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ABSTRACT: Poly(methyl methacrylate) (PMMA) chains were graft-copolymerized on a poly(tetrafluo-
roethylene) (PTFE) surface, and the tethered PMMA chains were spin-labeled to study the molecular
motion of the PMMA chains by electron spin resonance (ESR). Two spectral components, a “fast” (isotropic)
and a “slow” (anisotropic) component, with different rates of motion were observed in a certain temperature
range. The isotropic and anisotropic components of the ESR spectra are identified with the fast and
slow regions of polymer chain motion, respectively. Two transition temperatures, T, and Ty, and the
difference between T, and Ty, AT, were estimated. The lower T, is where the sharp *N isotropic triplet
spectrum first appears as the sample is warmed, while the upper Ty is where the broad spectrum identified
with the anisotropic pattern finally disappears. It was found that the transition temperatures and the
AT of the tethered PMMA chains increased, had maximum values around ca. 3% grafting ratio, and
decreased toward the transition temperatures and the AT of PMMA homopolymer chains with an increase
in grafting ratio. The T for the sample with 1.2% grafting ratio is about 40 K lower than that for PMMA
homopolymer, whereas the Ty for the grafting sample is 30 K higher than that for the homopolymer.
These facts reflect a wide distribution of molecular structure of the tethered chains. The mobile chains
protrude from the PTFE surface and have an extremely low segmental concentration of the PMMA
molecules. On the other hand, the rigid chains take an entangled structure and are adsorbed on the

PTFE surface.

Introduction

Many investigations on the molecular motion of
polymer chains in the solid state have been reported
by ESR.1-5 The intermolecular (intersegment) interac-
tion is an important factor for the molecular motion.
Each of the polymer chains in the bulk is surrounded
by the other chains and then has a limited space that
reflects its molecular mobility.

In order to clarify the intermolecular interaction
related to the molecular motion, we study the molecular
mobility of the polymer chains tethered on the other
solid polymer surface as a function of grafting ratio. The
grafting ratio should be related to the segmental
concentration and intermolecular interaction of the
tethered polymer chains, assuming that the tethered
chains are immiscible with the surface polymer chains.

We investigated the molecular motion of the chain end
radical of polyethylene (PE) tethered on the PTFE
surface by ESR and reported that the chain end radical
has a high mobility even at 77 K because of a weak
interaction between PE and PTFE composing the sur-
face and an extremely low segmental density of the PE
chains.®” Moreover, we clarified that the PE chain
tethered on the PTFE surface has a high mobility by
means of peroxy radical end-labeling.® We could not
obtain a sample of PE graft copolymer chains on PTFE
(PTFE-g-PE) with a high grafting ratio, and thus we
could not qualitatively estimate the molecular mobility
of the tethered polymer chains in a wide range of
grafting ratio.

In this paper, however, we prepare samples of PMMA
graft copolymer chains on PTFE (PTFE-g-PMMA) with
a wide range of grafting ratio. We will report the
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molecular motion of the PMMA chains tethered on the
PTFE surface as a function of grafting ratio related to
segmental density and discuss a mechanism of the
molecular motion of the PMMA chains.

Experimental Section

Materials. Poly(tetrafluoroethylene) powder (Fluon G163,
Asahi Glass Co., Ltd.) was used without further purification.
Atactic-PMMA (M,, = 83 000 M,,/M,, = 1.85) (Aldrich Chemical
Co., Inc.) was purified by dissolving in acetone, precipitating
in excess methanol, and filtering. This procedure was repeated
three times. The PMMA powder sample was then dried in
vacuo at room temperature for 2 days. MMA monomer
(Nacalai Tesque, Inc.) was purified as usual by a freeze—
pump—thaw method.

