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ABSTRACT: The occurrence and rate of 180° chain-flip motions in the crystalline regions of two
polyethylenes were studied by 3C NMR. In high-density polyethylene (HDPE) and in ultradrawn ultrahigh
molecular weight polyethylene (UHMWPE) fibers, the changes in the *3C—C dipolar couplings brought
about by the reorientations of the 13C—!3C internuclear vectors in the crystallites were observed. In the
HDPE sample, which was labeled with 4% of 13C—13C pairs, the rotational motion was observed directly
via two-dimensional exchange spectroscopy, stimulated-echo decays, and 1D line shape changes monitoring
the ¥C—13C dipolar coupling. The data show that the jumps occur between two sites, with a rotation
angle of 180° and with a jump rate of ~10/s at ambient temperature. The correlation function of the
motion was found to be slightly nonexponential, with a stretched-exponential  parameter of 0.8 + 0.1.
The data yield an activation energy of 93 & 10 kJ/mol for the 180° chain flips. In the fibers, the narrowing
of natural-abundance *C—3C dipolar satellites is a clear NMR signature of the chain motion, indicating
a jump rate of 150/s at 360 K, which is 20 times slower than in the unoriented HDPE. The correlation
time dependence of the *H T, relaxation time, which probes the modulation of H—H dipolar couplings in
the crystallites, was determined directly. Relations between the chain flip motion, the dynamic-mechanical
o-relaxation, creep, and drawability are discussed.
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1. Introduction

The oa-relaxation in semicrystalline polymers? is
related to important materials properties such as creep,?
annealing, crystallization,* extrudability,®> and drawabil-
ity.6 The underlying microscopic chain motions in the
crystallites’” have been elucidated by solid-state NMR
in various semicrystalline polymers, including poly(oxy-
methylene),8~10 isotactic polypropylene,®~1! and poly-
(ethylene oxide).1° Helical jumps, which are surprising
large-amplitude chain rotations, requiring concomitant
translations by full chemical repeat units, are directly
detected by two-dimensional exchange NMR in terms
of changes of the angle-dependent 13C chemical shift or
2H quadrupolar coupling. In poly(tetrafluoroethyl-
ene),’213 translational disorder and in poly(vinylidene
fluoride),* trans-polybutadiene,’® and possibly in form
11 of isotactic poly(1-butene)'® dynamic conformational
disorder of similarly large amplitudes have been ob-
served.

In polyethylene, 180° chain flips have long been
considered as the dominant mode of the a-relaxation
in the crystalline regions.”17-20 However, to date these
flips have not been observed directly, since the most
accessible NMR interactions are invariant under the
180¢ flip. Chemical shift, geminal H—H dipolar, C—H
dipolar,’® and 2H quadrupolar tensors?! are exactly
inverted by the chain flip, which therefore leaves the
corresponding NMR frequencies unchanged. In NMR,
the a-relaxation has been studied by observing that the
spin—Ilattice relaxation time in the rotating frame (Ty,),
which reflects the modulation of long-range H—H cou-
plings, strongly decreases with increasing temperature
for segments in the crystallites.22 However, most of the
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available NMR data do not strictly exclude other pos-
sible explanations for the o-relaxation in PE. For
instance, straight displacement of the chain without
rotation would account for most of the available NMR
data, including chain diffusion.2® The 13C—13C satellite
narrowing observed by VanderHart?* in oriented PE is
the only good NMR indication of chain rotation in PE.
Dielectric relaxation observes reorientation of C=0
defects in the chains, with a strong direction dependence
in oriented samples, which indicates chain rotation in
the crystallites.?> However, most of the defects may be
located near the interface, and rotations of limited
amplitude around the chain axis might also account for
the dielectric data. Recently, NMR line broadening has
been interpreted as evidence that more than half of the
chains in the crystallites of various high- and low-
density polyethylenes undergo 180° flips in the kilohertz
range at ambient temperature.2® Quantitative interpre-
tation of NMR, dielectric, and dynamic-mechanical
relaxation measurements is not straightforward and
model dependent.

In this work, we present direct observation of the 180°
flips in terms of the reorientation of 13C—13C inter-
nuclear vectors in the crystallites of PE. As indicated
in Figure la, these C—C bonds reorient by the large
bond angle of ~112°, observed in terms of changes of
the 3C—13C dipolar couplings in a specially prepared
HDPE containing 3C—13C spin pairs. The correlation
function of the chain reorientation is measured directly
in terms of the mixing time dependence of stimulated
echoes of the dipolar coupling. Combining these mea-
surements with the analysis of line-shape changes at
higher temperatures, the activation energy of the mo-
tional process is obtained.

We also report the occurrence of chain flips in highly
drawn ultrahigh-molecular-weight polyethylene (UH-
MWPE) fibers. These are engineering fibers with excel-
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(a) By

Figure 1. Effects of 180° chain flips on *C—3C bonds in
polyethylene. The external field By is along the vertical
direction. (a) General case of a 180° flip in an unoriented
sample, producing a great change in the 3C—3C bond orienta-
tion, from 6; to 6,. Consequently, the orientation-dependent
frequency w(0) will also be changed drastically. (b) Effect of a
chain flip in a chain in a slightly misaligned fiber that is part
of a fiber bundle oriented along the external field Bo. The
average of 6, and 6, will be similar for different degrees of
slight misalignment.

lent mechanical properties,?” which can be produced by
tensile drawing of solid-state extruded reactor powder
to a final draw ratio of >80. These fibers are ca. 90%
crystalline?82° and believed to contain continuous crys-
tals over micrometer length scales.3® This makes it
doubtful whether chain flips, which require mobility and
“slack” of chains in the amorphous regions, are possible.
On the other hand, under large stress, the applicability
of the fibers is limited mostly by creep,3! which is related
to the dynamic-mechanical a-relaxation in the crystal-
line regions.32 Dielectric studies of the unoxidized and
unchlorinated fibers would be challenging. It is our goal
to elucidate by NMR whether and how the microscopic
chain flips occur in the highly crystalline fibers. When
the fibers are aligned with the magnetic field (Bg)
direction, dynamics of the :3C—13C bond can be observed
in terms of the narrowing of the dipolar satellites
produced by natural abundance 3C spin pairs.?* The
relation of the microscopic dynamics and the macro-
scopic mechanical behavior such as creep and the
dynamic-mechanical relaxation will be discussed.

