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ABSTRACT: The molecular motion of polyethylene (PE) chain ends tethered to a fresh surface of poly-
(tetrafluoroethylene) (PTFE) in vacuo was studied. The tethered PE chain ends were produced by a
block copolymerization of PTFE with ethylene in vacuo at 77 K. Each of the tethered PE chains has an
unpaired electron at the growing chain end. The mobility of the tethered PE chain ends was observed in
the range of 2.8—95 K by an electron spin resonance (ESR) spectrometer with the unpaired electron as
a probe. The inter exchange motion between two o protons at the chain ends probably occurs at 2.8 K.
The site exchange motion between two conformations at the chain ends occurs above 7 K and is more
clearly observed at 15 K. Moreover, the torsional oscillation of the g proton occurs above 30 K.
Furthermore, the rotation of the chain end about the chain axis of PE probably occurs at 95 K. The
assignment of molecular motion modes was based on spectral simulations. The high mobility of the
tethered PE chain ends is attributed to (1) a large space around the chains; (2) the presence of the vacuum;
(3) the lack of chain aggregation, because the concentration of the chain ends is low and they are tethered,;
and (4) the immiscibility of PE and PTFE. The ends of PE chains tethered on the PTFE in vacuo probably
behave as isolated PE chain ends in vacuo, and may reveal the mobility intrinsic to PE chain ends.

Introduction

Many studies on the molecular motion of polymer
chains in bulk or in solution have been reported. In
these systems, the mobility of the polymer chains
depends greatly on their surroundings. For example,
the mobility of chains in bulk relates to the amount and
size of the free volume. The free volume may be
influenced by interactions with inter- and intrapolymer
chains. In solution, the mobility is affected by an
interaction between the polymer chains and solvent
molecules. Thus the polymer chains do not reveal the
mobility intrinsic to an individual chain but rather
reflect the features of the surroundings. Increased
attention is here focused on a fundamental understand-
ing of the physical properties of isolated molecules.

In low molecular weight compounds, numerous stud-
ies on the molecular motion of isolated molecules have
been reported?! in which the small molecules are trapped
in an argon matrix that is produced by a simultaneous
condensation of argon with gaseous molecules. The
mobility of the molecules is high even at 4 K because
the molecules are isolated by a frozen argon matrix that
has very weak interaction with the molecules. The
mobility is high, but some of the motion may be
suppressed in the frozen argon matrix.

In polymer materials, it is impossible to get a gaseous
polymer. Thus isolated polymer chains in a frozen
argon matrix cannot be obtained.

The polymer chains which are included in the chan-
nels of inclusion complexes such as urea? and per-
hydrotriphenylene3~7 are isolated from neighboring
polymer chains by the host matrix. However, confor-
mation of the chains is restricted by the channel wall.
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Thus, the mobility of the included chains reflects a
specific conformation such as the trans form for poly-
ethylene (PE),*7 and some of the motions may be
restrained in the channel.

If polymer chains have the following features, they
are scarcely affected by other chains and can be re-
garded as “isolated polymer chains” in vacuo: (1) a large
space around the chains, (2) the presence a vacuum, and
(3) an inhibition of the chain aggregation.

In our previous two papers (1) the PE alkyl radical,
CH,CHy*, tethered to the poly(tetrafluoroethylene)
(PTFE) surface has high mobility, even at a temperature
as low as 77 K,® and (2) the peroxy radicals at the
terminal of a PE chain tethered to a PTFE surface also
have high mobility.® The high mobility of the two kinds
of PE chain ends was interpreted as an extremely low
segmental concentration of PE molecules on the PTFE
surface.

PE chains tethered to a fresh surface of PTFE in
vacuo can be regarded as “isolated PE chains” in vacuo
for the following reasons: (1) the concentration of PE
chains is extremely low on the PTFE surface; (2) the
PE chains are present in vacuo; (3) the aggregation of
PE chains is prevented by linkage to the PTFE surface
with a covalent bond; and (4) PE and PTFE are
immsicible. These details are described in later sec-
tions. Each of the tethered PE chains has an unpaired
electron at the chain terminal. The mobility of the
tethered PE chain ends with the unpaired electron as
a probe can be observed by an ESR spectrometer.