Preparation of PMMA Chains Tethered on a PTFE
Surface. (1) The mechanical fractures of PTFE powder (1.5
g) with MMA monomer (0.5 mL) were carried out by milling
in a homemade vibration glass ball mill in vacuo at room
temperature for 4, 8, and 24 h.° PMMA chains tethered on
the PTFE surface were produced by block (graft) copolymer-
ization of MMA monomer, which was initiated by the PTFE
mechanoradicals trapped on the PTFE surface.®® After
milling, unreacted monomer and PMMA homopolymer were
extracted with acetone using a Soxhlet apparatus. These
samples are named PTFE/MMA(4h), PTFE/MMA(8h), and
PTFE/MMA(24h) for 4, 8, and 24 h milling, respectively.

(2) PTFE powder irradiated with y-rays (13 kGy) in air was
placed in glass tubes and degassed. After the introduction of
MMA monomer to these glass tubes, these were sealed and
placed at 343 K for 2 and 6 h to produce PMMA chains
tethered on the PTFE surface.’* This graft copolymerization
was initiated by radicals on the PTFE surface. After the
copolymerization, unreacted monomer and PMMA homopoly-
mer were removed. These samples are named y-PTFE/MMA-
(2h) and y-PTFE/MMA(6h) for 2 and 6 h copolymerization,
respectively.

Spin-Labeling. The tethered PMMA chains and the
PMMA homopolymer were spin-labeled by amide—ester in-
terchange reaction with 2,2,6,6-tetramethyl-4-aminopiperi-
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Figure 1. ESR spectra of S-PMMA observed at various
temperatures. The separation between arrows shows the
extreme separation width.

dine-1-oxyl (4-amino-TEMPO) (Aldrich) in methanol contain-
ing sodium methoxide.’>!® The labeled samples were repeatedly
dispersed in CH3;OH-H,O and filtered to remove the large
amount of unreacted spin-label reagents. This procedure was
repated more than six times. As discussed in the following
section, it can be considered that the PMMA chains on the
surface of the bulk were selectively spin-labeled because the
reaction was performed in a poor solvent for PMMA. This
PMMA sample is named S-PMMA.

Determination of Grafting Ratio. The grafting ratio of
each sample was determined by thermogravimetry (TG) using
a TG8101D (Rigaku Denki) and taking advantage of the
different range of degradation temperatures between PMMA
(around 580—-650 K) and PTFE (around 780—840 K). A
heating rate of 5 K/min was used. The grafting ratio was
calculated by the following equation:

PMMA fraction ()

- x 100
PTFE fraction (g)

grafting ratio (%) =

ESR Measurements. ESR spectra were observed in vacuo
at a low microwave power level to avoid power saturation and
with 100 kHz field modulation using JEOL JES-FE3XG at 77
K and JES-RE1XG spectrometers above 113 K (X-band)
coupled to a microcomputer (NEC PC-9801). The signal of
DPPH (1,1-diphenyl-2-picrylhydrazyl) was used as a g-value
standard. The magnetic field was calibrated with the well-
known splitting constants of Mn?* in MgO.

Results and Discussion

Surface Molecular Mobility of PMMA Homopoly-
mer. Figure 1 shows the ESR spectra of S-PMMA
observed at various temperatures. In general, the
outermost splitting width of the main triplet spectrum
due to hyperfine coupling caused by the nitrogen
nucleus narrows with an increase in mobility of the
radicals becuase of motional averaging of the anisotropic
interaction between electron and nucleus. The complete
averaging gives rise to the isotropic narrowed spectrum.
The extreme separation width between arrows indicated
in Figure 1 gradually narrows with an increase in
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Figure 2. Temperature dependencies of the extreme separa-
tion width for S-PMMA (O) and B-PMMA (@).

temperature. New humps indicated with the asterisks
appear at 373 K and two spectral components, a “fast”
and a “slow” component, are observed in a certain
temperature range. The slow component with the large
outermost splitting width and the fast component with
the new humps can be attributed to radicals in the rigid
and mobile region, respectively.

