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Abstract

At normal conditions crystalline polyethylene (PE) has an orthorhombic structure, whereas at high pressure (above 3200 bar) a phase with
a hexagonal structure occurs. We investigate the effect of high pressure (up to about 5000 bar) on the chain motion in PE in the orthorhombic
structure and in the vicinity of the transformation to the hexagonal phase. From proton and deuteron NMR spectra and spin—lattice relaxation
rates we conclude that, apart from high-frequency mobility at defects, the rigid orthorhombic structure only allows small-angle reorientation
of the CH groups on a time scale of the order of 1G. The application of high pressure results in a considerable reduction of the amplitude
of this motion. The degree of crystallinity is found to increase spectacularly by solidification from the hexagonalcph@8@.Elsevier
Science Ltd. All rights reserved.
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1. Introduction on the structure and dynamics of PE in the orthorhombic
phase region can be obtained.
Experiments on polyethylene using wide line NMR were
performed for the first time in 1950 [1]. Since then there 1.1. Amorphous PE
have been several NMR studies on the behaviour of the PE
molecules in the orthorhombic phase [2-10] and on the [N the present work, no specific experiments have been
melting transition [11,12] for the conventionally crystal- Performed on the amorphous part of the sample. We note
lized material [13-15] high pressure or solution crystallized here that the behaviour of amorphous PE has been studied in
material [16—18] (extended chain), and oriented material detail by Hentschel et al. [8,10,13,14] at ambient pressure
[9,19,20]. Most of these studies have been performed atfrom low temperature to close to the melting point. A high
ambient pressure only. To investigate polyethylene at high Pressure study has been performed by Kulik et al. [15] for
pressure other techniques such as DTA/DSC, X-ray experi- Felatively low temperature values (203 to 383 K). Both
ments and optical microscopy have been used. Although Studies used special pulse sequences to study the amorphous
these techniques can provide very useful information on Part of the sample exclusively. Some conclusions of these
crystal structure and the position of phase transitions, it is Studies are the following. At low temperature the chain
also desirable to perform NMR at high pressure in order to Motion in the amorphous part of PE is highly restricted.
study the chain dynamics under these extreme conditions.At about 200 K the only observed motion is small angle
This has become possible through the development of therotational diffusion. At higher temperature, reorientational
new high pressure NMR equipment published earlier [21]. jumps between different chain conformations occur on a
In this paper we will focus on the orthorhombic phase time-scale of about &% 10 ®s. Above 300 K the conforma-
region of the phase diagram. NMR experiments performed tional transitions become less discrete, such that the motion
in this phase both at ambient pressure and at high pressuréan be characterized as quasi-isotropic diffusion. In the
will be presented. The results of these experiments will be SPectrum this is visible as a single structureless line. At

discussed in order to get a proper view of what information increasing pressure, the orientational correlation time
shows a gradual increase. The application of 1 kbar of

hydrostatic pressure produces an increase of the correlation
*Corresponding author. Tel:+31-205 256334; fax:-31-205 255788. times corresponding to a decrease of temperature of about
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= MEASURED MAGIC ECHO RESPONSE
-------- BEST FIT USING 'ABRAGAM FUNCTION'
o RESPONSE BASED ON CALCULATED
MOMENTS IN 'ABRAGAM FUNCTION'

Fig. 1. Approximations using ‘Abragam-functions’ to the magic echo response observed at 293 K and 1 bar on UHMWPE (Hostalen GUR-403). The inset
shows a blow-up of the oscillating region, where the differences between both calculated responses and the observed one are most pronounced.

1.2. NMR spectra and relaxation times complete FID. Instead, we monitor the magnetization after a
saturation sequence by a singt€ pulse. In the measure-

A description of the NMR apparatus and the materials ment of the rotating frame relaxation times we use/a
used, has been given in the preceding paper [22]. NMR pulse followed by ar/2-phase shifted lock pulse of variable
line shapes can be obtained, in principle, by Fourier trans- length up to 150 ms. The spin-locking field strength corre-
formation of Free Induction Decays (FID) aftem& pulse. sponds to about; = 100 kHz. In our high-pressure probe
In order to overcome receiver dead time limitations our we did not succeed in generating magic echoes after a
deuteron NMR spectra have been obtained using the quaddocking pulse. By not using echoes in the measurement of
rupole echo technique [23,24], basically by applying a rotating frame relaxation we may not see the full contribu-
(m/2)—t1— (mw/2),—t1-acquisition sequence. Because of the tion of the crystalline part when spin diffusion is not strong
limited power levels allowed in the high-pressure probe, we enough to make all relaxation times appear equal. However,
have to compensate for errors introduced in the excitation of in high crystallinity material we expect to observe mainly
the complete spectrum. Therefore, thé2 pulses in the  the rotating frame relaxation of the crystalline part.
sequence have been replaced by 5-fold composite pulses
[25,26]. All the experimentalH NMR spectra presented
in the following have been obtained from a quadrupole 2. Results and discussion
echo sequence using an inter-pulse spatirag 40 p.s.

