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The polybutadiene (PBD) chains tethered on the fresh surface of a polytetrafluoroethylene(PTFE) were
produced by a block copolymerizationof PTFE with l,3-butadiene in vacuum at 77K. The extremelylow
segmentaldensityof the tetheredchainswasestimatedby a spinlabellingtechnique.The tetheredchainscan
be regarded as ‘isolatedpolymerchains’.The PBD tetheredchain has an unpaired electronat 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
exchangemotion was determinedby spectral simulations.The tethered chainsare mobileevenbelow218K
whichis a glasstransition temperature of 1,4-PBDin the bulk. The highmobilityof the PBD chainstethered
on the PTFE surfaceis attributed to: the PBD chainshavea verylargespacearound the chainsbecauseof an
extremelylow segmentaldensity on the PTFE surface. ~ 1997ElsevierScienceLtd.
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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
vicinityof the surface is lower than that in the bulk. The
low segmentaldensity results in a lower glass transition
temperature in the vicinityof polymer surface than that
in the bulkl,z. 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
individualpolymer chain.

In low molecular weight compounds, the mobility of
isolated molecules has been reported, in which the low
moleculesare trapped in argon matrix3. 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
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chain end radical in a urea canal complex4.In the canal
complex,each PBD chain is isolated from neighboring
polymer chains by the host matrix. However, a
conformation of the PBD chains is restricted by the
canal wall. Thus the mobilityin the canal would reflecta
specificconformation as tran.s-PBD5.

If polymerchainshave a large spacearound the chains
and their aggregation is inhibited, the chains should be
scarcelyaffectedby other chains and can be regarded as
‘isolatedpolymer chains’in vacuum.

In our previouspapers: the alkyl radical, –CH2CH2.,
of polyethylene (PE) tethered on a PTFE surface has
high mobilityeven at 77K6-8.The peroxy radicals at the
end of PE chains tethered on the PTFE surface has also
high mobility9. This high mobility was interpreted in
terms of: (1) the PE molecules were present in an
extremelylow segmentaldensity 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 stillcannot be
characterized.

In thispaper, weproduced 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
‘isolatedpolymer chains’.

EXPERIMENTAL

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

The PBD chains tethered on the fresh surfaceof PTFE
were produced as follows: The PTFE powder (1.50g)
was fractured with 1,3-butadienemonomer (7.5 x 10–5
mol) at 77K in vacuum by a home-made vibration glass
ball milllo The ball-millingof PTFE powder Produces
PTFE mechano radicals10 which are chain-end type
radicals and trapped on the fresh surfacel1of PTFE. The
PTFE mechano radicals can initiate the radical polym-
erization12of 1,3-butadienemonomer at 77K 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

cis-isomer 120” o

“ffq~~
a

Ha’

trans-isomer

“a, H.,
Figure 1 Cis- and tram-isomer of the allyl radical at the PBD chain
end

P orbital

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. sampletube connected
to the glassball millwas placed into liquid nitrogen, and
the samplewas dropped into the e.s.r. sampletube 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
residualmonomer wasevacuatedat 183K for 1h under a
pressurebelow 10-4torr. This dry sampleis called the D-
sample.

E.s.r. spectra were observed at a low microwave
power levelto avoid power saturation and with 100kHz
field modulation using JEOL JES-FE3XG and JEOL
JES-REIXG spectrometers (X-band) coupled to NEC
PC-9801microcomputers. The signal of l,l-diphenyl-2-
picrylhydrazyl(DPPH) was used as a g-value standard.
The magnetic field was calibrated with well-known
splittingconstants of Mn2+in MgO.

SPECTRAL SIMULATION

Hori et al. havereported*3a computer program based on
a conformation exchange due to a ring inversion of
cyclohexyl radicals in which the radicals have one a
proton (Ha). This program employs the line shape
equation derivedby Heinzer14based on a densitymatrix
theory in the Liouville representation. Heinzer’s equa-
tion is identical with that derived from the modified
Bloch equation. Sakaguchi et al. have modified7 the
program developed by Hori et al. to simulate an e.s.r.
spectrum of an alkyl radical.

We used the program modified7by Sakaguchiet al. to
simulatean e.s.r. spectrum of a propagating allylradical
of PBD chain end as shown in Figure 1, which has four
Has with an anisotropichyperfinesplitting(hfs) (,4X,AY,
and ,4,) and two ,6 protons (Hfl) with an isotropic hfs
(Afl). The intramolecular coordinates based on the
principal axes of the hfs tensor of H. are assumed: AX
axis is parallel top= occupiedby the unpaired electron at
the a carbon (Ca), xl=axis is along the direction to the
C.–H. bond axis, and AYaxis is perpendicular to both
the Ax and A= axes. We assumed two isomers, cis- and
trans-, for the chain end allyl type radicals (Figure Z).
Cal–Hal, Cal–H~l, Ca2–Ha2,and Ca3–H@3are put at
the positions to Ca3–Ca2bond axis with angles of 120°,
0°, –60°, and –120° in cis-isomer,respectively.In trans-
isomer, Cal–Hal, Cal–H~l, Ca2–H@2,and Ca3–H.3 are
put at the positions to Ca3–Ca2 bond axiswith anglesof
–120°, 0°, 60°, and –120°, respectively.Figure 2 shows
two conformations of the PBD chain end radicals which