The temperature dependence of the extreme separa-
tion width for the S-PMMA sample is shown in Figure
2 (open circles). The transition temperature at which
an extreme separation width equal to 5.0 mT is defined
as Tsomt. Tsay et al. reported the Tsomt Of atactic-
PMMA homopolymer to be 450 K.# Sohma et al. also
reported the Tsomt Of isotactic-PMMA homopolymer to
be about 420 K. In the case of S-PMMA, the Tsomr is
about 410 K. It is approximately 40 K lower than the
Ts.omt Obtained by Tsay et al. The low Tsont may be
attributed to the spin-labeled PMMA chains located
near the surface because the spin-label reaction was
performed in a poor solvent for PMMA. In order to
confirm the trapping region of the spin-labeled PMMA
chains, an additional experiment was executed. The
sample of S-PMMA was dissolved in benzene and
precipitated in methanol. By this procedure, the spin-
labeled PMMA chains located on the surface should
diffuse into the interior region. This sample is named
B-PMMA. The temperature dependence of the extreme
separation width for this sample is shown in Figure 2
(solid circles) and the Tsomt results in about 440 K,
which nearly equals the Tsomt reported by Tsay et al.
Thus, the spin-labeled PMMA in the S-PMMA sample
can be confirmed to be located near the surface. The
Tsomt 0f S-PMMA is 30 K lower than that of B-PMMA.
This is evidence that the molecular mobility is higher
on the surface than in the interior. These experimental
facts suggest that segmental distributions near a sur-
face for PMMA are different from the bulk profile;14.15
i.e., the segmental density near the surface is lower than
that in the interior. Two spectral components observed
for S-PMMA can be interpreted in terms of a distribu-
tion of correlation times arising from a distribution of
the segmental density near the surface.

Molecular Motion of PMMA Chains Tethered on
the Surface of PTFE. (a) Characterization of
Tethered PMMA Chains. The characteristics for
PTFE-g-PMMA samples are summarized in Table 1.

The tethered point concentration was determined as
follows: In the case of mechanically fractured samples,
PTFE powder (1.5 g) was fractured with MMA monomer
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Table 1. Characteristics of PTFE-g-PMMA Samples

grafting tethered point area per tethered av deg of
sample name ratio (%) concn (spin/g) point (A2/point) (A) polymerization; DP 2082042 2[52[H2/AL2
PTFE/MMA(4h) 0.1 2.9 x 101 7.2 x 104 2.1 x 103 81 0.3
PTFE/MMA(8h) 1.2 3.6 x 10%° 5.8 x 104 2.0 x 104 250 1.0
PTFE/MMA(24h) 2.7 5.8 x 1015 3.6 x 10* 2.8 x 10* 300 1.6
y-PTFE/MMA(2h) 10 2.7 x 10Y7 7.8 x 102 2.2 x 103 83 34
y-PTFE/MMA(6h) 30 2.7 x 10Y7 7.8 x 102 6.5 x 103 140 5.0
(0.5 mL) and nitrosobenzene (0.02 g), and then the Obs. 333K DPPH

absolute concentration of the produced nitroxide radicals
was estimated by ESR. The ratio of the amount of
PTFE to that of MMA monomer is just same as that
described in the Experimental Section. Assuming that
nitrosobenzene can trap all of the mechanoradicals
produced by the milling and/or the propagating radicals
of PMMA, the tethered point concentration and the area
per tethered point (denoted as A) should be calculated
using the specific surface area, 2.1 m?/g, of the PTFE
powder.” In the case of the y-ray-irradiated sample, a
toluene solution containing DPPH (0.4 mg/L) was added
to the irradiated PTFE, and the sample was incubated
in a sealed tube at 343 K for 2 h. The determination of
the amount of the DPPH radicals reacted with the
radicals, which initiated the copolymerization of MMA
monomer, on the PTFE surface was carried out by
measuring the decrease of absorbance at 520 nm as-
signed to be DPPH. A calibration curve for the absor-
bance versus DPPH concentration was obtained by
using a toluene solution containing DPPH of known
concentration.6

The grafting ratio increases with an increase in the
milling (mechanically fractured samples) or copolym-
erization time (y-ray-irradiated samples) (Table 1).