Proton NMR spectra are obtained using the “magic-echo” 2.1. Proton NMR spectra
sequence, developed by Rhim et al. [27]. We used their
simple pulse sequence consisting of [ m_,]" pulse Fig. 1 shows a characteristic time domain response to a
block immediately followed by ar/2|, pulse, resulting in magic echo pulse sequence. This signal was obtained at
an echo after the last pulse, allowing us to obtain the full 293 K and 1 bar on a sample of Hostalen GUR 403, crystal-
spectrum. lized at high pressure in order to obtain highly crystalline

Deuteron spin—lattice relaxation has been investigated extended chain material. The signal clearly consists of a fast
using a saturation pulse sequence consisting of twefty decaying part and a smaller slowly decaying part superim-
pulses, which after a variable time delay is followed by a posed on each other. Several of our experiments as well as
quadrupole echo sequence, allowing the separate detectiorexperiments by others [2] have shown that the fast compo-
of the relaxation rates in the crystalline and amorphous nent, which clearly results from the more rigid parts of the
components via the spectrum. Since spin-diffusion betweensample, originates from crystalline PE. The slower compo-
the protons in these components is fast on the time scale ofnent represents the mobile fraction of the sample. A number
spin—lattice relaxation, such a distinction cannot be made of authors also report on an intermediate part [3], which is
for the protons. For the measurement of the proton spin— also observed in some of our experiments. Since our study
lattice relaxation we therefore do not attempt to observe the focusses on the crystalline part of the sample, we will in the
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Fig. 2. 'H-NMR spectrum of PE (Hostalen GUR-403) at room temperature and ambient pressure.

following call the complete mobile fraction, including both  the fourth moments the values 8.840%°rad's™* and
the amorphous and intermediate parts, the amorphous par8.28x 10°rad*s™, respectively. These values agree
of the sample. within a few percent with calculated values reported in the

The NMR spectrum shown in Fig. 2 was obtained after literature [16,20].
Fourier transformation of the echo shown in Fig. 1. The In order to relate the results of the above calculations to
crystalline and amorphous parts show up in this spectrumthe experimental data, it is convenient to use an analytical
as a broad crystalline component and a narrower amorphougepresentation of the time domain signal, proposed by
component, respectively. As a guide to the eye this spectrumAbragam [28], which has proven to describe the time
was approximated by two gaussian functions. Notice that, domain signal in many rigid lattice solids. The function
especially near the wings of the spectra, deviations from awe have used is
gaussian line shape occur.

For 'H NMR (I = (1/2)) the line shape is determined by G(t) = pl[
the magnetic dipole—dipole interactions between all protons
in the sample. It is well known [28] that a calculation of the in which the first term, representing the crystalline fraction
second and fourth moments of the NMR line shape is p:( = 0.87 in this case), is the so-called Abragam function
possible, when the positions of the protons in the crystal and the second term, representing the amorphous fraction
structure are known. We have calculated the second andp,(=0.13), is assumed to be exponential. The relation
fourth moments ofH NMR line shape using the informa-  between the quantities andb in Eq. (1) andM, and M,
tion on the orthorhombic crystal structure as presented are obtained from a Taylor expan5|0n of the first term, lead-
above and using the lattice parameters=(7.40 A ing to M, =a?+ b%¥3 and M, = 3a* + 2a’h® + b¥5. The
b=493A c=251 A) that are known from X-ray result of using a function of this type to approximate the
measurements [29] at room temperature and ambient prestime domain NMR signals is shown in Fig. 1. One approx-
sure. These lattice parameters change somewhat withimation shown in the figure is the best fit obtainable with a
temperature and pressure, especially on approaching the€unction in the form of Eq. (1). The other approximation is a
phase transition. The calculation has been performed superposition of two of these functions, using the calculated
using a computer program that was fed all information on values of the second and fourth moments for each of the two
the rigid crystal structure. For simplicity only hydrogen inequivalent types ofH-atoms. The predicted time domain
atoms within a box with dimensions of about 40afound response using the calculated moments is in good agreement
the central atom were considered. Since calculations using awith the best fit. Differences with the experimental data are
box of twice that size have shown to give an extra contribu- mainly due to the fact that the contribution from the amor-
tion to the second moment in the order of only 0.1%, this phous part is not exponential, as was assumed for the func-
gives sufficient accuracy. It should be noted here that the tion G(t) in Eg. (1). We conclude from this that our NMR
calculation of the moments for each of the two hydrogens on spectra agree very accurately with the prediction based on
each carbon results in slightly different values because thesethe known orthorhombic crystal stucture of PE. Looking
sites are inequivalent in the crystal structure. For a poly- again at the calculated values of the second and fourth
crystalline sample the respective second moments are:moments, notice that their ratid,/(M,)? is about 2.4. For
1.93x 10" rad’ s 2 and 1.85< 10"°rac’ s™% We find for ~ a gaussian line shape this ratio is 3. This shows immediately

