R;)
and 3-carboxy-2,2,5,5-tetramethyl-1-pyrolinyloxyl
(R,) were purchased from Aldrich Chemical Co. and
used as received. The polymer particles were pre-
pared in a two-step process that has previously been
described.'® PIB of nominal molecular weight 10,000
was added to a cyclohexane solution of MMA con-
taining AIBN as a free-radical initiator. The solution
was refluxed for several hours to induce polymer-
ization of the MMA. The growing PMMA chains
added across double bonds present in the PIB to
give a graft copolymer soluble in cyclohexane.
Polymerization was terminated before the copoly-
mer became insoluble in the cyclohexane solvent.
This material, the dispersant, was collected and
purified by precipitation with methanol. The dis-
persant was then added to a second reaction vessel
containing MMA and AIBN in cyclohexane. This
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Figure 1 Chemical structure of the nitroxide spin-
probes; R, (3-carbomoyl-2,2,5,5-tetramethyl-3-pyrolin-1-
yloxy) and R, (3-carboxy-2,2,5,5-tetramethyl-1-pyroli-
nyloxyl).

solution was refluxed overnight. It became increas-
ingly turbid as the reaction progressed.

The particles were separated from solvent and
unreacted monomers by repeated cycles of centrif-
ugation, decanting the supernatant liquid, and re-
dispersing the particles in fresh solvent. Dispersions
in cyclohexane could be freeze-dried and stored as
a powder. The powders could be redispersed by sub-
jecting their suspensions in alkane solvents to a few
seconds exposure to an ultrasonic cleaning bath.
These particles formed transparent solutions in
ethyl acetate and in deuterochloroform. NMR spec-
tra of these latter solutions permitted the compo-
sition of the polymers to be determined.

PMMA particles used in this study had diameters
of 1-3 um. Spin probes were doped into these par-
ticles by the procedure described below. Nitroxide
R; (or R,) was first dissolved in methanol solution
and then particles were added into the solution. Four
days after solvent was removed and the sample was
dried under vacuum (10 ~* Torr) for 10 h in the ESR
tubes, the tubes were sealed under vacuum. The
weight ratio of the spin probe to powder particles
was 10 *. This sample was referred to as PCL. After
waiting 4 days, the spin probe-particle suspension
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was centrifuged and methanol was removed. After
removing the solvent from the ESR tube, the sample
was degassed by several freeze-pump-thaw cycles
at 107° Torr on the vacuum line. At the end of de-
gassing, no free solvent could be seen in the tube.
The sample resembled an aggregate of gel-like
material, which was called methanol-saturated
particles (MSP).

The low molecular weight of the PMMA material
was dissolved in an ethyl acetate solution and then
1072 wt % nitroxide radical R, (or R;) was added.
A thin film of nitroxide-doped PMMA was cast from
this solution. Films were dried under 10~ Torr vac-
uum about 10 h in an ESR tube and sealed under
vacuum. This sample (PMMAF) was used as a
model for the motionally slowed ESR spectra of
PMMA.

Samples of R, (or R;) in methanol (10 ™* m con-
centration) were prepared. They were sealed in an
ESR tube after degassing via five freeze-pump-thaw
cycles at 107° Torr on a vacuum line. The samples
(NRM) were used as models for motionally nar-
rowed isotropic ESR spectra. The solvent used in
the preparation of samples was obtained from
Merck. ESR spectra were recorded on a Varian E-
L9 spectrometer operating at X-band frequency
(9.1-9.5 GHz) and employing 100 kHz field modu-
lation. The spectrometer was equipped with a vari-
able temperature accessory along with a liquid ni-
trogen system.