The average degree of polymerization for the tethered
PMMA chain, Dp, was calculated from the grafting ratio
and the tethered point concentration.

We estimated a measure of the radius of gyration for
the tethered polymer chain, assuming a Gaussian chain
for the polymer chain and carbon—carbon bond length
(b), 1.53 A, as the effective bond length, for simplicity.

The mean square end-to-end distance for a Gaussian
chain is given by

R’[= Nb?

where N is the number of bonds and b is the bond
length. The mean square radius of gyration is given

by
[$°[= [R’(I6 = Nb*/6

In the case of the PMMA chain, as N = 2Dp — 1,
[$°0= (2D, — 1)b%/6

where Dp is an average degree of polymerization.
2[82[32/AY2 js used to estimate whether one tethered
polymer chain can contact with neighbor chains or not,
where A2 is the distance from one tethered point to
neighboring tethered points. If 2[52[¥2/AY2 is smaller
than 1.0, each of the tethered chains cannot contact. If
2[82[32/AY2 is larger than 1.0, some tethered polymer
chains can contact and entangle with neighbor chains.
(b) Dependence of Molecular Motion of Teth-
ered PMMA Chains on Grafting Ratio. (1) Char-
acteristics of ESR Spectra. Figure 3 shows an
example of the ESR spectrum of spin-labeled PMMA
tethered on the PTFE surface (PTFE/MMA(4h)) ob-

Figure 3. ESR spectra of S-PMMA (A) and PTFE/MMA(4h)
(B) observed at 333 K. Fast and slow components are
indicated by “f” and “s”, respectively.
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Figure 4. Temperature dependencies of the extreme separa-
tion width for PTFE/MMA(4h) (O), PTFE/MMA(8h) (a), PTFE/
MMA(24h) (O), and S-PMMA (@).

served at 333 K (B) in comparison with the spectrum of
the PMMA homopolymer (S-PMMA) (A). The fast
component remarkably appears in the spectrum (B),
whereas only one slow component is observed in the
spectrum (A) and the extreme separation width for the
slow component in (B) is smaller than that in (A).
Figure 4 shows the temperature dependence of the
extreme separation width for PTFE/MMA(4h) (open
circles) in comparison with that for S-PMMA (solid
circles). The characteristic differences between the
results for both samples are found as follows:

(1) The fast component for PTFE/MMA(4h) appears
at lower temperature than for S-PMMA.

(2) The extreme separation width of the slow compo-
nent for PTFE/MMA(4h) is smaller than that for S-
PMMA below T5.0mT(410 K).

(3) The extreme separation width of the fast compo-
nent for PTFE/MMA (4h) is smaller than that for
S-PMMA.

These facts suggest that the PMMA chains tethered
on the PTFE surface, with 0.1% grafting ratio, have
higher mobility than the PMMA chains located on the
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Figure 5. Temperature dependencies of the extreme separa-
tion width for y-PTFE/MMA(2h) (), y-PTFE/MMA(6h) (O),
and S-PMMA (@).

surface of PMMA homopolymer and have a large space
around the tethered chains.

Two-component spectra are observed in a wide tem-
perature range for PTFE/MMA(4h). This is a reflection
of a broad distribution of correlation times arising from
a heterogeneous structure of the tethered chains. For
example, the distributions of molecular weight, segmen-
tal density, and PMMA—PTFE interaction of the teth-
ered chains can be considered to be broad.

