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The phase structure of three linear polyethylene (PE) samples, crystallized from the melt at high pressure,
has been studied by electron microscopy and high-resolution solid-state 13C n.m.r. spectroscopy. In general,
three phases are required to account for the n.m.r. data: the lamellar crystalline phase, the crystalline-
amorphous interphase and the amorphous phase. All three are present in high-molecular-weight samples
but there is no amorphous phase for samples with lower molecular weights and large lamellar thicknesses.
The amorphous phase appears when the ratio of the number-averaged extended molecular chain length
(X,) to the number-averaged crystalline stem length (L,) exceeds two. High-pressure-crystallized materials
differ from those crystallized at atmospheric pressure in that the mass fraction of the amorphous phase
does not exceed 0.05; the thickness of the crystalline-amorphous interphase reaches 8.0nm for material
with the highest molecular weight, a value which is considerably larger than those reported for samples
crystallized at atmospheric pressure or which have been estimated theoretically. Extraordinarily long !3C
spin-lattice relaxation times have been found: a figure of T;-=7000s, higher than any previously reported,
for the highest-molecular-weight sample is still less than would be expected from the large lamellar thickness.
In consequence, this relaxation is attributed to molecular motion in the vicinity of the crystal defects; this
is in addition to '3C spin diffusion to the non-crystalline region, occutring with a shorter T,.. The
discrepancy between the observed and calculated values of T, increases as the molecular weight falls in
those samples for which the crystal stem lengths exceed the extended molecular lengths. For these, the
unexpectedly shorter T, ¢ is attributed to defects such as methyl end-groups within the crystalline regions.

(Keywords: high-pressure crystallization; polyethylene; solid-state n.m.r.)

INTRODUCTION

Polymers are complex materials in which elucidation of
the details of their internal organization requires input
from a range of complementary techniques. All too often,
however, different techniques are applied in isolation to
different samples of a polymer which may differ substan-
tially, e.g. in molecular weight and preparative conditions.
The aim of this paper is to combine the results obtained
from n.m.r. spectroscopy and electron microscopy on the
same series of samples of linear polyethylene, in order to
obtain a better understanding of their phase structure.
The materials chosen have been crystallized at high
pressure, which produces samples of the highest crystal-
linity which are arguably the least complicated of
melt-crystallized polyethylenes, so that the prospects of
obtaining definitive conclusions are enhanced.

The phase structure of crystalline linear polyethylene
differs widely according to its molecular-weight distri-
bution, and the thermal and mechanical history of the
sample. Some of the present authors have examined the
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phase structure of samples crystallized isothermally from
the melt or dilute solution under atmospheric pressure,
using high-resolution '*C n.m.r. analysis'. In melt-
crystallized samples they found three distinct phases
differing in their !3C chemical shift and relaxation
behaviour, namely the lamellar crystalline phase, the
noncrystalline amorphous phase which shows rubbery
molecular motion, and the crystalline—amorphous inter-
phase which has less molecular motion. The thickness of
the crystalline-amorphous interphase is ~34A for
samples with molecular weights of 30 000-150000. Such
a phase structure is thought to differ according to the
precise conditions of formation, especially when employ-
ing very high pressures to produce crystalline lamellae
of an extremely large thickness. These are the phenomena
which are explored in this present paper.

EXPERIMENTAL

Samples

Two different molecular-weight fractions with weight-
average molecular weights of 28 600 (Fraction 2) and
33000 (Fraction 1), and three unfractionated whole
polymers with weight-average molecular weights of
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132000 (BP Rigidex 9), 231000 (BP H020-54P) and
1.1 x 10° (Hercules Hifax 1900) were used in this work.
They were melted at 260°C for 1 h at 4.95kbar and then
cooled slowly. Cooling rates over the range of crystal-
lization temperatures were 0.25Kmin~! for the PE
fractions (1 and 2), and 2K min~! for the Rigidex 9,
HO020-54P and Hifax materials.

The crystalline fractions of the polymers were deter-
mined in a density gradient column, using toluene and
carbon tetrachloride at 23°C, and are based on a
crystalline density of 1.002 and a noncrystalline density
of 0.8531, after Jackson et al.2. They were also estimated
by broad-line proton n.m.r. lineshape analysis®*, as well
as by '>C nm.r. lineshape analysis, according to the
method described below. Differential scanning calori-
metry was carried out using a Perkin-Elmer DSC-2C, at
a heating rate of 10K min~?!, with calibration against
high-purity indium, taking the peak of the melting
endotherm as the melting temperature. All of these values
are given in Table 1.

