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ABSTRACT: The orthorhombic-to-hexagonal phase transition for constrained ultradrawn polyethylene
fibers has been investigated by solid-state 13C NMR spectroscopy. In the CP/MAS 13C NMR spectra, the
resonance line assignable to CH2 carbons in the hexagonal phase appears above 147 °C upfield compared
to the line in the orthorhombic phase. The calculation of the 13C chemical shift has revealed that 7%
gauche defects are included in the hexagonal phase. In the CP/DD 13C NMR spectra measured by setting
the orientation axis perpendicular to the static magnetic field, two resonance lines assignable to σ11 and
σ22 for the CH2 carbons that appear in the orthorhombic phase merge to a single resonance line at an
upfield position compared to the average of σ11 and σ22 in the hexagonal phase. On the other hand, when
the orientation axis is set parallel to the static magnetic field, no remarkable change is observed in the
hexagonal phase for the resonance line appearing at σ33. These experimental results indicate that gauche
defects such as kinks should be introduced at random along each molecular chain, and independent jump
rotations occur around the molecular chain axis for the sequences between the gauche defects in the
hexagonal phase. It has been also found that the 180° jump rotation around the molecular chain axis is
induced in the orthorhombic phase at temperatures near the orthorhombic-to-hexagonal phase transition.

Introduction

It is well-known that the orthorhombic-to-hexagonal
phase transition occurs in polyethylene at a high tem-
perature under a high pressure.1-3 This hexagonal
phase plays an important role because chain-extended
morphology is realized by annealing in the hexagonal
phase. The structure of the hexagonal phase was
investigated by differential thermal analysis (DTA),1
optical microscopy,4 X-ray diffraction,5,6 Raman spec-
troscopy,7 and ultrasonic measurements.8 These experi-
mental studies suggested that the high-pressure phase
of polyethylene consists of statistically disordered con-
formations. Direct evidence of the existence of many
gauche conformations was also brought by Raman
spectroscopy.7 Recent molecular dynamics simulations
proposed the idea of the conformationally disordered
(condis) phase for the hexagonal phase.9-11 Though
high-resolution solid-state 13C NMR spectroscopy is also
a powerful technique to elucidate the phase structure
and molecular motion,12-17 there is a difficulty in NMR
measurements under such a high pressure (above 3.6
kbar).1,18,19

Some kinds of n-alkanes involve orthorhombic-to-
hexagonal phase transition even at an atmospheric
pressure before fusion with increasing temperature.20-22

The molecular motion of the hexagonal (or rotator)
phase of n-alkanes was studied by using solid-state 13C
NMR spectroscopy.23-26 Unfortunately, however, the
internal chains of hexagonal n-alkanes involve no
gauche conformation,20-22 and it is not appropriate to
use them as model compounds for the hexagonal phase
of polyethylene at a high temperature under a high
pressure.

Recently, it has been found that the hexagonal phase
also appears prior to melting in ultradrawn polyethylene
fibers even at an atmospheric pressure under a con-
strained condition.27,28 This type of hexagonal phase also
includes gauche conformations.29 In this work, we
characterize the molecular motion in the hexagonal

phase of polyethylene by using constrained ultradrawn
polyethylene fibers. The results thus obtained are
compared to the molecular motions in the hexagonal
phase of n-alkanes26 as well as in the orthorhombic
phase of polyethylene at temperatures near the ortho-
rhombic-to-hexagonal phase transition.

Experimental Section
Sample. In this study, ultradrawn polyethylene fibers

Dyneema supplied by Toyobo Co. Ltd. were used without
further purification, a weight-average molecular weight and
a tensile modulus being 3 × 106 and 130 GPa, respectively.

DSC. DSC 2920 (TA Instruments) was operated at a heating
rate of 1 °C/min. The temperature was calibrated with high-
purity indium standards.