In Figure 4, variations of extreme separation with
temperature for PTFE/MMA(8h) and PTFE/MMA(24h)
are also shown. In the slow component for the PTFE/
MMA samples, the transition temperature, TsomT, shifts
to the high-temperature side with an increase in graft-
ing ratio, and the Tsomts for PTFE/MMA(8h) and -(24h)
are ca. 40 K higher than that for the PMMA homopoly-
mer (S-PMMA). On the other hand, the temperature
dependencies (Figure 5) for the y-PTFE/MMA samples
having a high grafting ratio are similar to those for
S-PMMA, but the transition temperatures of the slow
component are still ca. 10 K higher than that of
S-PMMA. This fact suggests that the tethered polymer
chains still have a small interaction with PTFE chains
and the molecular mobility of the tethered polymer
chains is a little bit higher than that of the PMMA
molecules located on the PMMA surface.

(2) Transition Temperatures. In order to describe
the dependence of the molecular motion of the tethered
chains on grafting ratio (GR), two transition tempera-
tures, T and Ty, were estimated. The lower T is
where the sharp N isotropic triplet spectrum first
appears as the sample is warmed, while the upper Ty
is where the broad spectrum identified with the aniso-
tropic pattern finally disappears. The difference be-
tween T_ and Ty, AT, was also estimated as a measure
of a distribution of molecular mobility. The character-
istic temperatures, T, and Ty, were defined as follows:
Figure 6 shows the ESR spectrum of S-PMMA observed
at 383 K. The amplitudes of I; and Is indicated in the
figure are estimated as a measure of the intensities of
the fast and slow components, respectively. The nor-
malized intensities, 1#/S and I¢/S, are plotted against
observation temperatures (Figure 7), where S means the
total intensity of the spectrum estimated from the
second moment of the derivative spectrum. I4/S in-
creases and I¢/S decreases with an increase in temper-
ature. The temperatures extrapolated to zero of I¢/S and
I4/S by least-squares fitting can be regarded as T, and
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Figure 6. ESR spectrum of S-PMMA observed at 383 K. The
spectrum in the bottom square shows the magnified spectrum
of the upper square. If and Is indicate the intensities of the
fast and slow components, respectively.
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Figure 7. Example of two transition temperatures, T, and
Tw, and the difference AT. The normalized intensities, 14/S
and I¢/S, are shown with solid and open circles, respectively.

T as shown in Figure 7, respectively. The two transi-
tion temperatures for all grafted samples were esti-
mated by the same method.

The obtained Ty and AT are plotted against weight
fraction of PMMA (Figure 8). The Ty increases, has a
maximum value around 3% grafting ratio, correspond-
ing to 2.9% of the fractional amount of PMMA, and
decreases toward the Ty of S-PMMA. The AT, which
is a measure of distribution of molecular motion, also
goes through a maximum around 3% grafting ratio and
decreases with a decrease in grafting ratio toward the
AT of S-PMMA.

Case 1, GR = 0.1%. In the case of 0.1% grafting
ratio, Ty is very low as shown in Figure 8. Moreover,
the extreme separation width in the fast component is
more narrow than for S-PMMA as shown in Figure 4.
When the grafting ratio is 0.1%, the tethered PMMA
chain cannot contact with neighboring chains because
the range of 2[B2[¥2/AY2 (Table 1) is smaller than 1.0.
Therefore, the intermolecular interaction between the
copolymer chains can be neglected and the PMMA
copolymer chains have a very large space around
themselves as shown in Figure 9. The interaction
energy between tethered PMMA chains and PTFE
chains is very low because of an immiscibility of both
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Figure 9. Schematic illustration of the PMMA chains teth-
ered on the PTFE surface: (Top) At 0.1% grafting ratio, the
tethered PMMA chains cannot touch and entangle with
neighbor chains. The tethered chains have a very large space
around themselves. (Middle) At 1.2 or 2.7% grafting ratio, the
tethered chains still have a large space around themselves and
some tethered chains entangle. (Bottom) At 10 or 30% grafting
ratio, the tethered chains almost cover the PTFE surface.