Molecular weight distributions

These were obtained by gel permeation chromato-
graphy® for the original materials, for the samples after
high-pressure crystallization, and after nitric acid degra-
dation of the crystailized materials.

Electron microscopy

Two stage replicas, obtained according to standard
procedures, were obtained for fracture surfaces prepared
under liquid nitrogen, and cut surfaces etched with a
0.7% (wt/vol) solution of KMnO, in H,SO,/H,PO, (2/1)
at room temperature®. Micrographs of the fracture
surfaces were used to measure the distribution of crystal
thicknesses.

'H broad-line n.m.r. spectroscopy

The 'H broad-line n.m.r. spectra of the pressure-
crystallized samples were obtained at room temperature
using a field intensity of 1.4T (60MHz 'H Larmor
frequency) and decomposed into three components,
namely the broad, medium and narrow components, as
previously described?.

13C n.m.r. spectroscopy
Experiments involving dipolar decoupling (DD), and

Table 1 Characterization of PE samples

magic angle spinning (MAS), were performed as follows:
'H DD/MAS '3C n.m.r. measurements were carried
out at room temperature using a JEOL JNM-FX200
spectrometer operating at a field strength of 4.7 T. The
radio frequency of 50.1 MHz, with a field strength B,
of 6.6-6.5mT (yB,/2rn=64.1-69.4kHz), was used for
detection of the !*C resonance. The *H DD field was
1.4mT (53.9kHz). MAS experiments were carried out at
a rate of 3.3-3.5kHz with a cylinder-type rotor made of
Al,O; and poly (amide-amide) resins, with a volume
of ~0.16cm® The chemical shifts relative to tetra-
methylsilane (TMS) were determined from the CH line
(29.50 ppm) of solid adamantane used as an external
standard.

RESULTS AND DISCUSSION

General remarks

All samples that were examined exhibited a lamellar
crystalline structure, with very large lamellar thicknesses
and high degrees of crystallinity (see Table 1). The
crystallinity is very high for the two low-M W fractions
and although it decreases with increasing molecular
weight it is still as high as 0.83-0.87 for the Hifax sample,
which has the highest weight-average molecular weight
of 1.1 x 108.

The thicknesses of the crystalline lamellae cover a
spectrum of values, but Table 1 gives the number-average
values obtained by using electron microscopy or g.p.c.
analysis. For most samples the d.s.c. thermograms
exhibited multiple peaks. The highest peak melting
temperature, T,,, of each sample is generally above 140°C,
as expected for the pressure-crystallized samples with
their large lamellar thicknesses. Nevertheless, the re-
ported T,, of 147.2°C for the highest-molecular-weight-
sample, namely Hifax 1900, is above the accepted
equilibrium melting temperature of this polymer as a
result of superheating. As expected, some lowering of T,,
(by 1-2K) was observed when the heating rate was
decreased from 10 to 125K min~!. The presence of
multiple peaks is a consequence of discrete populations
within the wide distribution of crystalline lamellae.

The crystalline stem length as revealed by g.p.c.

G.p.c. curves were obtained for all of the original
samples, their pressure-crystallized products, and further

Degree of crystallinity

Crystal
Sample M,* M, /M, Density” 'H nmrf thickness (nm) T.2(°C)
Fraction 2 28 600 1.22 0971 0.928 457¢ 140.1
139.7
Fraction 1 33000 1.25 0.972 0.944 580° 140.0
Rigidex 9 132000 10.4 0.928 0.898 82/ 140.3
132.2
125.8
HO20-54P 231000 8.2 0.931 0.878 1207 142.3
125.6
Hifax 1900 1.1 x 108 0.869 0.834 1904 147.2

“Estimated by g.p.c.
b Estimated from density gradient measurements
¢ Obtained by 3-component analyses of broad-line *H n.m.1.

4Peak temperature found in a d.s.c. thermogram measured at a rate of 10K min~

1

¢ Number-averaged crystal thicknesses determined from electron micrographs
/ Number-averaged lamellar thicknesses determined by nitration/g.p.c. method
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Figure 1 G.p.c. curves (continuous lines) and derived cumulative distributions (broken lines) for different polyethylene samples: (a) Fraction 2;
(b) Fraction 2, pressure crystallized; (¢) Fraction 2, nitrated; (d) Rigidex 9; (¢) Rigidex 9, pressure crystallized and; (f) Rigidex 9, nitrated

Table2 Number- and weight-average molecular chain lengths obtained
from g.p.c. analyses for original, nitrated, and pressed samples®