Solid-State 13C NMR. High-resolution solid-state 13C NMR
measurements were performed on a Chemagnetics CMX-400
spectrometer operating under a static magnetic field of 9.4 T.
The sample was packed into a 7.5 mm diameter zirconia rotor.
Both 1H and 13C radio-frequency fields γB1/2π were 62.5 kHz.
The contact time for the cross-polarization (CP) process was
1.0 ms throughout this work. The magic angle spinning (MAS)
rate was set to 3 kHz to avoid the overlapping of spinning
sidebands on other resonance lines. 13C chemical shifts were
expressed as values relative to tetramethylsilane (Me4Si) by
using the CH3 line at 17.36 ppm of hexamethylbenzene crystals
as an external reference. 13C spin-lattice relaxation times (T1C)
were measured by the CPT1 pulse sequence.30

CP/dipolar decoupling (CP/DD) 13C NMR measurements
were carried out for uniaxially oriented fibers without MAS
by using a JEOL JNM-GSX200 spectrometer at a static
magnetic field of 4.7 T. The orientation axis of fibers was set
parallel or perpendicular to the static magnetic field B0.

Sample Holders. Figure 1 shows the sample holders used
in this work. Their materials were copper for DSC, Vespel for
CP/MAS 13C NMR, and Teflon for CP/DD 13C NMR measure-
ments. The polyethylene fibers were wound around the hold-
ers, and both ends of the fibers were tied tightly.

Results and Discussion

(a) DSC. Figure 2 shows DSC curves obtained for the
constrained polyethylene fibers. On the heating process,
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two endothermic peaks are observed at 151 and 153 °C,
which correspond respectively to the orthorhombic-to-
hexagonal phase transition and to melting of the
hexagonal phase.27,28 The small peak at 140 °C is
ascribed to melting of the unconstrained parts of the
polyethylene fibers. The curve of the constraint-free
sample, measured as the second run, shows only one
transition peak from the orthorhombic phase to the
melt. These results are in good accord with the results
previously reported for similar constrained ultradrawn
polyethylene samples.29

(b) CP/MAS 13C NMR Spectra. Figure 3 shows the
CP/MAS 13C NMR spectra of the constrained polyeth-
ylene fibers at 24-120 °C. The resonance line at 32.9
ppm is assigned to the orthorhombic crystalline com-
ponent, whereas the line at 31 ppm that is more clearly
observed at higher temperatures is ascribed to the
noncrystalline component.12 Two types of changes in line
width are observed with increasing temperature: mo-
tional broadening of the crystalline component and
motional narrowing for the noncrystalline component.
These results indicate the onset of the molecular motion
on the order of the dipolar decoupling field (about 105

Hz) for the crystalline component31-33 and the further
increase in frequency for much more enhanced motion
(>108 Hz) for the noncrystalline component. The latter
motion is conventionally recognized in different poly-
ethylene samples. The former broadening has been
found to be due to the 180° jump motion around the
molecular chain axis.34-36 This motion will further
induce the chain diffusion along the chain axis as a
result of the multistep forward and backward 180° jump
motion.34-39

The small resonance line at 34.7 ppm is ascribed to
the monoclinic crystalline component40 which is fre-
quently produced for drawn polyethylene samples. The
monoclinic-to-orthorhombic phase transition41 occurs
with the increase of temperature, and the monoclinic
resonance line completely disappears above 80 °C.

CP/MAS 13C NMR spectra at 120-152 °C for the
constrained polyethylene fibers are shown in Figure 4.
In accord with the appearance of an endothermic peak
due to the orthorhombic-to-hexagonal phase transition
at 145 °C in DSC, a new 13C resonance line appears at
32.4 ppm above 145 °C. This line should be assigned to
the CH2 carbons in the hexagonal phase. Interestingly,
this hexagonal line is observed significantly upfield
compared to the orthorhombic resonance line at 32.9
ppm, whereas the corresponding hexagonal line appears
downfield for n-alkanes.23-25 Such an upfield shift in
the hexagonal phase of polyethylene can be explained
by the γ-gauche effect as a result of the transient
introduction of gauche defects at random along the
molecular chain and their rapid recovery transition to
the original trans conformations.