sinbt -l
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Fig. 3. The?H-NMR spectrum obtained by Fourier transformation of the response to a quadrupole-echo experiment, compared to a spectrum calculated for
powder of rigid PE crystals.

that the observed orthorhombic spectrum deviates from asity in the middle of the spectrum. The latter is caused by the
gaussian line shape, as had already been noticed from themorphous material in the sample. Since only high tempera-

approximations with gaussian functions in Fig. 2. ture experiments were performed, the amorphous part is
seen as the structureless line superimposed in the middle
2.2. Deuteron NMR spectra of the spectrum. On increasing the temperature, this line

narrows considerably.

Although in deuteron NMR the dipolar interactions which Hentschel et al. [13,14] measured spectra at low tempera-
govern the proton line shapes are still present, they are veryture (123 K), where they found a distance between the peaks
small compared to the dominant interactions between theof the Pake doublet of 123.4 kHz for completely rigid PE
electrical quadrupole momeeQ of the deuteronsl (= 1) crystals. This corresponds to a value of the quadrupole
and the Electric Field Gradient (EFG) at the site of the coupling constante’qQ/h of 2w x 164.5 kHz. We used
deuterons. In a deuteron NMR spectrum the combined this value for the calculated spectrum shown in Fig. 3.
Zeeman and quadrupole Hamiltonians lead to resonanceThe result fits quite well to the experimental spectrum

frequencies taken at 293 K. Therefore, at room temperature the PE crys-
1 tals can still be regarded as rigid.

w=wy* =53 cod ®—1+ ] sir? @ cos D) On increasing the temperature, the shape of the observed

2 spectrum starts to deviate from a Pake doublet towards a

= wp * wo(O, D), 2 powder spectrum corresponding to a non-zero value of the

asymmetry parametef. This has been shown in Fig. 7 of

In this expressiod = (3/4)e’qQ/h, while eqandn are the the preceding paper [22]. This asymmetry effect was
largest component and the asymmetry parameter of the EFGobserved previously by Hentschel et al. [13]. They showed
tensor, respectivelyw, and wq represent the Zeeman that the asymmetry can be accounted for by assuming a
frequency and the quadrupole frequency shift, respectively, model where the CPunits in the PE chains perform
and @ and @ are the polar angles of the external magnetic oscillations about the chain axes. Since the nature of these
field By in the principle axes system of the EFG-tensor. oscillations could very well be a disorderly jump or even

In PE the electric field gradient at the site of the deuterons diffusion process with a certain average jump angle as
is nearly axially symmetric along the C—D bonds;se- 0. amplitude, we prefer to speak abaerientationsof the
Therefore, for a polycrystalline sample, in which the orien- chain segments. The asymmetry parameter obtained by
tations of the EFG tensor at the deuteron sites have anaveraging the EFG tensor over two C—D-bond orientations,
isotropic distribution, we expect that the quadrupole echo related by an angle@, is
spectrum arising from the two transitions in Eq. (2) is the
“Pake doublet”, typical for a static solid. 3 Sirt @

Fig. 3 shows &H NMR spectrum of PE at 293 K in the  3cof -1
orthorhombic phase. This spectrum indeed consists of a
Pake doublet, but it is combined with some additional inten- A method for the analysis of the effects of jump motion

