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Gel-spun ultrahigh molecular weight polyethylene (UHMWPE) was examined by advanced solid-state 1*C
n.m.r. techniques to extract detailed information on the morphology and nature of the crystalline phases.
Two partially overlapping resonances separated by 1.5 ppm in the ' >C magic angle spinning n.m.r. spectrum
have been assigned to monoclinic and orthorhombic crystalline phases. To analyse better the small amount
of monoclinic phase, a !3C chemical shift filter was employed to suppress partially the dominant
orthorhombic signal. The monoclinic phase exhibits a slightly smaller chemical shielding anisotropy of
27 ppm with chemical shift principal tensor values of 50, 36.5 and 16 ppm as compared to a shielding
anisotropy of 30 ppm and principal tensor values of 50, 35.5 and 13 ppm for the orthorhombic phase.
Additionally, a minor fraction of interface was detected arising from heterogeneous molecular packing.
Both crystalline phases reveal an extremely high degree of order, with {p,) around 0.94. Whereas the
conformations of the chains in the non-crystalline regions of both gel-spun and melt-spun polyethylene
are alike, the mobility of the former is largely reduced. The morphology of UHMWPE is compared with
that of melt-spun polyethylene.
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INTRODUCTION

High performance gel-spun ultrahigh molecular weight
polyethylene (UHMWPE)'~* has attracted much scientific
interest in the last decade concerning its superior
mechanical properties®~!4 and unique molecular struc-
ture!**7, The modulus of UHMWPE is in the region of
2000 cN dtex ™!, which is at least two orders of magni-
tude above that of melt-spun polyethylene. Likewise, its
tensile strength is about 15 times greater than that of
normal melt-spun polyethylene!®. The gel-spinning pro-
cess has also been applied to other polymers, for exampie
polypropylene, which show enormous improvements in
molecular orientation'®. To date, gel spinning represents
the most successful method for converting polyethylene
from a lamellar morphology to a fibrillar extended chain
morphology®1°-29-22 [t is generally agreed that gel-spun
polyethylene fibres consist of macrofibres containing
microfibrils of extended chains. Each of these chains
exhibits a high degree of orientational order along the
fibril axis, and in turn each of the fibrils along the
fibre axis!*~'7. Investigations of the morphology which
indicate this structure have been performed by means
of small-angle X-ray scattering (SAXS)?*, wide-angle
X-ray diffraction (WAXD)?*, differential scanning calori-
metry (d.s.c.)?>:2%, Raman spectroscopy?’ and solid-state
n.m.r.28733
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1 The ‘unit’ dtex is a measure of the linear density of fibres and corresponds
to the mass in grams of 10000 m of fibres
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Two crystalline phases are contained in gel-spun
polyethylene, namely the well-known orthorhombic phase
and a relatively small fraction of monoclinic phase®*-34.
Either one of them consists of molecular chains in an all-
trans conformation. In the monoclinic phase, the planes
formed by these zigzag chains are all aligned parallel,
while in the orthorhombic phase these planes make up
a perpendicular (‘fish bone’) mosaic pattern. A detailed
characterization of these phases has been reported by
VanderHart and Khoury®°. A solid-solid phase transi-
tion converting the monoclinic into the orthorhombic
phase at elevated temperatures below the melting point
has been reported by several investigators>*3>, In an
alternative interpretation of the X-ray diffraction patterns,
it was recently suggested that the crystalline structure
can be described in terms of a defect model including
perfect and imperfect segments®®. A detailed character-
ization of the crystalline phases by n.m.r. has been lacking
until now, owing to the difficulties of resolving over-
lapping '3C resonances. Here we report the results of
applying advanced solid-state n.m.r. technigues that
quantify sample morphology and orientational order for
the crystailine phases and non-crystailine regions in
considerably greater detail.

EXPERIMENTAL

The experimental studies were carried out on samples of
a commercially available gel-spun UHMWPE (Allied
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Figure 1 '3C chemical shift filter technique: (a) pulse sequence; (b)

illustration of the action of the chemical shift filter on two magnetization
vectors in the rotating frame. DC denotes the SELDOM pulse
sequence’’; the delays D8 and D9 are explained in the text