On the basis of the chemical shifts, we calculate the
amount of gauche conformations in the hexagonal phase
of the constrained polyethylene fibers. In this calcula-
tion, the following three assumptions are made. First,
the rapid transition between the trans and gauche
conformations occurs independently at random in each
crystalline C-C bond at a rate more than several tens
of hertz. Second, the upfield shifts of the 13C chemical
shift values due to the γ-gauche and vicinal gauche
effects are 5.0 and 2.5 ppm, respectively.42 It should be
noted here that the γ-gauche and vicinal gauche effects

Figure 1. Sample holders used for the respective measure-
ments.

Figure 2. DSC curves for the constrained ultradrawn poly-
ethylene fibers.

Figure 3. CP/MAS 13C NMR spectra of the constrained
ultradrawn polyethylene in the orthorhombic region.
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do not depend on whether gauche conformations exist
as isolated or not. Third, the downfield shift due to the
difference in packing effect between the orthorhombic
and hexagonal phases is assumed to be 0.5 ppm.23-25

The following equation can be derived by using the mole
fraction fg of the gauche conformation:

According to this calculation, it is found that 7% gauche
defects are included in the hexagonal phase for the
constrained ultradrawn polyethylene fibers.

Recent molecular dynamics simulations revealed that
ca. 10% gauche conformations are included in the
conformationally disordered (condis) phase for long
chain n-alkanes.9-11 Separate Raman spectroscopic
measurements found that more than 20% gauche con-
formations exist in the hexagonal phase for constrained
ultradrawn polyethylene films.29 However, most con-
formations are considered not to be simply defined trans
and gauche conformations in the hexagonal phase; there
must be considerable amounts of disordered trans and
gauche conformations. Therefore, there may be some
deviation in the estimation of gauche fractions depend-
ing on methodology.

(c) CP/DD 13C NMR. Figure 5 shows CP/DD 13C
NMR spectra of the constrained polyethylene fibers
obtained by setting the orientation axis of fibers parallel
to B0. The single resonance line appears at the most
upfield principal value σ33 for the crystalline methylene
carbons at each temperature. The σ33 axis is assigned
to the direction parallel to the molecular chain axis in
the orthorhombic polyethylene crystals.43 No remark-
able change is observed in the σ33 chemical shift even
in the hexagonal phase, indicating that the overall
molecular chain axis is not appreciably changed even if
the rapid transition occurs between the trans and
gauche conformations. This suggests that some kinks
composed of the gauche-trans-gauche units may be
produced at random along the molecular chain axis
because such kinks do not alter the parallel orientation
associated with the σ33 line for most of CH2 carbons.

Only two central CH2 carbons in these kinks will give
two resonance lines possibly at the downfield side
compared to σ33 in the rigid state. In the present case,
however, rapid exchange motion may induce averaging
out between these small lines and the large σ33 line. This
model may be supported by the detection of the minor
downfield shift of the σ33 line in the hexagonal phase
as is seen in Figure 5.

The CP/DD 13C NMR spectra obtained by setting the
orientation axis of the fibers perpendicular to B0 are
shown in Figure 6. At lower temperatures, two crystal-
line resonance lines appear at σ11 and σ22, whose axes
are ascribed to the directions parallel to the intrameth-
ylene H-H vector and to the H-C-H angle bisector,
respectively.43 Some contribution from the noncrystal-
line component should be superposed on the line at σ22.
As the temperature is increased through the ortho-

Figure 4. CP/MAS 13C NMR spectra of the constrained
ultradrawn polyethylene fibers in the orthorhombic-to-hexag-
onal phase transition region.

-2(5.0 + 2.5)fg + 0.5 ) 32.4-32.9

Figure 5. CP/DD 13C NMR spectra of the constrained
ultradrawn polyethylene fibers obtained by setting the orien-
tation axis parallel to B0.