chains. The tethered chain begins to protrude from the
PTFE surface when the PMMA chain has a low thermal
energy equal to the low interaction energy. Conse-
quently, the molecular mobility of the tethered PMMA
chain becomes very high. These facts reflect the ex-
tremely low segmental density of the PMMA chains.
Case 2, 0.1% < GR = 3%. In the range of grafting
ratio lower than 3%, Ty drastically increases with an
increase in grafting ratio (Figure 8). It can be consid-
ered that the segmental density of the tethered PMMA
chains should increase drastically with an increase in
grafting ratio and the molecular motion of these chains
should become restricted. The Ty of the tethered
PMMA chains is higher than that of S-PMMA. When
the grafting ratio is ca. 1.2%, the tethered PMMA chain
can begin to contact and entangle with neighboring
chains because 2[$2[¥2/AY2 is nearly equal to 1.0 (Table
1). Some segments of the tethered PMMA chains adsorb
on the PTFE surface like train segments adsorbed on a
silica surface'’” because of the entanglements of the
copolymer chain (Figure 9). The tethered PMMA chains
strongly interacted with the PTFE chains should give
rise to a higher transition temperature than that of
S-PMMA as shown in Figures 4 and 8. However, some
parts of low segmental density (nonentangled polymer
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chains) still exist in these systems (Figure 9). The
nonentangled polymer chains still have a very high
mobility reflected on a narrowing of the extreme sepa-
ration width in the fast component as shown in Figure
4. The AT increases with an increase in grafting ratio.
This reflects that the amount of the PMMA segments
adsorbed on the PTFE surface increases and the PMMA
chains have a wider distribution of molecular mobility.
Case 3, 3% =< GR. In the range of grafting ratio
higher than 3%, the Ty of the tethered PMMA chains
gradually decreases and approaches that of S-PMMA
with an increase in grafting ratio. The T_ of the
tethered PMMA chains is lower than that of S-PMMA,
and the extreme separation width of the tethered chains
is slightly more narrow than that of S-PMMA. These
facts suggest that the distributions of molecular mobility
are still wider than the distribution of S-PMMA. How-
ever, Figures 5 and 8 indicate that the molecular
mobility of the tethered PMMA chains should approach
that of S-PMMA with an increase in the grafting ratio.
When the grafting ratio is 10 or 30%, the tethered
PMMA chains almost cover the PTFE surface (see
2[52[32/AY2 in Table 1) and the surface profile of the
tethered PMMA chains should be close to that of PMMA
homopolymer chains as illustrated in Figure 9. The
spin-labeled sites are located near the surface of the
tethered PMMA chains because the spin-labeling reac-
tion was carried out in methanol. Therefore, the tem-
perature dependencies as shown in Figure 5 reflect the
surface molecular motion of the tethered PMMA chains
and are similar to the result of S-PMMA, and these
dependencies are still affected by the small amounts of
nonentangled and adsorbed PMMA segments.

Conclusions

We could estimate the surface molecular motion of
PMMA by spin-labeling (ESR). The molecular mobility
of PMMA chains near a surface proved to be higher than
that in the bulk of PMMA homopolymer.

The molecular motion of PMMA chains tethered on
the PTFE surface strongly depended on the grafting
ratio of the copolymer chains. The tethered PMMA
chains without contact with neighboring chains had a
very large space around themselves and had a very high
mobility because of an extremely low segmental density
when the grafting ratio was 0.1%. The tethered PMMA
chains entangled with neighboring chains were ad-
sorbed on the PTFE surface and strongly interacted
with the PTFE chains when the grafting ratio was 2.7%.
The transition temperature of the tethered PMMA
chains was higher than that of S-PMMA. Both the
transition temperature and distribution of the tethered
PMMA chains approached those of S-PMMA with
further increasing grafting ratio.
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