©)
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Fig. 4. Temperature dependence of the reorientation angles in orthorhombic PE at low and at high pressure.

on a quadrupole echo spectrum has been developed byabsence of broadening due to the expected presence of a
Greenfield et al. [30]. It allows the calculation of the line distribution of reorientation angles might seem strange at
shape resulting from the C-D-bond jumping between first sight. This can be explained by assuming that the C-D
several orientations, as a function of the mean time betweenbonds change their reorientation angle over such a distribu-
jumps. By approximating the reorientations of the chains by tion fast enough compared to the expected broadening. In
a model in which the C-D bonds perform a two site jump that case only one sharply defined average reorientation
motion over an angle®, our spectra have been fitted on the angle will be visible in the spectrum.

basis of this method by using a computer program, kindly  The dependence of the root mean square value of the
made available to us by the authors. The figure shows someangle ® on temperature is shown in Fig. 4. On increasing
of the observed spectra and the corresponding simulatedthe temperature® increases steadily from 4.4t 292 K to
spectra. Extremely good fits have been obtained in this 11° at 393 K at 1 bar. At 4900 ba® increases from %at
way. The root mean square reorientation angles can be393 Kto 12.8 at 500 K. In order to determine the minimum
derived from the fits with an accuracy of one degree. The rate of reorientation, additional simulations have been run.

—— EXPERIMENTAL SPECTRUM
-------- JUMP FREQUENCY 10* HZ
~=—= JUMP FREQUENCY 10° HZ
----- JUMP FREQUENCY 5" 10° HZ
—mem JUMP FREQUENCY > 10" HZ

—
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Frequency (kHz)

Fig. 5. Determination of the minimum reorientation rate of the chains, required for the model.
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Fig. 6. Time dependence 8H-NMR echo amplitude in a typical? experiment on deuterated PE.

Some of the results are given in Fig. 5. The figure shows pressure values have been shown in the preceding paper
calculated spectra for an average amplitude angle of’11.5 [22].
compared to an experimental spectrum taken at 4900 bar A typical example of the behaviour of the deuteron spin—
and 473 K. It can be seen that the calculated spectra starfattice relaxation in deuterated PE is shown in Fig. 6. The
to approach the experimental spectrum only if the reorienta- relaxation curve shows at least two components: one,
tion is faster than & 10° Hz. This rate is large enough to  caused by the mobile amorphous part of the sample and
make chain reorientation a mechanism for spin—lattice another component due to the crystalline material. Because
relaxation. of their frequency shifts, caused by quadrupole coupling,
spin diffusion between the deuterons within and between
both parts is only very slow. We have obtained the time

2.3. Spin—lattice relaxation constants for both parts by fitting the sum of two exponen-
tials to the relaxation curve.
The processes of proton spin—lattice relaxa(fﬁfﬁ) and The dependence a® on the frequency in the spectra has

rotating frame relaxatior(TE,) respectively) have been also been determined, allowing verification of the attribu-
measured as a function of temperature at many differenttion of the relaxation curve components to the amorphous
pressure values. The deuteron spin—lattice relaxation timeand crystalline parts of the sample. In this way we have
TP has been measured only at 1 bar and at 4900 bar. Thereverified that the fast decaying component of the deuteron
fore most results shown in this paper are data at 1 bar andspin—lattice relaxation is due to the amorphous part and that
4900 bar in order to compare the results of different experi- the component with the longd¥’ is caused by the crystal-
ments. The results from experiments performed at other line part of the sample.

1.009
0.801 =

0.60 1
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Fig. 7. T} relaxation behaviour (at 4900 bar) before and after high pressure crystallization.
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Fig. 8. Temperature dependence of the Idfgcomponents at 1 bar and at 4900 bar.