Signal Spectra 1000 fibre, M, > 10°gmol ). Its non-
crystalline fraction determined by X-ray measurements
amounts to approximately 20%. In addition, a normal
molecular weight melt-spun polyethylene (PE) was used
as a reference. The mechanical properties of these samples
have been reported elsewhere'8. All the measurements
were performed on a Bruker MSL300 spectrometer at a
'H frequency of 300.13MHz and a !'3C frequency of
75.47 MHz using a double-bearing Bruker magic angle
spinning (m.a.s.) probe and 7 mm zirconium oxide rotors
at ambient temperature. The 90° pulse width for the 'H
and !3C pulses was 4 us. The 13C and 'H wide line spectra
detected by two-dimensional wide line separation (WISE)
spectroscopy’® were acquired with 64¢, increments of
5 ps with a 300 us cross-polarization (c.p.) contact time.
Incrementing the proton evolution time ¢; leads to a
modulated '*C signal, and subsequent two-dimensional
Fourier transformation yields a spectrum with dipolar-
broadened proton lines resolved in w, by the carbon
m.a.s. spectrum. Two-dimensional techniques including
rotor-synchronized m.a.s. and exchange methods were
employed, incorporating a !3C chemical shift filter
(SELDOM?") to suppress the dominant orthorhombic
signal. As a requirement of the chemical shift filter pulse
sequence the small downfield monoclinic peak was
precisely set on resonance. The pulse sequence is given in
Figure la. Figure 1b shows that after cross-polarization
the magnetization vectors corresponding to the ortho-
rhombic and monoclinic peaks precess away from each
other in the rotating frame x-y plane because of the
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difference in chemical shift. After a time delay of
D8 = 2050 us, the magnetization vectors of the monoclinic
and orthorhombic phases are 90° out of phase. This time
delay must be equal to an m.as. rotor period (or a
multiple of it), so the sample rotation frequency was
chosen as 488 Hz. The desired monoclinic magnetization
was stored along the z axis by flipping it back with a 90°
pulse, while the orthorhombic magnetization was left in
the x—y plane to dephase under 'H dipolar couplings for
a time period of D9=1ms. The free induction decay
(FID) was then acquired after a 90° readout pulse.

The chemical shift filter was combined with two-
dimensional exchange and rotor synchronization methods
mainly to suppress the orthorhombic intensity described
above. Details of the two-dimensional exchange®® and
two-dimensional rotor synchronization®® techniques have
been reported elsewhere. Modified pulse sequences for
these two techniques are given in Figure 2. In the
two-dimensional exchange experiments, 40 FIDs were
accumulated corresponding to a ¢, increment of 1600 us
with a mixing time of 1s. In the rotor synchronization
experiments FIDs were acquired separately for 16
starting rotor positions (see Figure 2b). Also in the rotor
synchronization experiments, the filaments were aligned
at 90° with respect to the rotor axis to achieve a better
sample-filling factor. Consequently, no sideband intensity
could be detected on odd-numbered slices*°.

RESULTS AND DISCUSSION

Shielding tensors of orthorhombic and monoclinic phases

The one-dimensional c.p./m.a.s. spectrum of gel-spun
UHMWRPE fibre is shown in Figure 3a. It can be seen
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Figure2 Two-dimensional n.m.r. experiments employed in this work:
(a) pulse sequence with the chemical shift filter in the preparation period;
(b) rotor-synchronized m.a.s. technique combined with chemical shift
filter. See also Figure I
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Figure 3 (a) !°C c.p./m.as. spectrum for UHMWPE with a contact
time of 1 ms. (b) *3C single-pulse detection of the mobile component
with a repetition time of 500 ms. The spectra in (c) and (d) were obtained
from the same experiments as in (a) and (b), respectively, for normal
molecular weight melt-spun PE. The peak intensities were scaled to
equal peak heights between (b) and (d)

that a small peak appears at 1.5 ppm downfield of the
dominant orthorhombic signal at 32.8 ppm (referenced
to the upfield peak of adamantane at 29.5 ppm). This
peak was assigned to the monoclinic phase in the
UHMWPE sheet*°. For convenience, the two phases are
denoted as C1 (monoclinic) and C2 (orthorhombic) for
the rest of the discussion. The two phases differ in their
molecular packings, as described earlier.

In order to analyse the molecular structures in finer
detail, the chemical shift filter technique described above
was applied to scale the C2 intensity down to a level
comparable to the Cl1 intensity, The result is shown in
Figure 4. In addition to an isotropic shift difference
between the two resonances of 1.5ppm, two sideband
envelopes with slightly different intensities can be seen.
This suggests that the two crystalline structures differ
slightly in their chemical shift anisotropies. The tensor
elements for the C1 and C2 signals determined by
Herzfeld and Berger’s sideband analysis*! are given in
Table 1. The shielding anisotropy for the C1 phase is
2.5 ppm lower than that for the C2 phase, and one of the
principal axes 055, which is aligned along the chain, is
shifted by 3 ppm downfield in the C1 phase (see Table
I). This shows that the environments of the CH, groups
are not identical. However, it is not obvious what the
structural differences are, because presently the corre-
lation between the chemical shielding effect and the
molecular structure and packing is not sufficiently
understood. Nevertheless, the chemical shift can be
related to the structure by comparison with a model
system. Thus, a similar examination was performed on
the crystalline n-alkane eicosane, which has the same
molecular packing as the monoclinic C1 phase*2. Agree-
ment between the chemical shift tensors of Cl1 and
eicosane is found (see Table 1). This observation shows
that the macrostructural packings in the crystallites can
be detected in terms of both isotropic and anisotropic
chemical shifts.