Figure 6. CP/DD 13C NMR spectra of the constrained
ultradrawn polyethylene fibers obtained by setting the orien-
tation axis perpendicular to B0.

5602 Kuwabara and Horii Macromolecules, Vol. 32, No. 17, 1999



rhombic-to-hexagonal phase transition region, these two
resonance lines merge to a single line. This fact implies
that the overall jump rotation of some parts of each
molecular chain will occur basically around the molec-
ular chain axis in the hexagonal phase, resulting in the
realization of the cylindrical symmetry of each molec-
ular chain.11 Moreover, this single line appears upfield
compared to the average of the orthorhombic σ11 and
σ22 values. Such an upfield shift may be induced by the
γ-gauche effect due to the introduction of gauche defects
and the rapid recovery transition to the trans conforma-
tions, in accord with the interpretation for the upfield
shift of the isotropic chemical shift shown in Figure 4.
It should be noted here that a recent quantum chemical
calculation confirmed that the γ-gauche effect appears
more effectively for the σ11 and σ22 components than for
the σ33 component.44

(d) 13C Spin-Lattice Relaxation Behavior. Figure
7 shows partially relaxed MAS 13C NMR spectra of the
constrained polyethylene fibers at 150 °C, obtained by
the CPT1 pulse sequence.30 As is clearly seen in the
figure, the 13C spin-lattice relaxation behavior is almost
the same for the orthorhombic and hexagonal phases.
This means that the spectral densities of molecular
motions near 108 Hz associated with the 13C spin-
lattice relaxation are similar in the two phases.

In Figure 8, T1C values are plotted against tempera-
ture for the crystalline component of the constrained
polyethylene fibers, which are obtained by setting the
orientation axis of the fibers parallel or perpendicular
to B0. The T1C values are as long as about 2000 s at 24
°C under both setting conditions. With the increase of
temperature, the T1C value abruptly decreases in the
orthorhombic region as a result of the enhanced local
motion probably induced by the onset of the 180° jump
motion. At temperatures over the orthorhombic-to-
hexagonal phase transition, the T1C value further
decreases possibly due to the high-frequency local
fluctuation associated with the random introduction of
gauche defects along each molecular chain. Figure 8 also
reveals that the spectral densities near 108 Hz of such

local motions are not significantly different in the
orthorhombic and hexagonal phases.

This situation is similar to the temperature depend-
ence of the T1C values for n-C27H56 crystals.26 Solid
n-C27H56 involves orthorhombic-to-monoclinic and mon-
oclinic-to-hexagonal phase transitions at 53 and 60 °C,
respectively. However, while the T1C values were re-
markably decreased with the increase of temperature
from 0 to 60 °C, there was no sharp break even at the
phase transition temperatures, just as is observed here
in the phase transition region.

(e) Schematic Diagrams for the Hexagonal Phase.
Figure 9 shows the illustrated structures of the hex-
agonal phases for n-alkanes26 and the constrained
ultradrawn polyethylene fibers. The lamellar thick-
nesses of n-alkane crystals are of the order of 2-5 nm.
In the hexagonal phase of these crystals, each molecular
chain is allowed to undergo the overall jump rotation
with random jump angles around the molecular chain
axis keeping the planar zigzag conformation.20-22,26

Such motion will be preferable to fulfill the cylindrical
symmetry of the molecular chain in the hexagonal
phase. In contrast, the lamellar thickness of the ultra-
drawn polyethylene fibers is as large as about 40 nm.45

Moreover, both ends of the crystalline chains should be
connected to the noncrystalline chains. Under these
circumstances, it may be difficult to simply induce the
random jump rotation of the whole crystalline chain
around the molecular chain axis unlike n-alkanes.

Figure 7. Partially relaxed MAS 13C NMR spectra of the
constrained ultradrawn polyethylene fibers at 150 °C, obtained
by the CPT1 pulse sequence.