P orbital

r C,j ~ T c~
Site Exchange

R R

Site 1 Site 2
Figure2 Two sites of the conformation for the PBD chain ends
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assuming the anisotropic constants of AX= 1.43,
AY= 2.33, and ,4Z= 0.72mT19 for Hal, H~l, and
H.3, the small value hfs constant 0.42mT for Ha2,
and two isotropic hfs constant Aps of 0.53 and
1.76mT for two H s. The isotropic hfs constant

fIAi~O= (,4X+ A, +Az /3= 1.49 mT] due to Ha is
consistent with the hfs value due to Ha of allyl type
radicals obtained by other workers4~20.Iwasaki et al.4
estimated the value of QPpCto be 1.70mT for allyl
type radical from experimental values of Q9 and pc
obtained by Fessenden and Schuler21and determined
the conformation of PBD chain end radical in the
urea canal complex. The Ap values of 0.53 and
1.76mT correspond to the dihedral angles, 01= 66°
and 02= 42”. The confirmational structure of the
radicals and the value of Q@pC,1.59mT, are almost
the same as the results reported by Iwasaki et al.4.

The calculated spectrum (broken line) in Figure 3B is
similar to the reported spectrum4of the PBD chain end
radicalsin theurea canalcomplexinwhichthePBD chains
keep a trans form5.However, the peak positionsand the
relativeintensitiesof fivelinesfor the calculatedspectrum
(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 coexistenceof these isomersis also reason-
able becausethe PBD chains propagate in the free space
and the form of thePBD chainend radicalsisnot restricted
by other moleculessuch as a urea in the canal complex.

Next, the simulated spectrum is calculated by con-

/’,..Jbp”v’
B-3) 143K ,--

‘7 #---’-w.-
A-B4) 163K “
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w
1 1 I

325 330 335
MagneticField(mT)

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 Figure3C.
The simulated spectra (broken lines in B) arecalculated by assuming the
site exchange rate of 30, 67, 120, and 200 MHz, respectively

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-isomeris
40Y0.The simulatedspectrum is in good agreementwith
the observed spectrum (solid line).

Thus, it can be concludedthat the tethered PBD chain
end radicals have both cis- and tram-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 linein A is identicalwith 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 relativeintensitiesof the linesfor 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 suggeststhat 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 exchangemotion between sites 1 and 2, which
is shown in Figure 2, even at 77K. The mole fraction,
40!40,of cis-isomeris fixedwhile the spectral simulation
for molecular motion is carried out. The simulated
spectrum (broken line) in Figure 4B-Z is calculated as a
broken line in A except that the rate of site exchange
motion is 30MHz. 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-
samplehave the siteexchangemotion around the Ca3–CB
even at 77K with a rate of 30MHz.

The spectral change from 5- to 6-lines in Figure 4 is
induced with increasing temperature. The onset of
spectral changes is clearlyevidentat 143K. The spectral
intensity does not decay below 183K (Figure 5) and the
spectralchangeis reversiblein the temperature range 77–
183K. Thus, the spectral changes are attributed to a
temperature dependenceof a molecular motion.

The simulated spectra (broken lines) for the spectra
observed at 123, 143, and 163K are obtained as the

I I I I I I

●
o

0

Annealing Temperature (K)

Figure5 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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Figure6 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 exchangerate for the D-sample
chain (solidcircle)and for the W-sample(open circle)

broken line in Figure 4B-1 except the site exchangerate
of 67, 120, and 200MHz, respectively.The simulated
spectra are in good agreementwith the observedspectra.
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 218K which is a glasstransition temperature
of 1,4-PBDin the bulk22.

How does the presenceof the residualmonomer affect
the molecular motion of the PBD chains? If the
monomers in solid state are present around the PBD

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
molecularmotion 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,
wereobserved.Figure 6 showsthe e.s.r. spectrawith solid
lineof the W-sampleobservedat 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 77K. However, the
spectra change still occurs slightly with increasing
temperature. The simulated spectra are shown with
broken linesin Figure 6. The simulated spectra observed
at 123,143,and 163K are calculatedas the broken linein
Figure 3B except that the site exchangemotions are 22,
36, and 55MHz, respectively(the mole fraction of cis-
isomer is 40Yo). 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 183K than that for the D-sample, as shown
in Figure 5. In addition, as shown in Figure 3A, the e.s.r.
spectrum line shape is sharp above the melting point of
1,3-butadieneand 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-samplecan be regarded as an
isolated chain as wellas the isolated PE chainsb–8on the
PTFE surface. The isolated PBD chains are found to
have a high mobility because of the low segmental
density and the immiscibilitybetween 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
exchangemotion for the D-sampleis estimated to be 10.6
kJmol-l. Both the activation energy and the tempera-
ture range of the site exchange motion occurring are
higher than those values reported7 for the PE chain
tethered on the PTFE surface. These facts suggest that
the intrinsic flexibilityof the individual PBD chains is
different from that of PE chains, i.e. PBD chains are
inherently stiffin comparison with PE chains becauseof
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-labellingmethod developed by us.
The tethered PBD chains have no contact with each
other and can be regarded as isolated chains.

The molecularmotion 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 77K. The
high mobility of tethered PBD chains is attributed to:
(l)the tethered PBD chains have an extremely low
segmentaldensity 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 immisciblewith PTFE. The tethered
PBD chains on the PTFE surface behave as isolated
chains in vacuum and reveal the intrinsicmobility of the
individual PBD chains.
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