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ABSTRACT: Spin trapping is used to study molecular motion of PMMA chains in blends of poly(methyl
methacrylate) /poly(vinylidene fluoride) (PMMA/PVDF). Free radicals produced by thermal degradation
of PMMA chains in the blends are trapped by 2,4,6-tri-tert-butylnitrosobenzene, and the spin-labeled chain
ends are studied by electron spin resonance (ESR). The temperature dependence of the ESR spectra changes
substantially as a function of the PVDF content of the blend. The narrowing curve of the outermost splitting
widths and the generation curve of the mobile fraction of the spin label shift to low temperatures with increasing
PVDF content of the blend. The decay of the spin label follows second-order kinetics, and the rate constant
increases with increasing PVDF content of the blend. The decay reactions are interpreted in terms of a
bimolecular reaction of the spin label and translational diffusion of the PMMA chains. These phenomena
indicate that the rotational and translational molecular motions of the PMMA chains are closely related to
the compatibility of the PMMA and PDVF in the noncrystalline region of the blends.

Introduction

Many workers have studied blends of poly(methyl me-
thacrylate) (PMMA) and poly(vinylidene fluoride) (PVDF)
by such techniques as differential scanning calorimetry,
X-ray diffraction, light scattering, dynamic mechanical,
and dielectric measurements.! However, there are few
studies by electron spin resonance (ESR). We have de-
veloped spin-label techniques?™ to investigate the structure
and dynamic behavior of polymer chains at a particular
site. ESR is a simple and effective method for determining
molecular compatibility and molecular motion of a par-
ticular polymer chain in a blend. Blends of PMMA and
PVDF generally have a complicated structure composed
of a crystalline phase of PVDF and a liquidlike amorphous
phase of PMMA /PDVF. The latter phase may include
both PMMA-rich and PVDF-rich regions in a phase-sep-
arated system.

When PMMA and PVDF are completely compatible,
the amorphous phase has only one region. Hirata and
Kotaka!® concluded that phase separation occurs in a melt
of PMMA and PVDF and that quenching the melt leads
to a four-phase morphology. They used dynamic me-
chanical measurements to study the glass—rubber transi-
tion of the amorphous mixture and the crystallization and
remelting of a PVDF crystalline phase. On the other hand,
Hahn et al.'® concluded from dielectric relaxation data that
the 8 transition of PVDF arises in the crystal-amorphous
interface, where PMMA is completely excluded. However,
the transitions of semicrystalline blends observed by me-
chanical and dielectric measurements are complicated
because they include many relaxations involving the two
polymer components and more than two phases, and it is
difficult to separate the weak lower transitions from more
intense and broad peaks. We here present the results of
a spin-label study of the molecular relaxation of PMMA
chains in PMMA /PVDF blends.

Experimental Section

Materials. Powders of PVDF (Kynar 731) and PMMA
(medium molecular weight) were from Pen-Walt Chemical Co.
and Aldrich Chemical Co., respectively.

Preparation of Blends. Mixtures of PMMA and PVDF
powders in ratios of 33:67 and 11:89 (w/w) and ~0.1% (w) of the
spin trapping reagent 2,4,6-tri-tert-butylnitrosobenzene were
dissolved in acetone at 50 °C. Films were prepared by casting
from ~3% (w) of acetone solution at 50 °C. The blends were
coded 33/67 and 11/89. Films of PMMA and PVDF containing
the spin-trapping reagent were prepared by the same method.
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ESR Measurements. Polymer samples were put into ESR
sample tubes, evacuated to 107 Torr, and thermally degraded.
ESR measurements were carried out with a JEOL ME-3X X-band
spectrometer with 100-kHz modulation. Spectra were recorded
with a MELCOM 70/25 computer connected to the spectrometer.
The signal of diphenylpicrylhydrazyl (DPPH) was used as a g
value standard. The magnetic field sweep was calibrated with
the splitting constant of Mn2*,

Results and Discussion

ESR Spectra of Spin Adducts Labeled to PMMA
Chains in Thermally Degraded Blends. The thermal
degradation of PMMA and polyethylene produces free
radicals that can be trapped by a spin-trapping reagent
and observed by ESR.%® Figure 1 shows examples of the
ESR spectra of the spin adducts trapped in PMMA after
annealing at 173 °C for 15 min. For identification of the
stable radicals, 0.2 g of the spin-labeled PMMA was dis-
solved in 0.5 mL of benzene under vacuum. The ESR
spectrum of the benzene solution has considerable hy-
perfine structure (Figure 2). The hyperfine coupling
constants due to the interaction with the nitrogen nucleus
(an) and meta protons in the benzene ring (ay) were 0.959
=+ 0.009 and 0.189 = 0.004 mT, respectively, and the g value
was 2.00394. These values agree well with data obtained
by Terabe and Konaka® for the anilino radical in benzene
solution, which are ay = 1.001-1.101 mT, ay = 0.179-0.207
mT, and g = 2.0036-2.0040. Hence the stably trapped
radicals can be considered to be as shown:

t-Bu H

O —N t-Bu

{-Bu H

Figure 3 shows the concentration of the stable radicals as
a function of annealing temperature. A sample containing
the spin-trapping reagent was annealed at elevated tem-
perature for 15 min and then plunged into liquid nitrogen,
and ESR measurements were carried out at 196 °C. The
concentrations of the radicals were obtained by double
integration of the first derivative patterns. The generation
curve shown in Figure 3 was obtained by repeating this
procedure at increasing annealing temperatures.