Number-average Weight-average
molecular chain  molecular chain

Sample length, X, (nm) length, X, (nm) X,/X,
Fraction 2

Original 210 260 1.22

Pressed 240 330 1.38

Nitrated 180 250 1.40
Fraction 1

Original 240 300 1.25

Pressed 280 420 1.51

Nitrated 180 270 1.51
Rigidex 9

Original 110 1200 10.4

Pressed 120 1600 134

Nitrated 82 240 2.90
HO020-54P

Original 260 2100 8.2

Nitrated 120 280 226
Hifax 1900

Original - 10000 -

Nitrated 190 380 1.99

2 Pressed = pressure crystallized sample

nitric acid treated products. The results obtained for
Fraction 2 and Rigidex 9 are given as examples in
Figure 1. The number- and weight-average molecular
chain lengths, X, and X, respectively, were estimated
from these g.p.c. curves and are given in Table 2, along
with their X, /X, values. It has previously been shown
that the nitric acid treatment leads to decomposition of
the noncrystalline material among the lamellar crystal-

lites, thus retaining only crystalline material®. Hence, the
g.p.c. curve of the nitric acid treated samples is expected
to give the crystalline stem length. It is first noted for
Fractions 2 and 1, with the lowest molecular weights,
that the number-average molecular chain lengths of 210
and 240nm, respectively, estimated from g.p.c. are
significantly shorter than the corresponding values of
457 and 580nm obtained by electron microscopy (see
Table 1). This evidently implies that molecular end groups
(CH; and CH=CH,) are included in the crystalline
lamellae®. Secondly, it is seen in the cumulative g.p.c.
curves (see Figure 1) that there is rather more material
at the higher-molecular-weight end of the distributions
of the high-pressure crystallized products than found in
those of the respective original samples. One should note
for example, the proportion larger than 10° for Fraction 2
(Figures la and 1b) and above 10° in Rigidex 9 (Figures
Id and le). This may imply that some intermolecular
crosslinking has begun to occur during the pressure
crystallization at 4.95kbar, as previously reported at
9kbar’. The average molecular chain lengths, X, or X,
of the nitrated samples generally indicate the average
crystalline stem lengths, but this is not possible for
Fractions 1 and 2 because of the incorporation of
molecular chain ends in the crystalline region. For these
samples, we rely on electron microscopy data for the
crystalline stem length®. For the whole polymer, Rigidex
9, (Figure If) there are two peaks in the distribution: the
thicker lamellae grow first, while the thinner population
contains shorter molecules, as a consequence of fractional
crystallization by molecular weight®°. In the g.p.c. curves
of the nitrated products of each sample the distribution
of the crystalline stem length appears somewhat larger
than that expected from the electron microscopy studies.
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In fact, when the treatment of Hifax with nitric acid was
prolonged for a period of 18 days, the larger-molecular-
weight fraction was somewhat decreased, suggesting that
some chain folds are located only a few A below the
general fold surface and these had become accessible
during this prolonged acid treatment.

Lamellar structure from electron micrographs

Figure 2a shows the electron micrograph of Fraction 2.
Lamellae thicker than 3 um are sometimes seen, e.g. at
the upper left of the photograph, but generally there are
two groups of lamellae, namely the thicker lamellae of
1-2um and the thinner lamellae of ~0.1um. In the
photograph of Figure 2b (Fraction 1), again lamellae
thicker than 3 um are sometimes recognized, but lamellar
thicknesses are generally smaller than in Fraction 2. The
photograph shown in Figure 2c¢ indicates the lamellar
structure of Rigidex 9. It is seen that there are few lamellae
thicker than 1 ym and that thicknesses of 0.3-0.5 um are
typical. Between these typical lamellae there are many
thinner lamellae which are packed parallel. Figure e
shows that the lamellar structure of Hifax consists of
two components which differ in the nucleation density,
as is seen in the upper and lower parts of the photograph.
Figures 2f and 2g are the enlarged photographs of these
typical parts, with low and high nucleation, respectively.
The thickness of the lamellae in the former part is
~0.3 um, while in the latter it is ~0.2 um.

For Fractions 1 and 2 the crystal thicknesses were read
off at every part of a lattice superimposed on the
photographs. Figure 3 gives a histogram of the crystal
thickness for each of the fractions; the area of each box
is proportional to the mass fraction within the given
range, and resolution for each measurement is as good
as, or better than, the width of the histogram box. Both
distributions appear bimodal; while the lower part,
however, corresponds in value to the extended molecular
chain length, the upper part is considerably greater,
indicating incorporation of the chain ends in the
crystalline phase”.