Orientational order

The chemical shift filter method was also combined
with two-dimensional rotor-synchronized m.a.s.*® and

4730 POLYMER Volume 35 Number 22 1994

the two-dimensional exchange technique*® to examine
the crystalline phases. The rotor-synchronized m.as.
experiment has been proven successful in characterizing
molecular order in a number of polymer systems39-44-45,
Applying the technique to gel-spun UHMWPE, indica-
tions were reported that the C1 phase was less oriented
than the C2 phase*S. However, uncertainties in the order
parameters might have arisen from the limited spectral
resolution and the absence of sufficiently intense higher
order orientational sidebands in the C1 signal. In this
study, we combined the chemical shift filter with
two-dimensional rotor-synchronized m.a.s. to obtain a
higher resolution for the crystallite resonances. The
resulting spectrum is shown in Figure 5a. The orientational
dimension (sidebands labelled M) is plotted vertically. It
exhibits only even-numbered M slices because the sample
was prepared such that the fibres were aligned perpen-
dicular to the rotor axis*®. Both phases clearly show
similar sideband intensities along the orientational (M)
dimension from M =0 to M= +4. Similarity in the
degrees of molecular order is indicated by the orientational
sideband patterns, which result from molecular order via
phase and amplitude modulation of the m.a.s. sidebands.
Two order parameter sets, {p,) to {pg)> with uncertainties
of £0.05 (see Table 2), were obtained from a quantitative
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Figure 4 3C c.p./m.a.s. chemical shift filter spectrum at 488 Hz. The
inset shows an expansion of the isotropic peak revealing an interface
between C1 and C2 resonances (see text)

Table1 Chemical shift tensor principal values® for gel-spun UHMWPE
fibres

01y 022 33 Ciso Ac*
C1 (monoclinic)® 50.1 36.5 16.0 34.2 —-2713
C2 (orthorhombic)® 50.1 353 130 328 —29.7
Eicosane (triclinic)’ 504 36.8 15.7 343 -219
Eicosane (triclinic) 49.1 371 16.1 34.1 —-270

“In parts per million (ppm) referenced to the upfield peak of adamantane
at 29.5 ppm

b Error limits are + 1.0 ppm

¢Chemical shift tensor principal values determined by VanderHart*2

4 Shielding anisotropy Ac=0,;—}5,, +03,)
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Figure 5 (a) Two-dimensional rotor synchronization chemical shift

filter spectrum at a spinning speed of 488 Hz. Sixteen slices were acquired
with 800 scans. The fibres were aligned perpendicular to the rotor axis.
For this orientation only even-numbered sideband slices are observed.
(b) Simulated spectrum calculated from the order parameters listed in
Table 2

Table 2 Order parameters for gel-spun UHMWPE fibres

Ci1 C2
{py> 0.93 096
{pay 0.80 0.82
{pey 0.78 0.80
{psy 0.61 0.62
Pro> 0.22

analysis of the sideband intensities. They reveal an
extremely high degree of order for both the C1 and C2
phases. If the two phases were perfect and imperfect
-segments in the crystallites, respectively, as suggested by
the defect model, they should exhibit distinctly different
degrees of molecular orientation.

Detection of crystalline phases and the interface

Some information about the size of the C1 and C2
crystallites can be obtained from !3*C T, measurements*”.
The two phases exhibit rather different relaxation
behaviour, with 1*C T, values of approximately 500s and
1500 s for the C1 and C2 peaks, respectively*®. This shows
that on a time-scale of 1000s, the *C magnetization in
the two phases is not equilibrated by !3C spin diffusion*®,
indicating that the two phases are separated on a scale
of nanometres.

In the chemical shift filtered spectrum in Figure 4,
significant intensity is observed between the maxima of
the two crystalline signals. In order to find out whether
this comes from homogeneous line broadening of the two
peaks or from different segments, we performed a
two-dimensional exchange experiment with a short
mixing time, where the linewidth perpendicular to the
diagonal is determined solely by homogeneous line
broadening and the linewidth along the diagonal is
determined by both inhomogeneous and homogeneous
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line broadening®®*°. To eliminate the peak overlap
problem, again the chemical shift filter was implemented
in the preparation period of the two-dimensional ex-
change experiment. The two-dimensional pattern plotted
in Figure 6 shows much larger linewidths along the
diagonal, which proves that most of the line broadening
is inhomogeneous. In particular, the ridge appearing
between the C1 and C2 signals shows that a distribution
of macromolecular environments exists, which strongly
suggests the presence of an interface. As indicated in the
contour plot, the inhomogeneous linewidth for Cl is
slightly broader than that for C2. However, this inhomo-
geneous line broadening that arises from molecular
packing does not indicate a lower orientational order in
the C1 phase (see Table 2).