Figure 8. T1C vs temperature for the crystalline component
of the constrained ultradrawn polyethylene fibers by setting
the orientation axis of fibers parallel or perpendicular to B0.
“O” and “H” denote the orthorhombic and hexagonal phases,
respectively.

Figure 9. Illustrated molecular motions in the hexagonal
phase for n-alkane and polyethylene.
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Accordingly, several percent gauche defects must be
introduced at random along the respective chains to
allow independent jump rotations around the chain axis
for the almost planar zigzag CH2 sequences between the
gauche defects in the polyethylene fibers, as shown in
Figure 9b. When kink defects composed of gauche-
trans-gauche units are introduced, the average stem
length of the partial jump rotation will be 3-4 nm
because 4-3 kinks exist per 100 methylenes.

It is well-known that the dynamic mechanical analy-
sis of polyethylene prior to melting reveals at least three
mechanical relaxations, designated as R, â, and γ in the
order of decreasing temperature.46 The mechanical R
relaxation consists of at least three subrelaxations,
namely R1, R2, and R3 in the order of increasing tem-
perature.47 The R1 relaxation arises from the inter-
lamellar slip48 or the deformation of intermosaic regions
within the crystalline lamellae.49 The R2 relaxation is
believed to originate from the thermal oscillation of
intracrystalline polymer chains,47-49 including twisting
motion about the c-axis as well as translational motion
along the c-axis.50,51 The reality of the R3 relaxation is
suggested to be associated with the transition from the
orthorhombic phase to the hexagonal phase.52,53 The R
relaxation temperature for polyethylenes is somewhat
diffuse, ranging from 30 to 120 °C.46,50,51 When a
polyethylene sample is measured by solid-state 13C
NMR spectroscopy near the R relaxation temperature,
the spectra mainly reflect the R2 and R3 relaxations. In
the constrained polyethylene fibers, the 180° jump
motion shown in Figure 3 is considered to be correlated
with the R2 relaxation. The orthorhombic-to-hexagonal
phase transition shown in Figures 4-6 is considered to
be the origin of the R3 relaxation.

Conclusions

The orthorhombic-to-hexagonal phase transition for
constrained polyethylene fibers has been investigated
by solid-state 13C NMR spectroscopy, and the following
conclusions have been obtained.

(1) In the CP/MAS 13C NMR spectra, the CH2 reso-
nance line in the hexagonal phase is observed upfield
compared to the orthorhombic resonance line. The
calculation of the 13C chemical shift for this line has
revealed that 7% gauche defects are included in the
hexagonal phase.

(2) In the CP/DD 13C NMR spectra obtained by setting
the fiber axis perpendicular to B0, two resonance lines
appearing at σ11 and σ22 in the orthorhombic phase are
found to merge to a single line in the hexagonal phase.
Moreover, the chemical shift of the single line is also
somewhat lower compared to the average of σ11 and σ22.
In contrast, no remarkable change is observed for the
resonance line at σ33 in the two phases when the CP/
DD 13C NMR spectra are measured by setting the fiber
axis parallel to B0. On the basis of these experimental
results, the following structure model has been proposed
for the molecular motion in the hexagonal phase for the
constrained ultradrawn polyethylene fibers: Several
percent gauche defects are introduced probably as kinks
composed of the gauche-trans-gauche units at random
along the respective molecular chains. Concomitantly,
jump rotations with random jump angles are allowed
to occur around the molecular chain axis for almost
planar zigzag CH2 sequences between these gauche
defects. Such partial jump rotations between the gauche
defects may inevitably be induced in the hexagonal

phase for thicker lamellar crystals in the constrained
ultradrawn polyethylene fibers.

(3) The CP/MAS 13C NMR spectra are found to
broaden markedly with increasing temperature below
the orthorhombic-to-hexagonal phase transition tem-
perature. This fact indicates that the 180° jump motion
occurs with a frequency of about 105 Hz in the ortho-
rhombic phase at this temperature range, and the chain
diffusion along each molecular chain will probably be
induced as a result of the multistep forward and
backward 180° jump rotations.
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