'H broad-line n.m.r. spectroscopy

Line shape analyses of broad-line 'H n.m.r. spectra
allows us to explore the phase structure of samples in
terms of the difference in overall molecular motion of
each phase via the line width determined by the time
fluctuation of magnetic dipole—dipole interactions between
'H nuclei of the order of ~10°Hz. In polyethylenes we
find components of broad, medium and narrow linewidth:
for samples crystallized at amospheric pressure these have
previously been assigned, respectively, to the crystalline
(broad), rubbery amorphous (medium), and interfacial
(narrow) phase®. The mass fractions of these components
are shown in Figure 4 as a function of weight-average
molecular weight, including an additional PE specimen
(MW =10%) supplied by Professor K. Ito of Kyoto Art
and Technology University. Previous data for atmos-
pheric-pressure samples aré shown for comparison by
the broken line in the figure. In the latter, it is seen that
in the molecular weight range lower than 20000, the
samples consist only of crystalline lamellae and a non-
crystalline overlayer. Above this, the rubbery amorphous
phase with rubbery molecular motion appears and its
mass fraction continues to increase with molecular
weight; the noncrystalline overlayer also starts to increase
above a MW of 20000. On the other hand, for the high-
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pressure-crystallized samples, the rubbery amorphous
phase does not appear below a MW of 100000, and is
only just discernible in Rigidex 9 with a MW of 132000
(above the upper solid line, with data shown by open
circles). Beyond this molecular weight, the rubbery
amorphous phase increases concomitantly with de-
creasing crystallinity but to lesser extent in comparison
with that found in the case of the atmospheric-pressure-
crystallized samples; even above a MW of 10° its mass
fraction hardly exceeds 10%, and the degree of crystal-
linity remains as high as 80%. This seems to be
characteristic of the samples crystallized at high pressure.

High-resolution solid.state *3C n.m.r. spectroscopy

DD/MAS *3C n.m.r. spectra. While 'H broad-line
n.m.r. spectroscopy detects the overall molecular motion
of each phase, high-resolution solid-state !3C n.m.r.
spectroscopy can detect the chemical shift of each
component carbon by eliminating the effect of the
dipole—dipole interaction. Since the chemical shift is
determined by detailed molecular conformation, !3C
n.m.r. spectroscopy can (by means of differences of
chemical shift and the longitudinal and transverse
relaxations) provide more detailed information about the
actual structure of each phase in terms of the molecular
chain conformation and the chain motion over a wide
range of frequencies. In particular, it can distinguish more
clearly between the rubbery amorphous and the inter-
phase materials. Both phases are associated with an
equivalent spin-lattice relaxation time T of 0.5s, but
while the former is associated with a spin—spin relaxation
time, T,., of 2ms (typical of the rubbery amorphous
phases of polymers), for the interphase material T, is
~0.40ms?. It should be noted that the mass fractions
determined by both of the n.m.r. techniques are in good
agreement.

Figure 5 shows the DD/MAS '3C n.m.r. spectra of
samples of Fraction 1, Rigidex 9, H020-54P, and Hifax.
These spectra were obtained by the pulse sequence
[(n/4-FID)ypp-7;] with a sufficiently long 71, without
using the cross-polarization (CP) between 'H and '3C.
Here, the waiting time 1; before each pulse was chosen
to be longer than three times the longest spin-lattice
relaxation time T, associated with the crystalline phase
of each sample, as given for each spectrum. The CP
technique was not used here, since the CP efficiency may
be different according to the molecular motion of each
individual component. Therefore, the spectra shown here
reproduce exactly the contributions from all components
in the samples, so giving us their mass fractions by
component analysis, provided we know the elementary
lineshape of each phase (as described below).

For all samples, there are distinctly recognizable sharp
peaks assignable to the orthorhombic crystalline phase
at ~33ppm from TMS. For samples H020-54P and
Hifax, a monoclinic crystalline contribution is further
recognized downfield at ~34.4ppm, in addition to the
noncrystalline contribution at ~31ppm. For other
samples, the existence of the noncrystalline contribution
at 31 ppm is a little vague due to the high crystallinity,
but the existence was clearly confirmed by enhancing the
noncrystalline contribution using a shorter 1,

Spin-lattice relaxation (longitudinal relaxation). In
order to examine the content of the crystalline contri-
bution at 33.0 and 344ppm and the noncrystalline
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Figure 2 Electron micrographs of etched cut surfaces: (a) Fraction 2; (b) Fraction 1; (c) Rigidex
9; (d) H020-54P; (e) Hifax; (f) Hifax, low nucleation region (enlarged) and; (g) Hifax, high
nucleation region (enlarged)
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Figure 4 Mass fractions of three components of polyethylenes versus
weight-average molecular weight, obtained from 'H broad-line n.m.r.
analyses. Solid lines indicate high-pressure-crystallized samples, while
broken lines show samples which have been isothermally crystallized
under atmospheric pressure

contribution at 31 ppm, the '*C spin-lattice relaxation
was observed. The T, cs were generally measured by using
Torchia’s pulse sequence’?, but T;cs shorter than 1s were
measured by a saturation-recovery method, modified for
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solid sampiles. The results are shown in Table 3. In this
table, the '3C spin-spin relaxation times T, are also
presented; these will be discussed further later.