RESULTS AND DISCUSSION

Figure 2(a) and (b) shows typical ESR spectra of
the (R,)-doped MSP and PCL samples, respec-
tively, over a wide range of temperature. At the low-
est temperature (—140°C), the spectra are broad
with asymmetric triplets. The separation of the outer
extremes (2A4,) are about 70 and 66 Gauss for MSP
and PCL, respectively. These 2A, values indicate
that the mobility of the nitroxide was restricted due
to rigid environment in the PMMA particle. As the
temperature was raised above —90°C, which is the
melting point of methanol, MSP represented a com-
posite spectra with slow and fast components. How-
ever, PCL does not show any considerable change
up to 80°C. 2A, values of the slow component be-
came narrower as temperature was raised in both
samples. The fast component of MSP showed no
change up to 80°C. A new narrowed component ap-
peared, superimposed on the original broad com-
ponent for the PCL sample above 100°C. 24, values
of the fast component of MSP showed a sudden

change around 100°C. At higher temperatures
(> 130°C), the broad component disappeared and
the narrow one turned into a sharp triplet as in the
spectrum of the viscous liquid state for both samples.
R; with MSP and PCL showed similar results as
the above samples. ESR spectra of the spin-probed
PMMAF sample behaved similarly to the PCL
spectra in the same temperature range.'® The tem-
perature dependence of peak-to-peak separation of
the two outer extremes (2A4,) for MSP and PCL
samples are shown in Figure 3. PMMAF exactly
mimicked the PCL’s temperature behavior.* How-
ever, the 2A, values of the slow component of the
MSP sample showed a slightly different temperature
dependence than that of the PMMAF and PCL
samples. Peak-to-peak separation of the fast com-
ponent of MSP imitated the behavior of NMR at
low temperatures.’® The peculiar feature at 90-
120°C, where 2 A4, increases with temperature, may
be an artifact due to loss of some of the methanol
in the sample to the vapor phase above the powder.

Correlation Times

The rotational correlation times (7) for the spin
probes in the polymeric systems and NRM samples
were estimated mainly in slow and fast motional
regimes. These regimes were separated from each
other by T5y, the temperature at which the sepa-
ration of the outermost peaks (2A4,) of the ESR
spectra of nitroxides are 50 Gauss. The temperature
range below T, was accepted as the slow motional
region (5 X 10 ®s < 7 < 1077 s) for the spin probes,
where the spectra are broad and have assymmetric
triplets. In this region, 7 was calculated by using the

method developed by Freed et al.!! given by
r=a(l—8)*
S =AL/A, (1)

where A is the measured separation of the outer
extrema, and A,, the rigid limit value for frozen spin
probes. Selection for the a and b parameter values
are dependent upon the diffusion models.?! In this
work, the Brownian diffusion model was chosen!!
and a and b values were estimated as 5.4 X 107
and —1.36, respectively.

In the fast motional region (10™'s <7 <5 X 107°
s) above Ts,, where spectra have relatively sharp
triplets, r was calculated using an equation based
on the theory of Kivelson!%:

3 h(O) 1/2— h(O) 1/2
o7 5D) - () Jae @
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where h(0) and h(*1) are the measured peak-to-
peak amplitudes of three lines of the ESR spectrum
of the nitroxide radical. AH,, is the width of the
central peak in Gauss and C is a characteristic pa-
rameter for the nitroxide and the particular exper-
imental conditions employed. C was calculated from
the anisotropy of hyperfine constants of R, and R,
and found to be 6.6 X 107° s/Gauss for both ni-
troxides.

Correlation times obtained by the two different
methods were plotted in semilogorithmic scale
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against the inverse of the temperature for PCL,
PMMAPF, and for the slow component of MSP in
Figure 4. Correlation times for the slow component
of MSP behaved quite differently from the other
solid samples, indicating the existence of trace
methanol in the PMMA phase or the PMMA-PIB
interphase of the methanol-saturated particle. 7
values of the slow component of the MSP samples
were much smaller than the 7 values of PCL and
PMMAF, which may suggest that the solid phase
of MSP is not as rigid as the solid phase of PCL (or
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Figure 2 ESR spectra of Ry-doped (a) powder (PCL) and (b) methanol-saturated (MSP)