We have reported’® a preliminary result for the
molecular motion of PE chain ends tethered to a PTFE
surface in vacuo. In the present study, a detailed
analysis of the molecular motion of tethered PE chain
ends is discussed.
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Experimental Section

PTFE powder (Aflon G80, Asahi Glass Co., Ltd.) was used
without further purification. Ethylene monomer (Takachiho
Co., Ltd.) was purified by a freeze—pump—thaw method.

The PE chains tethered to a fresh surface of PTFE in vacuo
were produced as follows: The PTFE powder (1.53 g) was
fractured with ethylene (5.2 x 10~* mol) at 77 K in vacuo by
a homemade vibration glass-ball mill.** The ball milling of
PTFE powder produces PTFE mechano radicals,* which are
chain-end type radicals located on the fresh surface? produced
by the fracture. The PTFE mechano radicals can initiate a
radical polymerization of ethylene at 77 K in vacuo.’® Ethylene
monomer is supplied to the PE-propagating radicals by physi-
cal mixing under the milling; the radical polymerization of
ethylene continues, and then the PE chains tethered to the
PTFE fresh surface in vacuo are produced. Thus, polymerized
PE chains at 77 K have unpaired electrons at the chain
terminals. After the polymerization, the powder sample was
dropped into an ESR sample tube at 77 K, which was
connected to the glass-ball mill.

An ESR spectrometer (BRUKER ESP 300E) equipped with
a helium cryostat (OXFORD ESR 900) was used to investigate
the molecular motion of the tethered PE chains. ESR spectra
were observed at X-band frequency, at a microwave power level
of 2 uW to avoid power saturation, and with 100 kHz field
modulation. The magnetic field was calibrated by NMR Gauss
meter (BRUKER ER035M with F1 probe head). Temperatures
were controlled by a temperature controller (OXFORD ITC 4).

The sample in the ESR sample tube was cooled to 2.8 K in
the cryostat and left to stand for 120 min; then the ESR
spectrum was observed at 2.8 K. The sample was kept at each
of the elevated temperatures for 15 min for observation.

Spectral Simulation

Hori et al. have reported!* a computer program based
on a conformation exchange due to a ring inversion of
the cyclohexyl radicals, a secondary radical with one o
proton (Hy). 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, as expected, identical with that derived from the
modified Bloch equations.

We have modified the computer program developed
by Hori et al. to simulate ESR spectra of a primary alkyl
radical, CH,CHy*, which has two H,s and two j protons
(Hp).

The molecular coordinate system (x, y, z) based on the
principal axis (Ax, Ay, A;) of the hyperfine splitting (hfs)
tensor is defined by the nuclear spin of one H,. On a
common coordinate, Ay is parallel to p, occupied by the
unpaired electron at the a carbon (C,), A; is along the
direction of the C,—H, bond, and Ay lies in the Hui—
Co—Hg2 plane and is perpendicular to both A, and A,
(Figure 1).

When the hfs term arises from two Hgs, the A,, Ay,
and A, need to be respectively replaced by A;, Az, As
defined by a new molecular coordinate system (1, 2, 3)
which reflects a spatial relationship between two H,s.
A; lies in the C,—Cs—C, plane and bisects the Hpg,—Cs—
Hp: bond angle. A; is both perpendicular to the C,—
Cs—C, plane and A,. Asis perpendicular to both A; and
Az and is parallel to the chain axis of PE. There are
two conformations for the tethered PE chain ends, called
site 1 and site 2. At site 1, each Ay of Hgg or Hyp is
parallel to p, and tilts from axis 1 with an angle of ¢ =
15°. A; lies in the Hy1—Cy—Hg2 plane and tilts from axis
3 with 8 = —90° for Hyy and 8 = 30° for Hye. At site 2,
Ay and A; are the same as at site 1, except each Ay of
Hga1 or Hyo tilts 6 = —15° from axis 1.
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Figure 1. Two sites of the tethered PE chain ends. Three
types of molecular coordinate based on the principal axes of
the hfs tensor of Hy (A1, Az, As), (A, Ap), and (A, Ay, A;) are
shown. Details are given in the text.

