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Molecular motion of isolated polybutadiene
chains tethered on the fresh surface of
polytetrafluoroethylene

Katsuhiro Yamamoto, Shigetaka Shimada* and Yoshiharu Tsujita
Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466, Japan

and Masato Sakaguchi

Ichimura Gakuen College, 61, Uchikubo, Inuyama 484, Japan
(Received 9 December 1996, revised 24 January 1997)

The polybutadiene (PBD) chains tethered on the fresh surface of a polytetrafluoroethylene (PTFE) were
produced by a block copolymerization of PTFE with 1,3-butadiene in vacuum at 77 K. The extremely low
segmental density of the tethered chains was estimated by a spin labelling technique. The tethered chains can
be regarded as ‘isolated polymer chains’. The PBD tethered chain has an unpaired electron at the chain end.
We studied the molecular mobility of the PBD tethered chains by electron spin resonance (e.s.r.)
spectroscopy, using the PBD chain end radical as a probe. The site exchange motion between two
conformations at the chain end was observed in the temperature range 77-173K and the rate of the
exchange motion was determined by spectral simulations. The tethered chains are mobile even below 218K
which is a glass transition temperature of 1,4-PBD in the bulk. The high mobility of the PBD chains tethered
on the PTFE surface is attributed to: the PBD chains have a very large space around the chains because of an
extremely low segmental density on the PTFE surface. © 1997 Elsevier Science Ltd.
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INTRODUCTION

Numerous studies on molecular motion of polymer
chains in solid state or in solution have been reported. In
these systems, a molecular mobility of polymer chains
strongly depends on surroundings. The mobility of the
chains in solid state depends on the free volume related
to the interaction between the inter-polymer chains, or
the intra-polymer chains. The segmental density in the
vicinity of the surface is lower than that in the bulk. The
low segmental density results in a lower glass transition
temperature in the vicinity of polymer surface than that
in the bulk!?. In dilute solution, the mobility is affected
by the interaction between the polymer chains and
solvent molecules. Thus, the mobility is a function of
inter-molecular and intra-molecular interactions. It is
important to evaluate individually the interaction and
understand a fundamental physical property of the
individual polymer chain.

In low molecular weight compounds, the mobility of
isolated molecules has been reported, in which the low
molecules are trapped in argon matrix’. The mobility is
high even at extremely low 4K due to an isolated
molecule because of the very weak interaction with the
matrix. In general, an isolated polymer chain in a frozen
argon matrix cannot be obtained because a polymer is
not gaseous at any temperature.

Iwasaki et al. observed the e.s.r. spectra of the PBD

* To whom correspondence should be addressed

chain end radical in a urea canal complex*. In the canal
complex, each PBD chain is isolated from neighbouring
polymer chains by the host matrix. However, a
conformation of the PBD chains is restricted by the
canal wall. Thus the mobility in the canal would reflect a
specific conformation as trans-PBD°.

If polymer chains have a large space around the chains
and their aggregation is inhibited, the chains should be
scarcely affected by other chains and can be regarded as
‘isolated polymer chains’ in vacuum.

In our previous papers: the alkyl radical, -CH,CHj, -,
of polyethylene (PE) tethered on a PTFE surface has
high mobility even at 77 K5~®. The peroxy radicals at the
end of PE chains tethered on the PTFE surface has also
high mobility’. This high mobility was interpreted in
terms of: (1) the PE molecules were present in an
extremely low segmental density on the PTFE surface in
vacuum; and (2) the PE chains are prevented from their
aggregation because one end of the chain is tethered on
the PTFE surface and PE is immiscible with PTFE.
Thus, the PE chains can be regarded as ‘isolated PE
chains’. However, the degree of contact of the tethered
PE chains with the neighbour chains remains pending as
the chain length of the tethered PE chains still cannot be
characterized.

In this paper, we produced the PBD chains tethered on
the PTFE surface in order to observe an intrinsic
molecular motion of the individual PBD chains. The
molecular weight of the tethered PBD chains was
characterized and the mobility of chain end radicals of
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PBD was studied by e.s.r. spectroscopy using the PBD
chain end radical as a probe. We will discuss the
molecular mobility of the PBD chains regarded as
‘isolated polymer chains’.

EXPERIMENTAL

PTFE powder (Fluon G163, Asahi Glass Co., Ltd.) was
used without further purification. 1,3-Butadiene mono-
mer (Tokyo Chemical) was purified by a freeze—pump-
thaw method.