2. Experimental Section

Samples. The melt-crystallized high-density polyethylene
labeled with dilute 3C—13C spin pairs was prepared by
copolymerizing ~95% natural abundance and ~5% doubly *3C-
labeled ethylene, using a titanium catalyst. A 100 mg (3.4
mmol) sample of 13C-labeled ethylene was transferred into an
evacuated 2 L flask containing the catalyst in toluene, and
then the remaining volume was quickly filled to atmospheric
pressure with 85 mmol of unlabeled ethylene gas. The flask
was sealed and then stirred for 24 h, producing a slurry of
the polymer and catalyst in toluene which was poured into an
excess of isopropyl alcohol.

The actual ratio of directly bonded and isolated 3C nuclei
was determined to be close to 4.4:1.1 in the analysis of the
experimental 13C spectra shown below. The sample was melted
in a glass tube with 4 mm i.d. and cooled in air. Two heating
cycles (up to 360 K for 2 h) were applied before the variable
temperature T, 4 measurements. The sample before and after
this thermal treatment is termed HDPE-b and HDPE-a,
respectively. A commercial random copolymer of ethylene and
hexene, produced by a Ziegler—Natta catalysts, was used to
measure the minimum value of Ti, 4. The mole fraction of
hexene in the sample was 4.4%.

The ultradrawn UHMWPE polyethylene fibers (in a tape
of a cross section of 0.1 mm x 1.8 mm) were kindly provided
by the late Prof. R. S. Porter. The molecular weight (viscosity
average) is about 4 x 108 To produce the fibers, films of
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Figure 2. 2D pulse sequence to detect reorientations of 13C—
13C dipolar tensors. After a T; filter to suppress the amorphous-
phase signal, a double-quantum filter removes the signal of
isolated °C spins (with ¢ =X, y, —x, —y and ¥ =X, =y, —X, ).
During the evolution time t;, a single 180° pulse refocuses the
chemical shift, retaining the pure 3C—C dipolar coupling.
During the long mixing time t,, segmental reorientations may
occur, which are detected in terms of the changed 3C—13C
dipolar frequency. A Hahn—solid—Hahn echo3* before detection
allows for dead-time-free detection. During tz, a train of 180°
pulses with phases [a, o, —a, —a] perpendicular to the initial
magnetization constantly refocuses the chemical shift while
data points are acquired at the times denoted by “*”. The se-
quence shown in the middle, with 90° pulses flanking the mix-
ing time tm, produces the cosine data set, while the 45° pulses
indicated at the bottom yield the sine data set (see text).

compacted Himont Hifax 1900 reactor powder were solid state
extruded at 110 °C to a draw ratio of 5, followed by tensile
drawing at 135 °C resulting in a fibrous tape. The final draw
ratio achieved is 82—85, with a tensile modulus of up to 130
GPa. No isotope labeling was used. A uniaxially oriented
sample for the NMR experiments was produced by aligning
many layers of the tape parallel to each other and wrapping
the bundle with Teflon tape, which is invisible in tH—3C cross-
polarization experiments. Two sections of 6 mm length were
cut out and aligned in the NMR radio-frequency coil of 8 mm
diameter. The NMR spectra show that the fibers in the bundle
are on average parallel within +4°.

NMR Experiments. The NMR experiments were per-
formed on a Bruker MSL-300 spectrometer at a **C frequency
of 75.48 MHz and a 'H frequency of 300.13 MHz. Various NMR
techniques were used to obtain a more comprehensive under-
standing of the material:

1. 18C—13C dipolar coupling 2D exchange experiment. As in
the related 2D dipolar DECODER experiment by Utz et al.,®?
the pure C—C dipolar coupling was detected in both dimen-
sions. An illustration of the pulse sequence is shown in Figure
2, with the main trace shown for the cosine data set. For the
sine data set, the two 90° pulses before and after t, are
replaced by 45° and 45°_,, respectively, as shown at the
bottom of the figure. A double-quantum filter before the 2D
exchange sequence was used to remove the contribution from
isolated 3C sites, which otherwise produces a very high peak
in the center of the spectrum, with concomitant baseline
distortions. To minimize the nonuniform excitation effect from
the double-quantum filter, data with double-quantum excita-
tion/reconversion times of 140, 280, 420, 560, 700, and 840 us
were added up. Before the start of detection, the dead-time
problem was overcome by a Hahn—solid—Hahn echo which
refocuses both the chemical shift and the *C—3C dipolar
coupling.®* The experiment was performed at ambient tem-
perature. The mixing time was 100 ms. The signal of the
amorphous regions was suppressed by a T, ¢ filter of 0.4 s. A
total of 48 data points were acquired in the first dimension,
for both sine and cosine data sets, with an increment of 48 us.
The *H decoupling field strength was (yB:/27) > 120 kHz in a
coil of 5 mm diameter.