When another coordinate is based on a rotation mode
around the axis 3, A is parallel to A;. Ap is derived
from the average of A; and Az, and is perpendicular to
A||.

Figure 2a shows the ESR powder pattern of the model
alkyl radical, RCHy", simulated by Ay = 2.0 mT, Ay =
3.20 mT, A, = 1.00 mT16, and 6 = 30° for Hy, and § =
—90° for Hqi. The simulated spectrum was obtained
from the conformations of site 1 and site 2 except for
the two Hgs (Figure 1), in which an equal population at
each site and a frozen molecular motion were assumed.
Figure 2b spectrum was calculated as in Figure 2a
except for the interexchange beteen two H,s in the Hy—
Cu—Hoy2 plane at a rapid rate (10 GHz). From Figure
2b spectrum, A; = 1.90 mT, Az, = 1.48 mT, and Az =
2.77 mT are obtained. These Ai, Ay, and Az mean
“preaveraged” hfs constants are from Ay, Ay, and A,
under the rapid interexchange motion. Figure 2c
spectrum was simulated by the preaveraged hfs con-
stants. The peak positions are identical with those in
the Figure 2b spectrum. The spectral shape is fairly
identical. Thus Ay, Ay, and A, can be replaced by the
preaveraged hfs constants, when H, is in the rapid
interexchange motion mode. The hfs constants of H,
are listed in Table 1.

The following major simulations are carried out using
preaveraged hfs constants and a site exchange rate
described in a later section, because our simulation
program is limited to a single exchange rate.

Results and Discussion

The observed spectrum at 2.8 K is shown in Figure 3
with curve A. Curve B is simulated from the conforma-
tion of site 1 and site 2 (Figure 1). Site 1 is defined as
¢ = 15°, A1 = 15°, and A, = 45°, where 4, or A, is a
projection angle between p, and Hgi or Hg, to the 1-2
plane. Site 2 is defined as ¢ = —15°, ,; = 45°, and A, =
15°. The spectrum based on site 1 was obtained by hfs
constants of Hy; Ax =2.00 mT, Ay =3.20 mT, A, = 1.00
mT with relation to 6 = —90° for Hy; and 6 = 30° for
Hq2 and hfs constants of Hg; and Ags = 3.86 mT and Ag
= 2.07 mT, which were derived by the McConnell
equation?® with A, = 15° for Hg;, and A, = 45° for Hg,.
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Table 1. Proton Hyperfine Splitting Constants of Model Radicals RCH>*

hyperfine splitting (mT) of Hg

hyperfine splitting (mT) of Hq,

Ap(A1) Ap2(22)

Ax Ay A,
2.00 3.20 1.00 3.86 2.07 frozen state

A1 Az Az

1.90 1.48 2.77 3.86 2.07 rapid interexchange of Hy
An An Ay

1.69 1.69 2.77 3.86 2.07 rotation around As axis

(a) 1Hz «

(b) E A 106Hz

(_rw 1Hz

Figure 2. Simulated ESR spectra from model radical RCH".
(a) Powder spectrum based on A, = 2.00 mT, A, = 3.20 mT,
and A, = 1.00 mT, and 6 = —90° for Hq1 and 6 = 30° for Ho.
The simulated spectrum was obtained from the conformations
of site 1 (¢ = 15°) and site 2 (¢ = —15°), except for two Hgs, in
which an equal population at each site and a frozen molecular
motion are assumed. (b) Simulated as in part a except H,
causes interexchange motion in the Hqo—Co—Ho2 plane at a
rate of 10 GHz. The preaveraged hfs constants A; = 1.90 mT,
A, = 1.48 mT, and As; = 2.77 mT, were obtained from the
drawn spectrum of part b. (c) Simulated by the preaveraged
hfs constants A; = 1.90 mT, A, = 1.48 mT, and A; = 2.77 mT.
This simulated spectrum is shifted to a lower magnetic field
to avoid superposition of the center peak.