The T} relaxation curves are practically single exponen- cannot be distinguished. Probably, because of the high crys-
tials in which separate long and short components cannot betallinity of the material, the components with short relaxa-
distinguished although the relaxation times are expected totion times expected from the non-crystalline fractions are
be different for the crystalline and non-crystalline parts. too small to give an observable contribution to the signal.
Presumably, the magnetization in the different parts of the The untreated (FCC) material has a crystallinity of about
sample is strongly coupled by spin diffusion. Evidence 80%, while the crystallinity of the ECC material obtained
supporting this interpretation has been obtained from after high pressure crystallization was roughly estimated
experiments performed after crystallization at high pressure.from echo experiments at ambient pressure to be about
As has been discussed in the preceding paper [22], it appear©§0%. However, even if the expected amplitude of non-crys-
that after crystallization in the hexagonal phase PE acquirestalline contributions would just be large enough to be obser-
the ECC structure while the crystallinity becomes much vable, spin diffusion between the protons is presumably
higher. TheT} experiments on such crystals result in a strong enough to make the relaxation process appear
typical relaxation curve that is clearly not a single exponen- exponential. The dependence of t'lﬁg, behaviour on the
tial, as can be seen in Fig. 7. When the crystalline parts crystallinity of the sample is clearly visible in Fig. 5
become very large and well defined as is believed to be (bottom) of Ref. [22]. The figure shows that th‘E{L
the case for the extended chain crystals obtained aftermeasured in the highly crystalline ECC material is about a
high pressure crystallization, the coupling of the different factor two larger than in the untreated material, which
areas by spin diffusion is no longer strong enough talet  contains a larger amorphous fraction. We note that very
magnetization decay with one overall relaxation time slow components cannot be observed in our experiments,
constant. Some of the longer relaxation times expected for since spin-locking times are limited to about 150 ms in this
the crystalline parts then become visible. These longer study.
relaxation times also appear in Fig. 5 (middle) of Ref.

[22], showing the overallT{' values as a function of 54 proton spin—lattice relaxation times

temperature. These values have been obtained at a constant

pressure of 4900 bar by taking an untreated sample of PE T} is sensitive to motions of the hydrogen atoms having
(Hostalen GUR 403) in which the crystalline part has a frequencies of the order of the Zeeman frequency, which in
folded chain orthorhombic structure, first through the tran- our experiments is 180 MHz. The temperature dependence
sition to the hexagonal phase and then to the liquid phase.of T{' shows that over a large temperature range in the
Subsequently, the temperature is lowered and the sampleorthorhombic phase the mechanism behind the proton
first transforms into the hexagonal phase and then back inspin—Ilattice relaxation is in the extreme narrowing limit.
the orthorhombic phase but now with an extended chain As will be seen fromr? andT{:, experiments in the follow-
morphology. The dramatic increase in relaxation times ing, the angular reorientational motion of the £¢toups
there clearly shows the increased crystallinity after high present in the orthorhombic crystals occurs at a rate of the
pressure crystallization. order of 1 MHz. These reorientations are neither fast nor

In our experiments also th'Efp relaxation curves are very  large enough to be the mechanism for proton spin—lattice
close to single exponentials, so different components origi- relaxation. The same can be said for other kinds of motion
nating from the crystalline and non-crystalline fractions like chain diffusion. Therefore the measured values Bf
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are probably governed by spin diffusion to and relaxation in values agree nicely. At ambient pressureTlﬂeminimum

the amorphous and interfacial fractions and at mobile has been found to occur around 303 K. Thg value is

centers in the sample, like end groups and crystal defects. about 7 s in this case. The use of these values in the same
As will be discussed in the next paper [31], the reorienta- calculation gives a reorientation angle of £,Aghich is in

tional motion of the CH-groups becomes less restricted in  agreement with the®sangle from theH NMR spectra.

the hexagonal phase. On increasing the temperature, the The relaxation timesTal are sensitive to molecular

reorientation angles increase and the motion gradually motions having frequencies of the order:gf correspond-

becomes quasi-isotropic, while the reorientation rate ing to the spin-locking fieldB,. This frequency is of the

increases rapidly. This is what causes the rapid decreasesame order as was found from tRel NMR spectra for

of T} near the phase transition. the rate of the reorientation of the Gigroups in the crystal-
Since crystallinity and conformational disorder change as line part of the sample. It is expected therefore that the

a function of temperature and pressuTé, is a very good reorientational motion of the chain segments is also the

probe for the investigation of phase transitions in PE. mechanism foﬂ'f'p in the crystalline component.
o An approximation for calculatinngp in the two-site jump
2.5. Relaxation times;Tand Tj, model can be found by looking closely at the dipolar

coupling of hydrogens on the same Cdtoup. The dipolar
coupling between two such hydrogens gives the most
important contribution to thél'f'p-mechanism. Under the
same reorientations of the chain this coupling transforms
in the same way as the quadrupolar coupling in the C-D
bond. Using this similarity of both couplings it follows from
the expression [33,34] foT{:), valid for isotropic motion,
that in the two-site jump model