2. Stimulated echo decay measurement,'®35 using the pulse
sequence of Figure 2 (cosine data set) with t; = t; = 1.25 ms.
The intensity of the 13C—13C dipolar stimulated echo produced
at t, = t; was measured as a function of the mixing time t,. A
Tic filter of 1.5 s and a double-quantum filter were applied to
remove the signal contributions of the amorphous phase and
isolated 13C sites. The recycle delay was 3 s.
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3. 1D 18C line shape of the crystalline regions at various
temperatures. A T, ¢ filter of 1.5—3 s was applied to remove
the signal of the amorphous regions. It reduces the signal of
the all-trans segments by less than 10%. The recycle delay
was 3—4 s. Longer filter and recycle delays were used at higher
temperatures. The decoupling field strength was >120 kHz.
Before detection, a Hahn—solid—Hahn echo® with a total
preecho delay of 90 us was applied at 310 K and below. A Hahn
spin echo with a total preecho delay of 32 us was used at higher
temperatures.

4. Narrowing of the 3C—'3C dipolar satellites at elevated
temperature (360 K) in UHMWPE fibers aligned along the Bo
field. The pulse sequence was cross polarization (CP) with *H-
decoupled C detection. The decoupling field strength (yB./
27) was 55 kHz. For each spectrum, approximately 20 000
scans were averaged, with a recycle delay of 7 s.

5. Crystalline Ty,4 at various temperatures and sample
orientations with respect to the By field. The spin-lock field
(yB1/27) was 55 kHz. The pulse sequence consisted of a
variable H spin-lock, cross-polarization to **C, a 0.6 s phase-
cycled z-filter to suppress the signal of the noncrystalline
regions based on their short T,c, and 'H-decoupled 3C
detection. The cross-polarization time was 0.1 ms. Hardware
consideration limited the radio-frequency irradiation for the
spin-lock to less than 30 ms.

3. NMR Techniques and Results

In the following sections, the principles and results
of the various NMR techniques applied to 3C—13C
labeled HDPE and unlabeled UHMWPE fibers will be
presented.

2D Exchange Spectrum. As an alternative to the
treatment in ref 33 where a similar experiment, but
with sample flip in the mixing time, was applied to
polycarbonate, we describe the evolution of the density
operator in terms of simple Cartesian product operators.
In the following derivations, S and L stand for two
directly bonded 3C nuclear spins. We consider the
strong-coupling limit of the homonuclear dipolar cou-
pling, where the difference of the chemical shift fre-
guencies between S and L is always zero, as appropriate
for the all-trans conformation of crystalline polyethyl-
ene. Using Pauli matrices to represent the spin opera-
tors of the spin-t/, nuclei,’° one obtains the following
simple dipolar evolution

p(t) = (Sx + Lx) Cos(wd,ltl) +
2(S,L, + S,L,) sin(wy,t;) (1)

where the dipolar coupling frequency is

04y =— gi‘oh—?’—lw cos?(6,) — 1)
C

01 is the angle between the magnetic field and the C—C
bond before the mixing time, and rcc is the distance
between the two 13C nuclei. To obtain spectra with the
maximum possible quadrature information, two data
sets were combined. As indicated in Figure 2, the
“cosine” data set is obtained from the cosine-modulated
magnetization by the standard phase cycle of +z stor-
age, 90° readout pulse of phase o, and (o + 90°)
detection phases, which yields a signal [Gos(wg1t1)
COS(wdyztz)D

The sine data sets require more careful consideration.
The necessary modification of the pulse sequence is
shown at the bottom of Figure 2. By a 45°_, storage
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Figure 3. 2D exchange spectrum of the 3C—3C dipolar
coupling in 3C—13C pair labeled HDPE. (a) Experimental
spectrum, T = 293 K, t, = 100 ms. (b) Corresponding
simulation for 180° flips. Thirty contour lines are plotted
between 0.8% and 20% of the maximum intensity. The slight
asymmetry of the spectrum is due to the double-quantum
filter, which does not excite equally the signals for all 3C—
13C orientations. Integral projections onto the w, axis are
shown at the top.

pulse at the end of the t; period, the density operator is
converted to

(S, + L) cos(wgty) + 2|-=(S, + S)=(L, — L) +

[
(s—s

7

J| sin(wq ) (2)

V2 «/_

of which 2S,L; sin(wq1t1) survives after T, relaxation
of the transverse terms. By a 45° readout pulse, this is
converted to 2(1/v/2S, + 1/v/2S)(1/v/2L, + 1/V/2L)
sin(wq,ty), of which (S,Ly + SyL;) sin(wq,1t1) becomes
observable magnetization under the action of the dipolar
coupling, according to

(S,Ly + S,L,) sin wy  t; —
(SZLy + SyLZ) sin(wy 11;) Cos(wy ,t,) —
Yy(S, + L) sin(wg,ty) sin(wg,t,) (3)