In PMMA, radicals started to generate at ~120 °C and
show a peak concentration around 176 °C, whereas only
a small amount of radicals was produced from PVDF. In
the 33/67 and 11/89 blends, the amount of radical species
was proportional to the weight percent of PMMA in the
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Figure 1. ESR spectra of spin labels (anilino radicals) in poly-
(methyl methacrylate) at various temperatures. The spectrum
of DPPH, g = 2.0036, is the vertical line.
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Figure 2. ESR spectrum of anilino radicals labeled at PMMA
chain ends in benzene solution (0.2 g of PMMA dissolved in 0.5
mL of benzene) at room temperature.

blends. It can be concluded that only radicals produced
by chain scission of PMMA are trapped. The spin label
should also be useful for determining the molecular mo-
bility of the PMMA chains in the blends. Kashiwagi et
al.5 found that thermal degradation of PMMA proceeded
in three weight-loss steps, and that the step in the lowest
temperature region was initiated by scission of the head-
to-head linkages:
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Kashiwagi observed the onset of radical formation at 120
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Figure 3. “Generation curve” of anilino radicals in thermally
degraded poly(methyl methacrylate) (®) and poly(vinylidene
fluoride) (X).

°C and a peak concentration at 165 °C, which are con-
sistent with the generation curve in Figure 3. Therefore
we conclude that only PMMA chains in the blends are
labeled at the chain end sites:

r-Bu H
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Temperature Dependence of ESR Spectra of
Spin-Labeled PMMA. Because the anilino radicals la-
beled at the PMMA chain ends are stable, the temperature
dependence of the radical spectra can be observed over a
wide temperature range to provide information about the
radical sites. Thus the molecular motions of the sites, such
as the aggregation states in molecularly compatible regions,
can be elucidated. The samples were annealed at 173 °C
(the blends melt ~167 °C) for 15 min and then quenched
in liquid nitrogen. Although the ESR spectrum at low
temperature was a broad triplet, a narrow component
appeared at higher temperatures. Figure 1, 4, and 5 show
the changes in the spectra with temperature for PMMA
and the blends. The temperature dependence of the
spectra of spin labels in PMMA is very different from those
in the blends. A narrow component appears in the spec-
trum of 33/67 at 181 °C, while the spectrum of PMMA
is still broad at 185 °C.

To investigate the mobility of the PMMA chains in the
blends, we used two kinds of shape factors: the width
between the outermost peaks of the spectrum, and the
ratio of mobile component to immobile component. This
two-component analysis seems reasonable for the following
reasons. Murakami and Sohma” reported the existence
of both highly mobile and relatively immobile nitroxide
components in PMMA above the glass transition tem-
perature. Tsay et al.? presented spectral evidence for two
states of distinctly different mobility. Brown and San-
dreczki® interpreted ESR spectra of spin labels in an
amine-cured epoxy resin in terms of a superposition of
slow-phase and fast-phase spectra.

The outermost splitting widths of the main triplet
spectra due to hyperfine coupling with the nitrogen nucleus
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Figure 4. ESR spectra of spin labels (anilino radicals) in
PMMA/PVDF (33/67) blend at various temperatures. The
spectrum of DPPH, g = 2.0036, is the vertical line.
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Figure 5. ESR spectra of spin labels (anilino radicals) in
PMMA/PVDF (11/89) blend at various temperatures. The
spectrum of DPPH, g = 2.0036, is the vertical line.

were measured at various temperatures. The widths
narrowed with increasing temperature because of averaging
of the anisotropic hyperfine coupling due to rotational
motion of PMMA chains. In PMMA, the outermost peaks
gradually changed around 60 °C and narrowed sharply at
160 °C (Figure 7). On the other hand, in the blends the
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Figure 6. Example of an ESR spectrum composed of two spectra
arising from spin labels with different mobilities. The relative
intensities of the two spectra (Iy/Ig) and extrema separation (24,)
are indicated.
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Figure 7. Variation of extrema separation (24,) and mobility
ratio (Iy/Ig) with temperature: PMMA (e, m); PMMA/PVDF
blend (3367) (@, &); PMMA/PVDF blend (11/89) (0, O). At
higher temperatures, the values of 24, of narrow components are
also plotted.

narrowing curves shifted to lower temperatures with in-
creasing content of PVDF; data could not be obtained in
the high-temperature region.