Another spectrum based on site 2 was obtained as in
site 1 except Agy = 2.07 mT (4, = 45°) for Hg and Ag, =
3.86 mT (4, = 15°) for Hp,. Each simulated spectrum
derived from site 1 or 2 was obtained by assuming an
equal population and a frozen molecular motion. The
simulated spectrum derived from site 1 was, as ex-
pected, identical with the spectrum derived from site
2. Curve B, based on the frozen molecular motion, is a
poor fit to the observed spectrum. This result suggests
that some kind of molecular motion occurs.

Curve C is simulated as in curve B, except for the
interexchange motion between two Hgs in the Hy1—Co—
Hq2 plane at a rapid rate (10 GHz). This simulated
spectrum is in good agreement with the observed
spectrum, suggesting that the inter exchange motion
occurs even at 2.8 K. Curve D is simulated as in curve
B, except for the preaveraged hfs constants of A; = 1.9
mT, A, = 1.48 mT, and Az = 2.77 mT, derived from the

Figure 3. Observed and simulated spectra of PE chain ends
tethered to a PTFE surface. Curve A (—): observed at 2.8 K.
Curve B (---): simulated by assuming frozen molecular
motion. Curve C (- - -): simulated as in curve B except for
the rapid interexchange motion of H,. Curve D (- --): simu-
lated as in curve B except for the preaveraged hfs constants
A; = 1.90 mT, A, = 1.48 mT, and A; = 2.77 mT, which are
derived from assuming the rapid interexchange motion. Curve
E (- - -): simulated as in curve B except for A, = 2.77 mT and
Ag = 1.69 mT, which are derived from assuming the rotation
around the PE chain axis.

model radical assuming the rapid interexchange motion.
This simulated spectrum is also in good agreement with
the observed spectrum. Thus the good agreement of
curve C with curve D means that the Ay, Ay, and A; can
be replaced by the preaveraged values, A;, A, and As,
respectively, when the rapid interexchange motion
occurs.

Curve E is simulated as in curve B, except A = 2.77
mT and Ag = 1.69 mT, derived from the model radical
rotating about axis 3, which is the chain axis of PE. This
simulated spectrum is also in good agreement with the
observed spectrum. This agreement suggests that the
PE chain ends rotate around the chain axis. If a fine
structure in the line shape of the ESR spectrum was
observed, a more detailed analysis for a molecular
motion mode could be carried out by a spectral simula-
tion. Unfortunately, the line shape of the spectrum was
unaltered with even low modulation width.

Adrian et al. have reported!2 that H, of n-propyl
radical, CH3CH,CH.*, in argon matrix is an interex-
change motion mode at 4 K. Moreover, Kasai has
reportedld that H, of trimethylene oxide anion, O—-
CH,CHpy*, in argon matrix is also the interchange motion
mode at 4 K.

Thus, we may conclude that the interexchange motion
mode is more reasonable than the rotational motion
mode at 2.8 K.

The spectral simulations at 2.8 K are based on the
isotropic hfs term (Agiso = 2.07 mT) of H, and p.B, =
4.14 mT, where B; is the empirical parameter used in
the McConnel equation?® and p. is the spin density at
Co. These values are too small compared to the typical
values, Agiso = 2.25—2.30 mT and p:B, = 5.0—5.38
mT1abd19 for primary alkyl radicals. Initially, we
conducted various trials using typical values to simulate
the ESR spectrum at 2.8 K, but we failed to obtain any
appropriate simulation spectrum. Generally, these
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Figure 4. Observed and simulated spectra of tethered PE
chain ends. spectrum obesrved at (a) 2.8 K and (b) (—) at 15
K. Spectra (- - +) simulated as in curve D in Figure 3 except
the site exchange rate is 10 MHz. (c) Spectra (—) observed at
30 K. Spectra (- - -) simulated as in the broken line in part b
except the site exchange rate is 56 MHz and the oscillation
amplitude of Hg is 7°. (d) Curve A (—) is the spectra observed
at 95 K. Curve B (- --) is the spectra simulated as in the
broken line in part ¢ except the site exchange rate is 1100 MHz
and the oscillation amplitude is 13°. Curve C (- --) is the
spectra simulated as in curve B, except A, = 2.77 mT and Ag
= 1.69 mT. SPLIT.A and SPLIT.B are indicators of spectral
width.

values are dependent on pc, which is affected by the
substituent on the radical and the matrix surrounding
the radical. These too small values may be attributed
to a low pe.