The PBD chains tethered on the fresh surface of PTFE
were produced as follows: The PTFE powder (1.50g)
was fractured with 1,3-butadiene monomer (7.5 x 10-3
mol) at 77 K in vacuum by a home-made vibration glass
ball mill'®. The ball-milling of PTFE powder produces
PTFE mechano radicals!® which are chain-end type
radicals and trapped on the fresh surface'! of PTFE. The
PTFE mechano radicals can initiate the radical polym-
erization'? of 1,3-butadiene monomer at 77 K in vacuum
when the PTFE radicals come into contact with the
monomer by physical mixing during the milling. The
radical polymerization of 1,3-butadiene monomer
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Figure 1 Cis- and trans-isomer of the allyl radical at the PBD chain
end
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Figure 2 Two sites of the conformation for the PBD chain ends
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proceeds and then the PBD chains tethered on the
PTFE surface are produced. The PBD chains have an
unpaired electron at the propagating end.

After polymerization, the e.s.r. sample tube connected
to the glass ball mill was placed into liquid nitrogen, and
the sample was dropped into the e.s.r. sample tube within
1s by turning it upside down. A residual monomer was
still present in this sample since the monomer did not
react perfectly. This wet sample is called the W-sample.
Another sample was prepared. After the milling, a
residual monomer was evacuated at 183K for 1 hundera
pressure below 10~ torr. This dry sample is called the D-
sample.

E.s.r. spectra were observed at a low microwave
power level to avoid power saturation and with 100 kHz
field modulation using JEOL JES-FE3XG and JEOL
JES-REIXG spectrometers (X-band) coupled to NEC
PC-9801 microcomputers. The signal of 1,1-diphenyl-2-
picrylhydrazyl (DPPH) was used as a g-value standard.
The magnetic field was calibrated with well-known
splitting constants of Mn?" in MgO.

SPECTRAL SIMULATION

Hori et al. have reported'? a computer program based on
a conformation exchange due to a ring inversion of
cyclohexyl radicals in which the radicals have one o
proton (H,). This program employs the line shape
equation derived by Heinzer' based on a density matrix
theory in the Liouville representation. Heinzer’s equa-
tion is identical with that derived from the modified
Bloch equation. Sakaguchi ez al. have modified’ the
program developed by Hori ez al. to simulate an e.s.r.
spectrum of an alkyl radical.

We used the program modified’ by Sakaguchi et al. to
simulate an e.s.r. spectrum of a propagating allyl radical
of PBD chain end as shown in Figure I, which has four
H,s with an anisotropic hyperfine splitting (hfs) (4,, 4,,
and 4,) and two § protons (Hg) with an isotropic hfs
(45). The intramolecular coordinates based on the
principal axes of the hfs tensor of H, are assumed: 4,
axis is parallel to p, occupied by the unpaired electron at
the o carbon (C,), A, axis is along the direction to the
C,—H, bond axis, and 4, axis is perpendicular to both
the 4, and A4, axes. We assumed two isomers, cis- and
trans-, for the chain end allyl type radicals (Figure I).
Cal_Hal, Cal_Hixla CaZ_HaZ’ and Ca3_Ha3 are put at
the positions to C,;—C,, bond axis with angles of 120°,
0°, —60°, and —120° in cis-isomer, respectively. In trans-
isomer, Co1—H,1, Cq1—Hbi, Cpa—Hyy, and Cy3—H,; are
put at the positions to C,3—C,, bond axis with angles of
—120°, 0°, 60°, and —120°, respectively. Figure 2 shows
two conformations of the PBD chain end radicals which
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have sites 1 and 2. 6, and 6, are dihedral angles of the
C,3—Hj bond axis relative to the p, axis.

RESULTS AND DISCUSSION
Characterization of tethered PBD chain

In an extremely low PBD fraction in the sample, it was
difficult to estimate the PBD fraction by a pyrolysis.
Accordingly, we developed the spin labelling technique
to determination of the PBD fraction 100 x PBD(g)/
[PBD(g)+PTFE(g)] (%) of the sample. Rockenbauer
et al. reported'” that 2,6-dichloronitrosobenzene (DCNB)
forms a nitroxide radlcal in the reaction with macro-
molecule chains containing C=C double bonds. In our
previous paper16, the spin labelling technique was used to
determine the extremely low PBD fraction tethered on
PTFE surface. The absolute amount of the nitroxide
radicals produced after the reaction is stoichiometrically
related to that of the double bond.