The outermost splitting width of the narrow component
(~2.3 mT) is independent of temperature (Figure 7). The
positions of the outermost peaks coincide with those of the
spectrum obtained with complete averaging of the aniso-
tropic hyperfine splitting, as observed by Murakami and
Sohma.” Hence we conclude that our ESR spectra are
composed of two spectra arising from anilino radicals with
different mobilities and that the narrow component arises
from the spin label in a liquidlike state.” Since segmental
mobility and relaxation processes reflect the free volume,
the two spectral components must be associated with the
free volume. In general, polymer chains have a broad
distribution of relaxation times. As a result, immobile
components should convert to mobile components, i.e., a
liquidlike state, gradually with increasing temperature.

The ratios of mobile to immobile components, I/,
are shown in Figure 6 and plotted in Figure 7. The value
of Iyy/Ig, which is a crude measure of the mobile fraction
of the spin-labeled PMMA chain, the guest polymer, in-
creases with temperature. It is interesting that this plot
of Iy/Ig shifts to lower temperatures with increasing
content of PVDF in the blends. This result indicates an
increase in the segmental mobility of the host polymer in
the blends, reflecting the excess volume generated by
molecular compatibility of PMMA and PVDF.

These temperature dependences indicate that the re-
laxations of PMMA chains in both mobile and immobile
phases of the blends become rapid with increasing mo-
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Figure 8. Decay curve of anilino radicals trapped in PMMA (®),
PMMA/PVDF (33/67) blend (@), and PMMA /PVDF (11/89)
blend (O). Experiments were made at 117, 114, and 102 °C,

respectively.
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Figure 9. Inverse concentration (C,/C) and logarithm of inverse
concentration (In Cy/C) of anilino radicals versus storage time
at 117 °C. The values of Cy/C and In C,/C were calculated from
the data for PMMA (@) in Figure 8.

lecular compatibility of the two polymers.

Decay of Anilino Radicals Labeled at the Chain
End Sites of PMMA. Samples of labeled polymers were
annealed at 173 °C for 15 min and quenched to -196 °C.
The sample tube was then inserted into the ESR cavity
maintained at a reaction temperature, and ESR spectra
were recorded at appropriate time intervals. The total
concentrations of radicals were obtained by double inte-
gration of the first derivative patterns, and the percent
concentrations of radicals were obtained as a function of
annealing time. The decay curves of anilino radicals are
shown in Figure 8, where zero time is the time of the first
ESR measurement. The same procedure was carried out
at different reaction temperatures to obtain the temper-
ature dependence of the kinetic constant. The decay rate
of the radicals increases with increasing PVDF content of
the blends.

From these data, the inverse concentrations, C,/C, and
the logarithms of the relative concentration, In C,/C, were
plotted against storage time (Figure 9). Here C; is the
initial concentration of the radicals. As seen from Figure
9, In C;/C deviates from a linear plot, but C,/C is linear
with storage time:

Co/C = a + KCyt 1)

Therefore the decay reaction follows second-order kinetics,
and the radicals decay by a bimolecular reaction that in-
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Figure 10. Temperature dependence of time constant, KC, (see
text): PMMA (@), PMMA/PVDF (33/67) blend (@) and
PMMA/PVDF (11/89) blend (O).

volves translational diffusion of the chain end sites of the
PMMA molecules:

-dC/dt = KC? 2)
R- + R-— R-R 3)

To analyze the diffusion-controlled bimolecular reaction,
wel® modified Waite’s equation!*? as follows:

Co/C =1+ AtY/2 + Bt 4)
A = 8(21/2r2Co){(n D)2 (5)
B = 87r,DC, (6)

where ry is the capture radius and D is the diffusion con-
stant. When the experimental condition is ¢ > (A/B)?,
eq 4 coincides with eq 1. From eq 1, 4, and 6, the kinetic
constant K is found to be proportional to the diffusion
constant of the radicals:

K = 8rroD (7)

The temperature dependence of the time constant KCy in
eq 1 is shown in Figure 10. The constants at 375 K in the
blends 33/67 and 11/89 are 6 and 90 times, respectively,
larger than that in PMMA.

When PMMA chains are dilute in PVDF matrices, the
value of C;, decreases with increasing PVDF content when
PMMA and PVDF are compatible. The time constant
KC, increases with PVDF content despite the decrease in
Co. From eq 7, the constant of translational diffusion of
radicals also increases with PVDF content. The transla-
tional diffusion of the PMMA chain in the blend should
reflect the molecular compatibility of PMMA and PVDF
chains in the blends, and the PVDF chains should have
a plasticizing effect on the PMMA chains. Thus the excess
free volume introduced by the addition of diluent PVDF
chains should cause an increase in the rates of rotational
and translation molecular motions.