The signal for the non-crystalline phase, though not
directly apparent in the cross-polarization spectra of
Figures 3a and 4, can be detected if a '3C single-pulse
excitation with a repetition time of 500 ms is utilized. The
spectrum is exhibited in Figure 3b and can be compared
with the corresponding signal from normal melt-spun PE
shown in Figure 3d, the maximum peak intensities are
scaled to equal heights. Although the UHMWPE fibres
contain far fewer mobile domains than normal melt-spun
PE, the line shapes of the non-crystalline peaks are
essentially the same. Since the isotropic '*C chemical
shift depends on the chain conformation, this comparison
implies that the conformational statistics in the non-
crystalline regions are similar in the two samples.

In order to study the mobility of the segments in the
non-crystalline phases, two-dimensional wide line separa-
tion (WISE) experiments were performed>S. They provide
separate 'H wide line spectra by detecting proton
magnetization in the first dimension via amplitude
modulation of the !3C magnetization, which provides a
highly resolved !3C m.as. spectrum in the second
dimension. Thus, sample mobility information for the
different structures can be obtained from the spectrum.
In Figure 7, for both melt-spun PE (Figure 7a) and
gel-spun UHMWPE (Figure 7b), the broad 'H lines from
the crystalline regions indicate rigid structures that arise
from crystal packing. In contrast, the narrow 'H line at

Cc2

Figure 6 '2C two-dimensional exchange spectrum after applying the
13C chemical shift filter. In the upper right corner a contour plot is
displayed
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Figure 7 Two-dimensional WISE spectra: (a) normal melt-spun PE
fibres; (b) gel-spun UHMWPE fibres. The insets show contour plots

the 13C resonance of the non-crystalline region of normal
PE, as seen in Figure 7a, indicates high segmental
mobility. In the WISE spectrum of gel-spun UHMWPE
(Figure 7b), the non-crystalline regions exhibit a signifi-
cantly increased 'H linewidth, and consequently con-
siderably restricted mobility, compared to the non-
crystalline regions of the normal PE sample. It is thus
interesting to note that in spite of the similarity in line
shapes (conformations) and T, relaxations (high frequency
mobilities), in gel-spun UHMWPE the amplitudes of the
kilohertz motions in the non-crystalline regions are much
more restricted than in normal melt-spun PE.

Phase structure

Combining all these findings, we therefore propose a
model for the phase structure in gel-spun UHMWPE
that consists of four domains: 75% orthorhombic (C2),
15% monoclinic (C1) and 5% interfacial crystalline
material, as well as about 5% non-crystalline material
with some, though restricted, molecular motions. The
relative fractions are estimates based on all the experi-
ments described above and further checked by simulating
the c.p./m.a.s. spectrum as a superposition of four lines
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at the respective isotropic chemical shifts and widths of
35Hz for the crystalline and interfacial regions and
120Hz for the non-crystalline regions. A schematic
representation of the model is depicted in Figure 8. Note
that representative chains in the respective regions are
shown, not chains adjacent to each other.

In fact, our model of the chain packing in gel-spun PE
is also consistent with recent Raman spectroscopic
investigations®°, which detected a bimodal stress distri-
bution in the crystalline regions upon deformation. This
was attributed to high load bearing chains in regions
adjacent to and low load bearing chains in regions remote
from the defect structures. The fraction of high load
bearing chains (40%) by far exceeds the fraction of taut-tie
molecules or intercrystalline bridges which could be
present in the 15% non-crystalline material of that
sample. However, a different conclusion has been drawn
from a combination of X-ray scattering and Raman
spectroscopy>?.

The chain alignments in the orthorhombic and mono-
clinic domains are alike. The conformational disorder in

-~
L4
b r‘ A

Figure8 Macrostructural model for gel-spun UHMWPE fibres. Four
different domains are included. The thin lines represent the C2 phase
(orthorhombic), the bold lines show the C1 phase (monoclinic) and the
areas between crystalline domains enclosed by dotted lines are inter-
facial regions. Additionally, the entangled curves indicate non-crystalline
segments. Note that representative chains in the respective regions are
shown, not chains adjacent to each other



the non-crystalline regions of gel-spun UHMWPE is as
high as in the amorphous regions of melt-spun PE;
however, large amplitude motions in the former are
largely restricted, presumably because of the limited
extent of these regions. Thus, the detailed character-
ization of the different domains provided by advanced
solid-state n.m.r. techniques should help to relate better
the macroscopic behaviour to the molecular parameters.
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