The ESR spectra observed at 2.8, 15, and 30 K are
shown in Figure 4a,b,c with solid lines. The intensity
of the peak shown with the arrow decreases with an
increase in temperature, and the spectrum changes from
six lines to five lines. Spectral changes beginning at 7
K (not shown) are clearly evident at 15 K and continue
with increasing temperatures to 95 K. This spectral
change was reversible in the temperature range 2.8—
95 K. The intensity of the spectrum was obtained by a
double integration of the ESR spectrum. The ESR
intensities with the temperature-increasing process are
identical with those in the decreasing process (Figure
5). This result indicates that the concentration does not
change in each temperature range. Thus the spectral
change is attributed to a temperature dependence on
the molecular motion of the tethered PE chains. The
simulated spectrum (the broken line in Figure 4b) was
obtained as in curve D in Figure 3, except the site
exchange rate between site 1 and site 2 is 10 MHz. The
15 K simulated spectrum is in good agreement with the
observed spectrum. Thus the site exchange motion
occurs at 15 K (Table 2). Some site exchange rates
determined by spectral simulations are plotted against
the inverse observation temperatures (Figure 6). The
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Figure 5. Relative intensities of ESR spectra from the
tethered PE chains are plotted against observation tempera-
tures on the increasing process (O) and the decreasing process

().

activation energy (Ep) of the site exchange motion is
estimated as 260 J/mol.

SPLIT.A and SPLIT.B shown in Figure 4 are indica-
tors of the width of the ESR spectrum. Figure 7 shows
changes of SPLIT.A and SPLIT.B values caused by
temperature. The decreases of both values begin around
30 K and continue with increasing temperature to 95
K. The decrease is obvious in the observed spectrum
at 95 K (Figure 4d).

Hori et al. have reported!* a temperature dependence
of Ag as follows. The magnitude of Ag is calculated from
the well-known McConnel equation®®

A; =B, + pB, cos*(i + 0) 1)

where 4 is the dihedral angle of the Cs—Hg bond axis
relative to p, and ¢ is an amplitude of the torsional
oscillation of Hg around the equilibrium state. By and
B, are empirical parameters. Bg is neglected in the
following discussion. Under the condition of an identical
[d20all each Hpg, the following equation is given

Ay = 112b,{1 + cos 24,(1 — 287D} 2)

where i = 1 or 2 and b, = p:B,. Considering the
oscillation, Agay is given as

Ay = 1I2(Ag; + Agy)
= b,{1 + 1/2 cos(24, — #/3) —
[0°[cos(24, — 7/3)} (3)

where a dihedral angle of 120° between two Hgs is
assumed. Equation 3 indicates that Aga, approaches b,
from by{1 + 1/2 cos(241 — x/3)} with an increase in
temperature under the oscillation. In other words, the
decrease of Agay Will exhibit decreases of SPLIT.A and
SPLIT.B with increasing temperature when torsional
oscillation occurs.

The ESR spectrum observed at 30 K is shown with
the solid line in Figure 4c. The broken line in Figure
4c is simulated as the broken line in Figure 4b, except
the site exchange rate equals 56 MHz and Ag, = 3.81
mMT and Ag, = 2.07 mT based on the torsional motion
mode (Table 2). The good agreement between the
observed and simulated spectra indicates that torsional
oscillation occurs at 30 K. An oscillation amplitude of
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Table 2. Proton Hyperfine Splitting Constants and Oscillation Amplitudes Determined by Simulation

site hyperfine splitting (mT)

hyperfine splitting (mT)

temp exchange oscillation
(K) Az Az As rate (MHz) Ap1(A1) Ap2(22) Agav amp (deg)
2.8 1.90 1.48 2.77 3.86 2.07 2.96 0
15 1.90 1.48 2.77 10 3.86 2.07 2.96 0
30 1.90 1.48 2.77 56 3.81 2.07 2.94 7
95 1.90 1.48 2.77 1100 3.33 243 2.88 13
9 5_ T T T T T i T T T T T T T T T T i
4.0 -
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Figure 6. Temperature dependence of the site exchange rate
calculated by simulation. PE-t-PTFE: PE chains tethered to
a PTFE surface. PE-t-PE: PE chains tethered to a PE surface.
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Figure 7. Temperature dependence of SPLIT.A (O) and
SPLIT.B (&) values.