The observed signal is thus 1/,8in(wq 1t1) sin(wqtz)1 The
factor of 1/, must be compensated by scaling the sine
data set up by a factor of 2. Acquiring the sine data with
twice the number of scans relative to the cosine data
set is a convenient alternative that yields a slightly
better signal-to-noise ratio per unit time. This approach
was adopted here. The data were measured and com-
bined in t; according to the TPPI scheme and processed
accordingly on the MSL spectrometer. To remove re-
sidual signal along the antidiagonal which may be due
to pulse imperfections, the sine data set was scaled by
a factor of 1.1 before combination with the cosine data
set. The experiment was performed on sample HDPE-
b, and the spectrum shown in Figure 3a was obtained
in 2 days of signal averaging. It exhibits intensity far
from the diagonal, which indicates large changes in
frequency and orientation due to the motion in the 100
ms mixing time. The elliptical ridges observed in the
spectral intensity patterns are well-known from 2H
exchange NMR.1036 They have an ratio of half-axis
lengths of b/a = 2.5 4 0.5. According to |tan 3| = b/a,3610
this yields a reorientation angle 5 of 112 + 5° or 68 + 5°.
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Figure 4. 3C—13C dipolar stimulated echo height as a
function of mixing time at (a) 280 K and (b) 310 K. Att, < 0.5
s, the decay is due to reorientations of the 3C—13C vectors; at
tm > 0.5s, there is a significant effect of spin diffusion between
chains of different orientation.

A simulation of the above exchange experiment is
shown in Figure 3b. It is based on a reorientation of
the C—C bond by g = 112° before and after the 180°
rotation around the chain axis. A C—C bond length of
1.56 + 0.01 A and a C—C—C bond angle of 112 + 2°
were used in the simulation.3” Spectra with different
double-quantum evolution times, as described in section
2, were added up. The experimental and simulated
spectra are slightly asymmetric due to the double-
guantum filtering. The jump rate used in the simulation
was 15/s, which was determined by a stimulated echo
measurement applied to the same sample (HDPE-b) at
the same temperature.

Dipolar Coupling Stimulated Echo Experiments.
The intensity of the stimulated echo%3> generated by
the 13C—13C dipolar coupling was recorded as a function
of the mixing time to measure the correlation function
of the 180° flip motion. The stimulated echo is due to
the 13C sites that have the same frequency before and
after the mixing time. For a two-site jump process such
as the 180° flip motion, ideally the echo height after
complete loss of correlation after long mixing time is
one-half of the original value at short t,,. Actually, spin
diffusion between 13C nuclei on different chains further
reduces the echo height at long mixing time. This
restricts the correlation time measurements at low
temperatures. The limitation at high temperatures is
the requirement of the slow-motion regime (z. > 2t;),
which means that during the dephasing period t; and
refocusing period t, = t; no reorientation of the 13C—
13C pair occurs. Therefore, we limited our measurement
to temperatures <310 K (7. > 20 ms).

Figure 4 shows the echo height decay as a function
of the mixing time at 280 and 310 K. At 310 K, a
constant value of ~/; is observed between 0.1 and 0.5
s. At ty, = 1's, the echo height decays to </, due to spin
diffusion. At 280 K, where the motion is slower, the echo
decay due to reorientation and spin diffusion occurs on
similar time scales.

Figure 5a shows the correlation function in sample
HDPE-a at various temperatures as a function of
reduced mixing time, tn/t., where . is obtained by best
fit with a single-exponential function. The fit with a
stretched exponential exp(—(tm/tc)f) for $=0.8 £ 0.1 is
shown in Figure 5b; here, 7. is obtained by best fit with
the stretched-exponential function. The stretched ex-
ponential is found to fit the experimental data signifi-
cantly better.
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Figure 5. Correlation function from stimulated-echo decays
vs reduced mixing time t/z; at 290, 300, and 310 K, with (a)
single-exponential fit and (b) stretched-exponential exp(—(t/
7.)%9) fit.

Motional Rates from 13C Line Shape Changes.
The 1D line shape reflecting 13C—13C dipolar coupling
and chemical shift depends on the motional rate, which
can be quantified by comparison with simulated spectra.
According to Abragam,® the line shape of a single
segment that undergoes jumps between two sites with
average frequency @ and splitting 26 is given by

46°k
(0 — @)* + 2(w — @)*(2k? — 6%) + o*

I(w) O (4)

where k is the flip rate, k = 1/(27). For k < 6 (slow
limit), two sharp lines at « = @ + J are observed. For
k > ¢ (fast limit), only one sharp line at o = @ is
observed due to motional averaging.

In the case of interest here, the frequencies @ + 6 and
@ — o are produced by the simultaneous action of 13C—
13C dipolar couplings and 13C chemical shift anisotro-
pies. For a flip between two given 3CH,—13CH, segment
orientations, the average frequency @ depends on both
the (invariant) chemical shift anisotropy and the aver-
age dipolar coupling, while the splitting 6 reflects the
difference between the dipolar couplings for the two
13C—18C vector orientations. The calculation is per-
formed most conveniently in the principal axes system
of the 13CH> chemical shift tensor.3° Here, the orienta-
tions of the 3C—13C internuclear vectors before and
after the flip are fixed and well-defined, so that the
dipolar frequencies can be calculated easily from the
angle between the By field and the $3C—13C internuclear
vector.1% The powder spectrum is obtained by summing
up spectra calculated according to eq 4 for all orienta-
tions of the By field, with the polar coordinates (5, o)
incremented by 0.5° and 1°, respectively. The param-
eters used in the simulations are as follows: a bond
length and a bond angle of 1.56 A and 112°, respectively,
as in the 2D exchange simulations;3” chemical shift
principal values of 50, 35, and 13 ppm;*° 133C—13C spin
pairs and isolated 2C population in a ratio of 4:1.