PMMA particles at various temperatures.
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Figure 3 The temperature variation of the outermost peak to peak separation (2A4,) for
the R, probe: ( O——0) PCL and ( A A) MSP samples. Smaller 24, values
(< 50 G) indicate that the fast and larger 2A, values (> 50 G) correspond to slow components
of the composite ESR spectra of the MSP sample.
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Figure 4 Arrhenius plots of the correlation times (7) obtained from Eqgs. (1) and (2)
for the R, probe: ( O 0O) PCL, ( [ @) PMMAPF, and ( A—A)
MSP (slow component) systems.
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PMMAF). Presumably, some methanol penetrated
into the PMMA-PIB interphase domain through
the PIB network2*? where spin probes are trapped
in the swollen PIB microchannels in the MSP sam-
ple. Here, the environment for the spin probe is less
rigid than the environment in PCL and PMMAF
samples.

7 values for the fast component of MSP are com-
pared with the 7 values for NRM against the inverse
of temperature in Figure 5. Correlation times of the
fast component of the MSP sample were slightly
larger than the 7 values of the NRM sample in the
given temperature range, which might indicate that
the rotational mobility of the spin probe was re-
stricted by the polymer chains in the PIB network.
In other words, nitroxides see a more viscous envi-
ronment in methanol-swollen PIB than in pure
methanol. The results presented in Figures 4 and 5
can be explained by the interphase structure in the
PMMA-PIB blendlike particles.?’ A cartoon rep-
resentation of the interphase structure is depicted

in Figure 6 for illustration. Fast and slow ESR com-
ponents of MSP are due to the spin probes located
in the PIB-rich region and PIB channels in the
PMMA-rich region at the interphase domain, re-
spectively.

At these temperature ranges, correlation times
for R; and R, probes in these polymeric systems
were found to be similar, which may indicate that 7
values of these radicals are not affected by their sizes
in the PIB channels even in PCL samples.

Activation Energies and Breaking Temperatures

Arrehenius plots of correlation times for slow ESR
components of all polymeric samples are partitioned
into three regions with respect to temperature (see
Fig. 4). Activation energies (AE) measured at
low-, medium-, and high-temperature regions and
the breaking temperatures (Tg) between these re-
gions are listed in Table I for the corresponding
samples. In all regions, Arrhenius plots presented
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Figure 6 Cartoon representation of the interphase domain of the PMMA-PIB particle.

good linear behavior. At the low-temperature region,
below Ty = 40°C, a very slow variation was observed
in correlation times for all samples and activation
energies (AFE;) were found to be between 0.5 and
0.9 kcal. However, at the intermediate region, be-
tween Tg, and T, activation energies (AE,) for
the PCL and PMMAF samples were measured larger
than for the MSP samples.

It has been reported that the molecular motions
of the spin probe are functions of various factors
such as oscillation, rotation, and translation.? Ac-
tivation energies of small-scale motion consisting of
oscillation and rotation are much less than 10 kcal

and that of large-scale motion such as translational
diffusion is measured much greater than 10 kecal.?*
In our particles, since the spin probe is trapped in
the interphase domain, activation energies at the
lowest temperature region, below Ty, might cor-
respond to vy relaxation of PMMA. However, at the
intermediate region, AE, energies of the motional
process of all samples may be associated with be
slower rotational motion (rotational vibration).
Consequently, below Tp,, the degree of motional
freedom in the side-chain region is apparently not
sufficient enough to bring about translation of the
spin probe in the polymer matrix. An increase in

Table I Activation Energies and Breaking Temperatures

in Different Polymeric Systems

AE, Ty AE, Tpe AE;

Polymeric Systems Radical (kcal) (°C) (kcal) (°C) (kcal)
PCL R, 13.8 100 2.1 40 0.55
R, 11.5 110 3.1 40 0.85

MSP (slow component) R, 9.1 105 1.6 13 0.50
R, 101 100 1.5 12 0.65

PMMAF R, 10.3 95 1.9 40 0.77
R, 11.6 100 2.9 40 0.81
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Table II Activation Energies and Breaking Temperatures
of NRM and the Fast Component of MSP Samples