We obtained a calibration curve'® to estimate an
amount of the PBD chains tethered on the PTFE surface
as follows: Some toluene solutions of PBD in the
concentration of 0.199-13.5 (g1™!) containing a small
amount of DCNB were prepared. As the reaction in e.s.1.
sample tube is proceeding at room temperature, the e.s.r.
spectral intensity of nitroxide radicals increases and have
a maximum. A calibration curve for the determination of
the absolute amount of PBD chains was obtained by
plotting the maximum value of the spectral intensity
against the concentration of the solution.

The powder sample (0.10g) of the PBD chains
tethered on the PTFE, in which the PBD propagating
radicals disappeared, was dilute in toluene (1ml)
containing a small amount of DCNB. The e.s.r. spectrum
of produced nitroxide radicals was observed at room
temperature. The spectral intensity of the nitroxide
radicals also increased and had a maximum with storage
time. The amount of PBD chains tethered on the PTFE
surface can be estimated from the maximum value of the
intensity and the calibration curve.

The PBD fraction of the D-sample was estimated to be
2.5 x 1072%. The average degree of polymerization is
calculated to be 41 usrng concentratron of the tethered
point (6.8 x 10'6 spins g~ .

{(R3)¢/N}'/2 for a PBD was reported to be 4. 02 for
¢is-PBD and 5.80 (A) for trans-PBD!7, where (R3); is
mean square end-to-end distance for a model of freely
rotating chain around a single bond and N is a degree of
polymerlzatron Mean square radius, <S0>f, of gyration
is given by (S2); = (R3)¢/6. Therefore 2(S3)1/2 of the
PBD tethered on the PTFE can be estimated approxi-
mately to be 21 A or 30 A for cis- or trans-PBD tethered
chains, respectively.

The area per, tethered point on the PTFE surface,

=3.1x103A? spin ~! was deduced from the concen-
tratlon of the tethered pomt and the specific surface area
@.1m?g ™. 2(8 ) /A is a good measure of the
degree of contact of tethered chains with neighbour
tethered chains, where A2 is an average distance
between one tethered point and the neighbour tethered
points. The 2(S0) /Al/ 2 for the cis- and trans-PBD
tethered chain was obtained to be 0.38 and 0.54. Since
these values are smaller than 1.0, the tethered chains have
no contact with each other. In other words, the PBD
tethered chains can be regarded as ‘isolated polymer
chains’. It is confirmed that the PBD tethered chains in
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the W- sample having an extremely low PBD fraction of
3.0 x 1072% can also be regarded as ‘isolated polymer
chains’, though the chains are surrounded by 1,3-
butadiene monomer molecules.