Figure 6a shows the 1D spectra of HDPE-a at various
temperatures. The line shape changes at elevated
temperatures as a result of the chain motion. Figure
6b shows the corresponding simulations based on 180°
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Figure 6. 1D ¥C NMR line shapes of the crystalline regions,
reflecting dipolar coupling and chemical shift. (a) Experimental
spectra as a function of temperature. (b) Corresponding
simulations, with the indicated jump rates.

flip motion, in which the chemical shift is invariant
while 13C—13C dipolar coupling tensor changes. As seen
from the figure, the motion can be well described by this
flip motion. The determination of the flip rate from the
one-dimensional line shape is reliable in a window of
rates between 10/s and 10%/s. Outside the window, the
system is in the fast- or slow-motion limit, and the line
shape is not sensitive to the motional rate.

Flip Rates in UHMWPE Fibers from Narrowing
of Dipolar Satellites. Studying the motion in unen-
riched PE by reorientation of ¥C—12C pairs is much
more difficult because these spin pairs represent only
an extremely small fraction (2.2/10000) of all carbon
sites. Still, in highly oriented polyethylene fibers aligned
with the By field, the 13C—13C spin pairs produce
observable dipolar satellites.?* A slight distribution in
chain orientations leads to a broadening of the satellite.
If the motional rate exceeds the width of the satellite,
it narrows because the average dipolar frequencies for
slightly misaligned chains are all similar; see Figure 1b.

Various arrangements of 13C nuclei occur statistically
and can be distinguished based on their 13C—13C dipolar
couplings: (a) isolated 13C sites (C), (b) directly bonded
13C pairs (Ry), and (c) 13C pairs (:3C—C—13C) separated
by two bonds (Ry). The spectrum of site C reflects only
the chemical shift, while sites R; and R, experience a
chemical shift as well as different dipolar couplings.
When the fiber axis is aligned parallel to By, the
resonance frequency of site C does not have a strong
angle dependence because one of the principal axes of
the chemical shift tensor is parallel to Bo. The angle
dependence of the R, dipolar coupling is w(0) = —27-620
Hz x (3 cos? 6 — 1)/2, where @ is the angle between the
internuclear 13C—13C vector and the By field. For Ry, 6
~ 0 and the angle dependence of the frequency is small
due to dw/df|p = 0. On the other hand, the dipolar
coupling of the Ry pair, which is w(0) = —27-3 kHz x (3
cos? O — 1)/2 with an average 6 angle of 34°, has a strong
angle dependence, dw/df|34 = 27+70 Hz/deg. Since the
chain axes are not perfectly aligned along the magnetic
field, in the absence of significant chain motion the R;
peak is much broader than those of C and R».

As proven for unoriented HDPE above, the crystalline
chain motion in PE is a 180° chain-flip motion during
which the chain flips by 180° and translates by one CH
unit so that the chain after the flip still fits the crystal
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Figure 7. 13C spectra of UHMWPE fibers with fiber axes
parallel to By, demonstrating motional narrowing of a 3C—
13C dipolar satellite. The positions of the satellites are indicated
by the two vertical arrows. (a) Experimental spectrum at room
temperature (~300 K) and simulation (inset) of the dipolar
satellite for a flip rate of k < 10/s. The upper trace of the
experimental spectrum was expanded vertically by a factor of
128; 100 Hz line broadening was applied. (b) Experimental
spectrum at 360 K and simulation (inset) for a flip rate of k =
150/s. Narrowing of the dipolar satellite is observed clearly.

lattice. In oriented PE, the flip motion leaves the 13C
chemical shift tensor invariant, but the R; dipolar
coupling changes before and after the flip for chains that
are not perfectly aligned along By (see Figure 1b).24
Thus, the 180° flip motion in the crystalline region will
cause motional averaging of the R; signal due to the
13C—13C bond reorientation. As a result, if the motional
rate is high enough, i.e., comparable to the low-temper-
ature line width of the R; peaks, we will see narrowing
of the R; satellites.

Figure 7a shows the room-temperature spectrum with
two different vertical scales, as well as corresponding
simulations. The high and sharp central peak at 13 ppm
is due to isolated 13C spins. The broad and small peak
(Ry), at ~1790 Hz from the central peak, is one of the
two dipolar satellites (indicated by arrows in the figure)
of the directly bonded 13C—13C pairs. The dipolar satel-
lite at about 590 Hz from the central peak is generated
by 13C—C—13C pairs (R). The full widths at half-height
of the central and R; peaks are 160 and 650 Hz,
respectively. The R, peak overlaps with the tail of the
central peak, but it can be seen that it is sharper than
the R; peak. From the single-site signal shape it is clear
that, besides a major highly oriented component (~80%)
that contributes to the narrow part of the peak, there
is a considerable amount of less oriented segments in
the sample (~20%) that contribute to the low and wide
shoulder on the left.

Simulations were performed to fit the R; peak at room
temperature and at 360 K. The orientation distribution
used in the simulation was composed of two parts with
Gaussian angular distributions: ¢ = 4° (80%) and 23°
(20%). Parameters used in the simulation are the C—C
bond length of 1.56 A and the C—C—C bond angle of
116°.37 Gaussian line broadening of 100 Hz was applied.
The overall order parameter S, can be estimated from
the simulation parameters to be 0.92 + 0.02. Since the
CP spectrum underestimates the amorphous phase
contribution, the actual S, should be slightly lower than
this value.