Registry No. PVDF, 24937-79-9; PMMA, 9011-14-7; 2,4,6-
tri-tert-butylnitrosobenzene, 24973-59-9.
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Thermodynamic and Kinetic Factors in Adsorption of Polymers

on a Plane Lattice
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ABSTRACT: The rate of formation of an adsorbed polystyrene monolayer onto silica/carbon tetrachloride
interfaces is studied by a radioactive tracer method with *H-labeled polymers. The influence of the temperature
on the amount of the polymer adsorbed is determined, and the kinetic law of the adsorption is formulated.
At low solution concentrations, the polymer adsorbs with a very flattened conformation, and the kinetic parameter
of the adsorption process is quantitatively analyzed with use of a mechanism corresponding to a two-dimensional
lattice filling. This process may be regarded as a “solution” process such as the mixing on a molecular scale,
which involves, beside surface forces, local conformational changes and entropy of mixing effects. At higher
solution concentrations, loops and/or tails emerge from the surface at a very low rate.

Introduction

Several studies of the adsorption of polystyrene onto
silica, carbon, and metal surfaces under various solvent
conditions have been reported in the literature.!® Several
characteristics of the polymer layer adsorbed on these
substrates were determined: macromolecular interfacial
area, hydrodynamic and ellipsometric thi¢knesses, and
relative importance of trains and loops at adsorption
equilibrium. Special interest was also directed toward the
variation of the number of chain segments in contact with
the solid surface, resulting from the increase in the degree
of coverage. These adsorption studies were done on plane,
porous, or finely divided adsorbents, suited to the selected
techniques of investigation.®

In the present study, we focused attention on the ki-
netics of the formation of a polymer layer on a nonporous
silica adsorbent of particular interest. By choosing an
adsorbent, fully hydrated silica, bearing only silanol groups
and carbon tetrachloride as solvent, we were able to gen-
erate strong polymer—surface interaction forces and to
follow the early stages corresponding to the formation of
a flat carpet.!® Information relative to the layer structure
and to the successive conformations of the adsorbed
polymer was obtained by varying the polymer concentra-
tion in the solution at adsorption equilibrium. Similarly
the influence of temperature on the shape of the adsorp-
tion isotherms furnished a scheme complementary to the
observed unusually stable structure of the adsorbed
polymer. It then proved interesting to establish the re-
lationship for the kinetics of the establishment of the ad-
sorbed layer and therefore to determine the main mech-
anism of the process.

Experimental Section

Materials. Polymer. The radiolabeled polystyrene was
prepared by radical polymerization in the presence of traces of
acrolein. After purification, the polymer was reacted in freshly
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distilled dioxane with tritiated potassium borohydride to yield
the following chemical structure:
[CHy— CH 1,y — [ —CHy —CH LIS -3
22— m—b—CHy— —],,,2 —,777 =2x10
CH—OH
o
The characteristics of the polymer are as follow: M, = 3.6 X 105,
M, /M, (GPC) = 1.6; specific radioactivity R, = 2 X 10% cpm g%,
The polymer concentration was obtained by determining the
specific radioactivity of the solution. Because the carbon tetra-
chloride exerts a strong quenching, the solvent was extracted
before the liquid scintillator (Instagel Packard) was added to the
polymer sample.

Adsorbent. The adsorbent was nonporous glass beads (Verre
et Ind.) of 34-um average diameter and 7.8 X 1072 m? g”! specific
surface area. This adsorbent was treated with hot hydrochloric
acid to extract or exchange with H* all surface ionic exchangeable
species. Moreover, this treatment generates a hydrated silanol
surface. The beads were then washed free of acid. Excess water
was evaporated under reduced pressure at 40 °C. This soft drying
process maintains the fully hydrated silanol surface.!!

Solvent. Carbon tetrachloride was dried over CaH,, distilled
under N,, and maintained over molecular sieves. The polystyrene
solutions were kept at the selected temperature for 5 days before
use in adsorption experiments to reach conformational equilib-
rium.

Procedures. Adsorption Isotherms. Silica beads were
suspended in the solvent and degassed under reduced pressure
to generate the true solid-liquid interface. The required mass
of polymer solution was then added to the suspension. Great care
was taken to isolate the suspension from atmospheric moisture.
Mild controlled agitation was used to renew the sediment/su-
pernatant interface. The amount of adsorbed polymer was de-
termined by counting the radioactivity of the supernatant solution.
This was done at different time intervals, and the actual ad-
sorption was calculated when no systematic variation could be
detected over 3 days.

Adsorption Rate Determination. Glass beads (1 g) and
approximately 20 mL of carbon tetrachloride were introduced into
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