Structure of the PBD chain end radical

The e.s.r. spectrum of PBD chain end radicals in
the W-sample observed at 193K is shown in Figure 3A4.
The chain end radicals are much stable at
higher temperatures than the melting point of 1,3-
butadiene monomer. The spectrum of 2 x 6 lines
was assigned to the chain-end allyl type radicals,
C,@(HﬁZ) Ca3Ha3 CooHpp - Ca (H )2 ,  which
have large hfs constants (ca. 1.5mT) due to Hy,, Hy,,
H,3, and two Hgs and small hfs constant (ca. 0.4 mT) due
to H,,. A five line spectrum of PBD chain end radicals
for the W-sample was observed at 77K as shown in
Figure 3B with solid line because the rotation around the
C,3—Cs bond is hindered. This five line spectrum is
similar to the spectrum of the PBD chain end radicals
observed in urea canal complexes reported by Iwasaki et
al*. First, the simulated spectrum shown in Figure 3B
with a broken line is calculated by assuming the
conditions: (1) the PBD chain end radical takes only a
trans-form; and (2) the PBD chain end radicals take two
symmetrical conformations (two sites) (Figure 2) having
equal population of each site and the site exchange
motion is frozen. Hfs constant A4 due to 8 hydrogen is
calculated by using the relation 45 =2Qgp, cos 2918,
where Qg is the empirical constant and p. is the spin
density on the a; carbon atom. 6, #,, and Qgp, can
be determined by way of trial and error. For instance,
several theoretical spectra are calculated and com-
pared with the experimental spectra. The broken line
in Figure 3B shows the calculated spectrum by
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Figure 3 E.s.r. spectra of the PBD chain end radicals of the W-sample
observed at 193K (A) and at 77K (B, C). The simulated spectrum
(broken line in B) is obtained as follows: the PBD chain end radicals are
trans-form, the spectrum is composed of two components spectra from
sites 1 and 2 assuming equal population of each site, and the molecular
motion of the PBD chains is frozen. The spectrum (broken line in C) is
calculated as broken line in B except that the mole fraction of cis-isomer
is 40%
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assuming the anisotropic constants of A, =143,
A, =233, and 4, =0.72mT? for H,, Hal, and
Ha3, the small value hfs constant 0.42mT for H,,,
and two isotropic hfs constant Ags of 0.53 and
1.76 mT for two Hgs. The isotropic hfs constant
[Aigo = (Ax + 4, + 4 §/3 =149 mT] due to H, is
consistent w1th the hfs value due to H, of allyl type
radicals obtained by other workers*20, Twasaki e al*
estimated the value of Qgp. to be 170mT for allyl
type radical from experimental values of Qg and p
obtained by Fessenden and Schuler?! and determined
the conformation of PBD chain end radical in the
urea canal complex. The A4; values of 0.53 and
1.76 mT correspond to the dihedral angles, 6, = 66°
and 6, = 42°. The conformational structure of the
radicals and the value of Qgp;, 1.59mT, are almost
the same as the results reported by Iwasaki e al®.
The calculated spectrum (broken line) in Figure 3B is
similar to the reported spectrum* of the PBD chain end
radicals in the urea canal complex in which the PBD chains
keep a trans form®. However, the peak positions and the
relative intensities of five lines for the calculated spectrum
(broken line) are in disagreement with those for the
observed spectrum (solid line) in Figure 3B of the allyl
radicals. This disagreement suggests that both cis- and
trans-isomers of PBD chain end radicals should be
considered. A coexistence of these isomers is also reason-
able because the PBD chains propagate in the free space
and the form of the PBD chain end radicals is not restricted
by other molecules such as a urea in the canal complex.
Next, the simulated spectrum is calculated by con-
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Figure4 E.s.r.spectra of the PBD chain end radicals with solid line for
the D-sample observed at 77, 123, 143, and 163K. The simulated
spectrum (broken line in A) is identical with a broken line in Figure 3C.
The simulated spectra (broken lines in B) are calculated by assuming the
site exchange rate of 30, 67, 120, and 200 MHz, respectively

6330 POLYMER Volume 38 Number 26 1997

sidering the contribution of the cis-isomer. The broken
line in Figure 3C shows a simulated spectrum as that in
Figure 3B except that the mole fraction of cis-isomer is
40%. The simulated spectrum is in good agreement with
the observed spectrum (solid line).

Thus, it can be concluded that the tethered PBD chain
end radicals have both cis- and trans-isomers.

Site exchange motion at the end of PBD chains tethered
on the PTFE surface

The e.s.r. spectra observed at 77, 123, 143, and 163K
for D-sample are shown in Figure 4 with solid lines. The
solid line in A is identical with that in B-1. The simulated
spectrum (broken line) in A is also the same as the
broken line in Figure 3C. The simulated spectrum in A
is a slightly poor fit to the observed spectrum because
the peak positions marked with arrows in broken line
spectrum still deviate from those in solid line (the posi-
tions and relative intensities of the lines for the observed
spectrum are slightly different with those for the
calculated spectrum). These deviations were not
improved with various fractional amounts of cis-
isomer. This suggests that another factor is required to
improve the deviations. These results lead us to consider
that the PBD chain end radicals in the D-sample may
begin the exchange motion between sites 1 and 2, which
is shown in Figure 2, even at 77 K. The mole fraction,
40%, of cis-isomer is fixed while the spectral simulation
for molecular motion is carried out. The simulated
spectrum (broken line) in Figure 4B-1 is calculated as a
broken line in A except that the rate of site exchange
motion is 30 MHz. The simulated spectrum is in good
agreement with the observed spectrum. Thus, it can be
concluded that the PBD chain end radicals in the D-
sample have the site exchange motion around the C,3—Cg
even at 77 K with a rate of 30 MHz.

The spectral change from 5- to 6-lines in Figure 4 is
induced with increasing temperature. The onset of
spectral changes is clearly evident at 143 K. The spectral
intensity does not decay below 183 K (Figure 5) and the
spectral change is reversible in the temperature range 77—
183 K. Thus, the spectral changes are attributed to a
temperature dependence of a molecular motion.