The experimental spectrum at 360 K is shown in
Figure 7b. The R, peak is almost invisible due to
additional broadening of the central peak. The width
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Figure 8. Ty, data at various temperatures: (®) HDPE, (<)
UHMWPE fibers with fiber axis perpendicular to By, (2) fiber
axis parallel to Bo. The level of the T1, 4 minimum at 0.9 ms
is indicated by the dashed line.

of the Ry peak is ~350 Hz, showing significant line
narrowing compared to the room-temperature width of
~650 Hz. This demonstrates that 180° flip motion does
occur in the highly crystalline UHMWPE fibers. A
simulation of the satellite line shape, based on formula
4, is shown as an inset in Figure 7b. It gives a flip rate
of 150 £+ 50 Hz at 360 K. Significant narrowing was not
observed below 340 K. Besides the narrowing, the
distance of Ry from the center peak decreases from 1790
Hz at room temperature to 1690 Hz at 360 K, consistent
with VanderHart's observation in a different oriented
polyethylene.?*

Motional Rates and Ti,n Relaxation. The relax-
ation time Ty, of spin-locked *H magnetization in
crystalline PE is sensitive to the chain-flip motion. Ty, 4
detects the modulation of H—H dipolar couplings. It
exhibits a minimum when the jump rate k = 1/(2z;) =
yB1.38 In our measurements, yB; = 350 kHz. Under the
180° chain flips of PE, the strongest dipolar interactions,
the geminal H—H dipolar couplings, are invariant.
However, the long-range couplings to most other protons
do change due to the flip.

Figure 8 shows Ty, of the crystallites in HDPE-a,
and in UHMWPE fibers at two different orientations,
as a function of temperature. Our measurements cover
only the slow-motion regime of Ti,n, in which Ty, n
decreases with increasing temperature, toward its
minimum of Ti, ymin ~ 0.9 £ 0.3 ms, which was
measured on the crystalline CH; units in the ethylene—
hexene copolymer sample at a similar B; field (indicated
by a dashed line). Because of the invariance of the
strongest coupling, the depth of the T1, 4 minimum in
PEZ is less pronounced than, for instance, in the helical
jumps of the 7, helix® of poly(ethylene oxide).*

At low temperatures, the sensitivity of Ti,4 to the
chain flips is compromised by *H spin diffusion to the
amorphous regions. Due to the higher mobility, 'H
magnetization in the amorphous regions relaxes faster.
Therefore, these regions act as “sinks” for magnetization
in the crystallites, with the coupling between the
domains provided by 'H spin diffusion. In the UH-
MWPE fibers, spin diffusion occurs on a time scale of
15 ms,?° but it should be noted that under the spin lock
during the T1, measurement, *H—'H dipolar couplings
and spin diffusion are reduced by a factor of 0.5. Thus,
spin diffusion requires ca. 30 ms of spin lock to affect
the magnetization in the crystallites. Even more im-
portantly, the small (~15%)2° amorphous and interfacial
components in the fibers relax the crystalline regions
only very inefficiently on a time scale during which the
exchange in a Goldman—Shen experiment is incomplete.
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Therefore, the crystalline Ty, of 23 ms (c||Bo) at 360 K
is reduced little by spin diffusion and reflects the
intrinsic relaxation time in the crystallites to a good
approximation.

Since relaxation cannot occur faster than the loss of
correlation in the underlying dynamic process, for the
true rotating-frame relaxation without spin diffusion,
T1, > 7. Thus, we conclude that the motional rate at
360 K must exceed (23 ms)~1/2 = 20 Hz. This lower limit
is consistent with the flip rate of ~150 Hz estimated
from the satellite narrowing. The combination of intrin-
sic Ty, relaxation and spin diffusion at lower tempera-
tures can lead to a complex behavior.*2 However, it is
certain that the apparent Ty, values for the crystallites
are shorter than the true ones, since they are partially
equilibrated with the shorter T, in the amorphous
regions.

It is interesting to note that T, of the crystallites
in the fiber aligned with By is twice as long as that of
fibers perpendicular to By, at all temperatures mea-
sured. This shows directly that the relaxation process
originates in oriented regions in the sample. A similar
effect in the dielectric relaxation in highly oriented
extruded polyethylene was taken as evidence that the
a-relaxation occurs in the crystallites.?®

4, Discussion

Geometry of the Chain Motion in the Crystal-
lites. The two-dimensional exchange NMR spectrum of
Figure 3 and the decay of the stimulated echo height to
1/, in Figure 4b provide the most direct proof available
to date for exact 180° jumps in the o-relaxation of
polyethylene. The off-diagonal intensity pattern in the
2D spectrum depends sensitively and exclusively on the
reorientation angle of the 13C—13C internuclear vector.
As required for the 180° rotation of the chain, the
reorientation angle matches the C—C—C bond angle of
112°. There is no sign of a significant distribution of
reorientation angles; the spectrum is only consistent
with a width of less than £7° around 112°.

While the off-diagonal pattern reflects the reorienta-
tion geometry, the relative intensity of off-diagonal and
on-diagonal signals yields information on the number
of sites involved in the motion and the occupancy of
these sites. This information is obtained in a more easily
guantifiable manner from the stimulated-echo height,
which reflects the fraction of the intensity along the
diagonal in the 2D spectrum. The final echo height of
1/, observed in Figure 4b at 0.1 s <ty < 0.5s, i.e., before
spin diffusion sets in, shows that at long times the
probability of a ¥C—13C bond being parallel to its
original orientation is /5. This confirms the 180° flips,
which involve exactly two bond orientations.

Both the well-defined geometry and parallelity of
bonds contradict Wunderlich’s simulations that predict
major disorder in polyethylene crystallites at ~300 K.*3
2H NMR by Hentschel et al. shows that the C—H bonds
in HDPE undergo fast librations with a root-mean-
square amplitude of only 4° at 295 K.2! This is consistent
with the observation of little motional averaging of the
13C—13C dipolar couplings in the one-dimensional spec-
trum obtained at 300 K; see Figure 6, bottom.