7° was estimated by eq 3 with b, = 4.14 mT and Agay =
2.94 mT, which were determined by spectral simulation.
Figure 8 shows a temperature dependence of Agi, Ag,
and Agay. The decrease of Agay With increasing temper-
ature indicates that the oscillation of Hg occurs above
30 K. The decreases of SPLIT.A and SPLIT.B with
increasing temperature (Figure 7) provide additional
evidence for the oscillatory motion mode.

The observed spectrum at 95 K is shown with curve
A in Figure 4d. Curve B is simulated as in the broken
line in Figure 4c, except the site exchange rate equals
1100 MHz, Ag: = 3.33 mT, and Az, = 2.43 mT. The
oscillation amplitude is 13°. This simulated spectrum
is in good agreement with the observed spectrum.
Curve Cin Figure 4d is calculated as in curve B, except
for the axially symmetric hfs constants, A, = 2.77 mT
and Ag = 1.69 mT, derived from an assumption of the
rotation around the PE chain axis. Curve C is also in
good agreement with the observed spectrum, indicating
that the PE chain ends rotate around the chain axis.

Temperature (K)

Figure 8. Temperature dependence of Agi, Ag, and Agay
calculated by the simulation.

In this case, if a fine structure in the line shape of
the ESR spectrum is observed, more detailed analysis
for a molecular motion mode could be carried out by
spectral simulation. Unfortunately, the line shape of
the spectrum did not change with even low modulation
width. It was difficult in this case to assign a motion
mode. However, considering the large oscillation am-
plitude of Hg around the equilibrium, the tethered PE
chain ends probably rotate around the chain.

The polymerization degree of the tethered PE chains
could not be estimated. However, the area per tethered
point on the PTFE surface (3.1 x 103 A?%point) was
estimated from the radical concentration (6.8 x 1016
spins/g) and the specific surface area (2.1 m2/g).1° This
large surface area per tethered point suggests that the
tethered PE chains have a large free space around the
chains, i.e., the concentration of tethered PE chains to
PTFE is extremely low.

We have reported® that the molecular motion of the
PE chains tethered to a “PE surface” is suppressed even
at 77 K and shows a slow site exchange rate of 71 MHz.
This site exchange rate is much slower compared to
1000 MHz for the PE chain ends tethered to a PTFE
surface (Figure 6). The slow site exchange rate of PE
chain ends tethered to the PE surface indicates that the
molecular motion of the PE chain ends is strongly
affected by the PE surface because PE is miscible with
PE. The slow site exchange rate also suggests that the
molecular motion of the chain ends relates not only to
the local motion at the chain end but also to the entire
motion of the tethered chains. Thus the high molecular
motion of the PE chain ends tethered to a PTFE surface
in vacuo may exhibit the mobility intrinsic to PE chain
ends.

Concluding Remarks

The molecular motion of PE chain ends tethered to a
PTFE surface in vacuo was observed by an ESR
spectrometer. The assignment of following molecular
motion modes was based on spectral simulations: (1)
an interexchange motion of H, at 2.8 K, (2) a site
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exchange motion between two conformations at the PE
chain end above 7 K, (3) an oscillation of Hgz above 30
K, and (4) a rotation around the PE chain axis at 95 K.
The high mobility of the ends of tethered PE chains is
attributed to (1) a large space around the chains; (2)
the presence of the vacuum; (3) prevention of chain
aggregation, because concentration of the chain ends is
low and they are tethered; and (4) the immiscibility of
PE and PTFE. The ends of PE chains tethered on the
PTFE in vacuo probably behave as isolated PE chain
ends in vacuo and may reveal the mobility intrinsic to
PE chain ends.
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