Tg, AE; Tgs AE,
Radical (°C) (kcal) (°C) (kcal)

MSP (fast component) R,
R,
NRM R,
R,

7 3.9 -90 7.1
13 3.7 -95 6.1
3.4 —100 7.0

3.0 —110 8.4

temperature above Tg; might result in a phase tran-
sition of the side-chain motion, which may induce
an increase in the activation energies. Above Tg,,
the activation energies of the spin probe in all poly-
meric systems were over 10 kcal, indicating that ni-
troxide translated and jumped throughout the poly-
mer matrix above Tpg;. The observed activation
energies above Tz; were much smaller than those
of the main-chain motion (40-150 kcal) ?° but closer
to those of the side-chain motion (19 kcal) of
PMMA.?® From this we conclude that it is not un-
reasonable to assume that the molecular motion at
this temperature range is a random rotation of the
ester side chain of PMMA for all polymeric systems
that we have used.””

The first breaking point, Tg,, between the AE,
and AE, regions can be assigned to the glass tran-
sition temperature of PMMA, which was measured
around 105°C for all solid samples. The second
breaking point, T'z,, which was found to be 40°C for
PCL and PMMATF and 10°C for MSP samples, is a
characteristic temperature for PMMA,?! which can
be attributed to the onset of the slow rotational mo-
tions. Here, it is interesting to note that Tp, was
found to be very sensitive to the environment, due
to swelling of the PIB phase by methanol; however,
T, did not change from the PCL to MSP samples.
Presumably, no methanol is left in the MSP sample
at this temperature.

Activation energies and breaking temperatures
of the fast components of MSP samples were com-

pared with those of the NRM samples in Table II.
Tg, temperatures of fast components were found to
be similar to those of slow components for the MSP
samples. T'g3 values of the fast component of MSP
samples measured slightly higher than the melting
point of methanol. For both samples, AE; activation
energies for the probe in MSP samples were ob-
served to be similar to the probe in the melting NRM
samples, which can be accepted in the slow trans-
lational regime. Here, to account for the peculiarities
of the rotational and translational mobilities of the
low molecular particles (spin probes), we have to
take into account the blendlike structure of the
polymer particle. One can easily assign the fast
component of MSP samples to the spin probe in the
highly swollen PIB-rich region.

Using Stokes law,® quantitative analysis can be
made to estimate viscosities in the PIB-rich region
in the interphase domains of methanol-swollen
polymer particles. If the rotational motion of the
nitroxide is assumed to be that of rigid sphere with
radius “r” rotating in a liquid with viscosity 7 at
temperature T, then the motional correlation time
7 is given by Stokes law as follows:

_ 47r3\ g
T_(3k)7’ ®

where k is the Boltzman constant. Equation (3) was
used to find the viscosities when the nitroxide is in
the fast regime (7 <5 X 10 °s), which is above T's,.

Table II1 Viscosities () in the Methanol-swollen PIB Phase of MSP
and NRM Samples at Various Temperatures—7 Values
Were Calculated from Eq. (3) in Centipoise

Temperature (°C) Radical —-100 —80 —-20 +13
MSP (fast component) R, 0.432 0.136 0.025 0.028
R, 0.366 0.119 0.018 0.012

NRM R, 0.177 0.085 0.017 0.003

R, 0.187 0.074 0.017 0.005
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Using the fast-component values of r from Figure
5 and taking r = 3.6 A, n values were estimated in
the MSP samples at several temperatures. These
viscosities are compared with the viscosities of the
NRM samples in Table III at corresponding tem-
peratures. n values in the MSP samples were larger
than those of the NRM samples, indicating that the
environment for the spin probe in methanol-swollen
PIB is always much more viscous than in free meth-
anol. The lowest viscosity in the MSP sample was
obtained at T, at which the motion of the spin
probe in swollen PIB was least restricted by the side-
chain motion. Even at this temperature, n values for
the MSP samples were observed about an order of
magnitude larger than in free methanol.

We thank Professor M. A. Winnik for supplying the latex
material and documents to read.
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