Correlation Function. The stimulated-echo decay
measures the occupancy of 13C—13C bond orientations
parallel to the initial orientation, as a function of the
mixing time tn. Thus, it maps out the correlation
function of the motion. For a jump motion between two
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Figure 9. Arrhenius plot of the correlation times of the 180°
flip motion in the crystallites obtained from the stimulated-
echo decays (O) and the 1D line shape changes (®) (see Figure
6). The slope of the line yields an activation energy of 93 + 10
kJ/mol. Points at the lowest temperatures were excluded from
the fit since spin diffusion increases the rate of exchange
artificially.

equally probable bond orientations, this correlation
function is given by po(t) = exp(—tm/t:). The correlation
time t. is related to the jump rate k between the two
sites according to 7. = 1/(2k). The data displayed in Fig-
ure 5 show that a stretched exponential exp(—(tm/zc)f)
with § = 0.8 gives a significantly better fit than a
monoexponential function. This indicates the superposi-
tion of correlation functions with different relaxation
times. The  value of 0.8 corresponds to a width of the
relaxation time spectrum of about 0.5 decades,** which
is close to the result obtained for the dielectric a-relax-
ation®® while significantly narrower than that of the
dynamic-mechanical o-relaxation.*®

The decay of the correlation functions to a final value
of 1/, indicates that the chain energies before and after
the jump are similar. This is in agreement with 3D
exchange NMR observations on POM, where little
preference for return jumps was found.® A difference
could arise due to the change of the length and torsion
of the chain segments in the amorphous phase on either
end of the chain stem in the crystal.

Motional Rate of Chain Flips in HDPE. The
temperature dependence of the motional rates of the
180° flip motion, as obtained from the line shape
analysis of Figure 6 and from stimulated-echo measure-
ments, is shown in the Arrhenius plot of Figure 9. Data
points at T > 290 K fall on a straight line. The points
at the lowest rates and temperatures have higher
apparent rates, due to temperature-independent spin
diffusion (see Figure 4) which contributes to the stimu-
lated-echo decay. Therefore, they were excluded from
the determination of the activation energy. The activa-
tion energy of the motion obtained from the slope of the
line is Ex = 93 + 10 kJ/mol. This result is close to
dielectric relaxation results of E; = 99 kJ/mol in lightly
chlorinated*® and E, = 106 kJ/mol in lightly oxidized
high-density polyethylene.>4’ For various polyethylenes,
values of 100—120 kJ/mol are quoted for the dielectric
and dynamic-mechanical crystalline a-relaxations.”

Recently, it was proposed that 60—90% of chains in
both high- and low-density polyethylenes undergo fast
180° flips in the kilohertz range at ambient tempera-
ture.?® This conclusion was based on a bimodal line
shape and cross-polarization inversion of the crystalline
signal in magic-angle-spinning (MAS) NMR spectra of
various polyethylenes. However, this bimodal line shape
is not observed in MAS spectra of similar PEs obtained
by other groups.*® The measurement of 3C—13C bond
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Figure 10. Plot of Ty, as a function of correlation time z..
Data shown are for HDPE (@ in the range little affected by
spin diffusion, O for Ty, > 30 ms), for UHMWPE fibers with
fiber axis perpendicular to By (¢) and for UHMWPE fibers
with fiber axis parallel to By (). The T1, minimum at 7. =
YyBy = 1.4 us (W) was measured on the ethylene—hexene
copolymer sample. To indicate that the data will not fall on a
straight line because of the minimum, a dotted line with this
minimum behavior has been drawn through the data points
as a guide to the eye. The dashed line indicates where 7. =
Ti,n. The transverse relaxation time T,*, at which the *H FID
decays to 1/e, is given on the . axis. For Ty, > 30 ms, effects
of spin diffusion become significant. In that range, the 7.
dependence of Ty, plotted here cannot be expected to be valid
for other PE samples.

reorientations in one- and two-dimensional spectra
presented in the present work allows for a much more
direct observation of the chain dynamics. The spectral
line shapes and T, relaxation times shown above
contain no signs of fast flipping units at ambient
temperature. They directly preclude that more than
~20% of the crystalline segments in HDPE undergo fast
180° flips at 300 K.

The line shape measurements described in this work
depend on motional averaging of orientation-dependent
frequencies before and after the 180° flip. Certain other
possible motional modes in the crystalline regions such
as translation of chain without flipping or 360° rotation
with translation would not produce line shape changes
but reduce Ty, due to the modulation of the resulting
long-range H—H couplings. No indications of such
motions are seen here or in chain diffusion measure-
ments,?® and their calculated activation energies are
higher than those for the chain flips.*°

Dependence of Ti, on z.. From the 13C line shape
and Ty, 4 measurements on the same sample at various
temperatures, a relation between T, and the correla-
tion time of the 180° flip motion can be obtained. It is
plotted in Figure 10, which can be used as a calibration
curve to estimate the 180° flip motion rate in a PE
material from its Ty, n, provided that Ti,n < 30 ms.
Such a curve should prove useful since Ty, can be
measured very quickly and easily on any polyethylene
sample. The data points for the HDPE and the fiber fall
in the same region, which confirms that the same
motional rates will lead to similar Ty, for different
polyethylene materials. When the motion is too slow (z.
> 50 ms), we find Ty, H < 7c. Since the relaxation cannot
be faster than the underlying motion, in this range the
relaxation must be completely dominated by spin dif-
fusion from the amorphous regions, where Ty, is short.
The upper limit below which the plot provides a reliable
estimate of the motional correlation time is T,y < 30
ms.