The spin—lattice relaxation of the deuterons in the crystal-
line part of the sample is caused by the reorientational
motion of the chain segments, observed in theNMR
spectra in Fig. 7 of the preceding paper [22]. Because of
the limited reorientation angles, it is not a very effective
process. As can be seen in Fig. 7 in the orthorhombic
phase is on the low temperature branch of the deuteron
relaxation temperature dependence, far from its minimum,
therefore the characteristic frequencies of this motion are 432:2

N

lower than the deuteron Zeeman frequeagy= ypBo = 2 TTHP =10 2 m

7 X 27.3% 10° Hz. i
Since the details of the reorientational motion observed in
the ?H spectra are not known, we cannot derive a quantita-
tive expression for the spin—lattice rate caused by it. An
approximation can be obtained by regarding the motion as
a jump process over a single angk® Between two orienta-
tions of the C—D bonds, while the mean time between jumps
is 7. One may then use the expression (32) and Table 2 from
the analysis by Torchia and Szabo [32] to derive a powder
averaged value of the deuteron spin—Ilattice relaxation rate:

In this expression the terms containiag = y4B, in the
original expression have been neglected because this
expression will now be applied in the vicinity of thH})
minimum, where w;r = (1/2) and wor > 1. The factor
(3/4)sirf 20 is the same reduction factor as the one that has
been determined earlier from the expression (4) T8t
According to the experimental results (in Ref. [22; bottom
of Fig. 5]) obtained at 4900 bar before melting the sample, a
T{*p minimum of 4.8 ms occurs at about 445 K, while after
1 9 (g0 2 1 crystallization a minimum of 9 ms occurs at about 423 K.
T~ 8_0( 7 ) Sirf 20—~ “ When values of@, obtained fromTP of the crystalline
component are used in Eq. (5), the resulting values of
This expression is obtained in the slow motion regime (Tal)min are 3.6 ms and 5.5 ms, respectively. These values
wp7 > 1. (We note that the difference with the familiar are in reasonable agreement with the measured values.
result obtained for isotropic reorientation in Ref. [28; Eq.  This analysis clearly shows that the process of
(VI11-138)] is the reduction factoR = (3/4) sirf 20). small-angle reorientation of the Gidroups is the main
From this simplified model, giving; as a function ofthe  mechanism for proton-spin rotating frame relaxation in the
mean time between jumps and the reorientation angle, wecrystalline fraction, resulting in a minimum value'ﬁﬂ of
can check the interpretation of our measurements in terms ofthe order of 5 ms. As has been mentioned abfr\'ﬂein the
reorientations of Chtunits about the chain axes. We start ECC material is always longer than in the untreated mate-
with the experiments at 4900 bar. As shown in Fig. 8, the rial. Presumably, this is caused by the more rapid relaxation
value of T? measured at 443 K is 2.6 s. This temperature is due to more isotropic Cireorientation in the amorphous
chosen because it is the temperature Wﬁ'ékeshows a mini- fraction which, in our experiments, cannot be distinguished
mum during heating (see Ref. [22; bottom of Fig. 5]). Assum- from the relaxation in the crystalline fraction. From its mini-
ing the same motional process to be responsible forbﬁth mum vaIueT{*p increases with increasing temperature, due
and TP, the correlation timer should be (4my) = to the increasing rate of small-angle reorientation of the CH
8x 10 ’s. Using this in Eq. (4) give® =7.%. From groups. As may be seen in the bottom of Fig. 5 of the pre-
Fig. 4 it can be seen that at the same values of temperatureceding paper [22], in the ECC materiaﬂ*p shows a
and pressure from tHéd spectra we obtai® = 8.75. Both maximum just below the orthorhombic—hexagonal phase

wpT
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transition. As will be further discussed in the next paper amplitude of the reorientational motion of the €gtoups.
[31], the increased rate of relaxation just below the transi- At 4900 bar the reorientation amplitude angle increases
tion is due to longitudinal chain diffusion. In the untreated from 6° at 393 K to 12.5 at a temperature of 500 K. An
material (see also Fig. 3 of the preceding paper [22]) this other important observation in this study is the spectacular
effect is masked by the larger contribution of the faster increase of the degree of crystallinity of PE by solidification
relaxation in the amorphous fraction. through the hexagonal phase.
We note here that the simplification of the process of

reorientation of the chain segments to a two-site jump
model is rather crude. Presumably, this motion is much
more diffusive in nature, leading to a complicated frequency References
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