The simulated spectra (broken lines) for the spectra
observed at 123, 143, and 163K are obtained as the
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Figure 5 Decay curve of the PBD chain end radicals for the D-sample
(solid circle) and for the W-sample (open circle)
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Figure 6 E.s.r. spectra of the PBD chain end radicals with solid line for
the W-sample, which are observed at 77, 123, 143, and 163K. The
simulated spectra (broken lines) are calculated by assuming the site
exchange rate of frozen, 22, 35, and 55 MHz, respectively
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Figure 7 Arrhenius plot of the site exchange rate for the D-sample
chain (solid circle) and for the W-sample (open circle)

broken line in Figure 4B-1 except the site exchange rate
of 67, 120, and 200 MHz, respectively. The simulated
spectra are in good agreement with the observed spectra.
The spectral change is interpreted in terms of site
exchange motion of the chain end radicals. The PBD
chains tethered on the PTFE surface are more mobile
even below 218 K which is a glass transition temperature
of 1,4-PBD in the bulk?.

How does the presence of the residual monomer affect
the molecular motion of the PBD chains? If the
monomers in solid state are present around the PBD
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chains, the molecular density around the chains
increases. The molecular motion of the PBD chains
may be restricted by the 1,3-butadiene monomer. In
order to elucidate the effect of the monomer on the
molecular motion of the PBD chains, the PBD chain end
radicals in the W-sample (see Experimental section), in
which the residual monomer are present in the sample,
were observed. Figure 6 shows the e.s.r. spectra with solid
line of the W-sample observed at 77K, 123K, 143K, and
163K which are below the melting point of 1,3-
butadiene. The observed spectrum at 77K is identical
with the spectrum shown in Figure 3B with a solid line.
The other spectra observed at higher temperatures are
similar to the spectrum observed at 77 K. However, the
spectra change still occurs slightly with increasing
temperature. The simulated spectra are shown with
broken lines in Figure 6. The simulated spectra observed
at 123, 143, and 163 K are calculated as the broken line in
Figure 3B except that the site exchange motions are 22,
36, and 55 MHz, respectively (the mole fraction of cis-
isomer is 40%). The simulated spectra are in good
agreement with the observed spectra. The site exchange
rates of the W-sample are lower than that of the D-
sample. The molecular motion of the PBD chains are
found to be restricted by the solid residual monomer.
The spectral intensity for the W-sample decayed much
faster above 183 K than that for the D-sample, as shown
in Figure 5. In addition, as shown in Figure 34, the e.s.t.
spectrum line shape is sharp above the melting point of
1,3-butadiene and the molecular motion is more rapid.
That is, the PBD chain ends tethered on the PTFE
surface was plasticized by the monomer above the
melting point. These facts suggest that the residual
monomer in the W-sample surely affects the molecular
motion of the PBD chains.

The PBD chain in the D-sample can be regarded as an
isolated chain as well as the isolated PE chains®~® on the
PTFE surface. The isolated PBD chains are found to
have a high mobility because of the low segmental
density and the immiscibility between PBD and PTFE.

The site exchange rates determined by spectral
simulations are plotted against the inverse temperature
in Figure 7. The apparent activation energy of the site
exchange motion for the D-sample is estimated to be 10.6
kJmol '. Both the activation energy and the tempera-
ture range of the site exchange motion occurring are
higher than those values reported’ for the PE chain
tethered on the PTFE surface. These facts suggest that
the intrinsic flexibility of the individual PBD chains is
different from that of PE chains, i.e. PBD chains are
inherently stiff in comparison with PE chains because of
the rotational restriction around a double bond in PBD
chains.

CONCLUSIONS

The PBD chain ends tethered on the fresh surface of
PTFE in vacuum were produced by a copolymerization
with 1,3-butadiene.

The extremely low PBD fraction of the PBD chain
tethered on the PTFE surface was quantitatively
estimated by a spin-labelling method developed by us.
The tethered PBD chains have no contact with each
other and can be regarded as isolated chains.

The molecular motion of the PBD chain ends tethered
on the PTFE surface in vacuum was observed by e.s.r.
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spectroscopy. The isolated PBD chain ends have a site-
exchange motion between two sites even at 77 K. The
high mobility of tethered PBD chains is attributed to:
(1)the tethered PBD chains have an extremely low
segmental density on the PTFE surface in vacuum; and
(2) the PBD chains are prevented from their aggregation
because one end of the chain is tethered on the PTFE
surface and PBD is immiscible with PTFE. The tethered
PBD chains on the PTFE surface behave as isolated
chains in vacuum and reveal the intrinsic mobility of the
individual PBD chains.
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