The plot of Figure 10 indicates how spin diffusion at
long Ti,+ and the curvature near the Ti,4 minimum
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combine to make the slope of Ti,nH(zc) smaller than
unity. This corresponds to a reduced apparent activation
energy in the temperature dependence of Ty, H; the data
shown in Figure 8 give 43 kJ/mol, while the more
reliable line shape simulations yield a value of 93 kJ/
mol.

Chain Flips in UHMWPE Fibers. The 13C dipolar
line shape and *H T,, data consistently show that the
180¢ flip rate in the UHMWPE fibers at 360 K is by a
factor of 1/20 slower than in HDPE. This slowdown is
most likely due to the larger crystallite thickness in the
highly crystalline fibers. According to the empirical
relation between crystallite thickness and the frequency
of the dielectric loss maximum,?° the crystallite thick-
ness in the UHMWRPE fibers is an order of magnitude
larger than in the HDPE sample; the crystallite thick-
ness estimated on this basis would be 200 £ 100 nm.
The crystal thickness dependence of the motional rate,
combined with crystallite thickening at elevated tem-
perature, is probably also the cause for the difference
between the motional rate in the HDPE sample before
(HDPE-b) and after (HDPE-a) annealing.

In the engineering literature, the a-relaxation is
sometimes termed a-transition and the temperature T,
is treated as a transition temperature below which no
motion takes place. The continuous temperature depen-
dence of the motional correlation time and the Ty, n
relaxation time confirm that the motion does not set in
abruptly at a specific “transition temperature”, as
concluded on isotropic samples already a long time
ago.r®

Comparison with Dynamic-Mechanical and
Creep Measurements. The 180° flips observed directly
in this study occur in the crystalline regions. At the
same time, they must change the length of the chain
segments in the amorphous regions. The chain flips
occur between energetically equivalent states of the
crystalline part of the chain and therefore do not con-
tribute to the mechanical relaxation. In contrast, the
length and associated conformation changes in the
amorphous regions can lead to energy dissipation, which
results in a mechanical relaxation. This is fully consis-
tent with the earlier observation that the mechanical
o-relaxation originates in the amorphous regions but
requires the participation of motion in the crystallites.”

The excellent mechanical properties of UHMWPE
fibers at ambient temperature are due to its high degree
of parallel chain orientation and crystallinity, which in
turn is a result of its high drawability in the solid state.
In ref 6, we present strong evidence that solid-state
ultradrawability of polyethylene and other semicrystal-
line polymers is based on the chain translation associ-
ated with the crystalline o-relaxation whose elementary
step we have studied here for polyethylenes. The 20-
fold slowdown of the flip motion compared to an isotropic
sample is the likely origin of gradual strain hardening
during the high-temperature draw.?”° The significant
creep that occurs in UHMWPE fibers at elevated
temperatures is a direct manifestation of the o-relax-
ation. In this regard, the reduction of the motional rate
is expected to reduce creep at ambient temperature.

The 20-fold reduction of the chain flip rate in the
UHMWRPE fibers compared to isotropic HDPE is par-
ticularly interesting in view of the observation that the
temperature of the maximum mechanical loss modulus
E" or G" at 1 Hz is similar for both types of materials
(60 °C),3246:51 gs reported specifically by Ward and co-
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workers.52 In fact, the flip rate that we have found in
the UHMWPE fibers is close to the dynamic-mechanical
relaxation rate for ultrahigh-modulus PE fibers obtained
from data measured by Ohta et al. (ca. 100 Hz at 360
K).32 In contrast, in common PE materials the macro-
scopic mechanical relaxation rates and the microscopic
flip rates found by dielectric relaxation or NMR are
different by about 2 orders of magnitude; at a temper-
ature around 100 °C the dynamical mechanical relax-
ation rate is ~100/s while dielectric and NMR rates are
~10%s.17 The closer agreement of the rates of the two
processes in the UHMWPE fibers indicates that in the
fibers the 180° chain flip motion is more closely related
to the mechanical a-relaxation and creep. The 180° flips
occur in the crystallites, while the mechanical o-relax-
ation is believed to originate in the amorphous regions.”
Since the chains in UHMWRPE fibers are much more
extended, it is possible that the two phases are more
strongly coupled in their dynamic properties. Ohta et
al. also observed that, by incorporating small amounts
of CHgj; side groups into the main chain, creep of
UHMWPE fibers is effectively hindered.3? This cor-
roborates that the chain flips in the crystallites are
indeed closely related to creep.

5. Conclusions

The 180° flip motion of chains in the crystallites of
13C—13C-labeled HDPE was directly confirmed using 2D
exchange NMR spectroscopy. The temperature depen-
dence of the motional rate was determined based on 1D
line shape changes and stimulated-echo decays. An
activation energy of 93 + 10 kJ/mol was obtained, which
is close to that of the dielectric and dynamic-mechanical
o-relaxations. A nonexponential correlation function of
the motion was observed in the stimulated echo experi-
ments, indicating a width of the relaxation time spec-
trum of ~0.5 decades. The relation between the T,
relaxation time in the crystallites and the correlation
time of the 180° flip motion was directly determined.
In ultradrawn polyethylene fibers, dipolar satellite
narrowing has shown that the crystalline chain seg-
ments undergo 180° flips with a reduced rate of ~150
jumps/s at 360 K. This coincides relatively well with the
dynamic-mechanical relaxation rate, indicating a closer
relation between the chain flips and creep in the fibers
than in isotropic polyethylene where the rates differ by
2 orders of magnitude.
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