These data give a good indication of the characteristics
of the phase structure of each sample. It is first noted
that the T s of the noncrystalline peak at ~31 ppm are
in the range 0.35-0.50 s, without showing any appreciable
differences among all of the samples. This is the same
range as was previously reported® for all of the non-
crystalline components in polyethylene which had been
melt- or solution-crystallized at atmospheric pressure.
T,c is mainly determined by the frequency component,
in the range of ~ 108 Hz, of the correlation function of
the time-dependent dipole—dipole interaction due to the
molecular motion. While these results suggest that the
molecular motion of the noncrystalline phases in such a
high-frequency motion associated with a local molecular
chain motion is almost the same in all of the cases studied,
it will be shown by consideration of T, that these
noncrystalline phases are not equivalent in their molecular
motion in a lower frequency range (~ 10° Hz), whether
one is comparing different phases in material crystallized
either at atmospheric pressure® or high pressure.
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Figure5 DD/MAS *3C n.m.r. spectra of different polyethylene samples
crystallized under high pressure, obtained by a n/4 single-pulse sequence
[(n/4)-FID-1,]: (a) Fraction 1;(b) Rigidex 9; (c) H020-54P and; (d) Hifax

Table 3 !3C Spin-lattice and spin-spin relaxation times of high-
pressure-crystallized polyethylene

Tic(s)
Tyc(ms)
Crystalline Noncrystalline
Sample (33 ppm) (31 ppm) Interfacial Amorphous
Fraction 2 4510,526,12 045 0.049 -
Fraction 1  4720,683,11  0.50 0.050 -4
Rigidex 9 4320,686,46,2 0.45 0.061 0.86
HO020-54P  5710,656,21 0.40 0.010 22
Hifax 1900 7010, 810,20,2 0.35 0.020 20

2Not observed

On the other hand, the crystalline peak at 33 ppm does
not exhibit a simple exponential longitudinal decay of
13C magnetization and involves multiple (i.e. 3 or 4) Ty s,
as also reported for samples crystallized at atmospheric
pressure, either from the melt or dilute solution®.
Although the origin of the shortest two T;cs has not yet
been elucidated, the longest T, is assignable to the major
part of the crystalline component that comprises lamellae
with typical thicknesses.

Let us compare, first of all, the longest T of each
sample. In Figure 6, the longest T;. of each sample is
plotted against the number-average crystal thickness L,
given in Table 1. The data obtained for samples
crystallized isothermally at atmospheric pressure, either
from the melt! or dilute solution3, and an uniaxially

oriented sample'!, as well as the data reported by Axelson
et al.'?, are also plotted for comparison. Axelson et al.'?
reported that the T, increases with increasing lamellar
thickness for a wide variety of samples which differ in
molecular character as well as in their crystallization
conditions.

For our pressure-crystallized samples the T, . generally
increases with increasing crystal thickness, with the
exception of Fractions 1 and 2. The Ts of samples
HO020-54P and Hifax are extremely long, i.e. 5710 and
7010s, respectively, values which are much larger than
those previously reported for this polymer®-'*-!2, How-
ever, these values are still shorter than those that might
be expected from their extraordinarily large thicknesses.
This can be explained on the basis of defects within the
crystalline lamellac. The spin-lattice relaxation of a
crystalline region without defects is thought to occur due
to 13C spin diffusion to the noncrystalline region with a
shorter T, and thus gives the L., dependence of T,
Nevertheless, the spin-lattice relaxation may take place at
the crystal defects if they are associated with a molecular
motion. As a result, the T; loses its dependence on crystal
thickness. As noted above, Fractions 1 and 2 include
many molecular end groups within the crystalline
lamellae. The fact that the T,cs of these samples are
appreciably shorter than the values expected from the
largest crystal thicknesses is also in accord with relaxation
taking place at defects.

Spin-spin relaxation (transverse relaxation). As pointed
out in the last section, the noncrystalline component
which contributes to the absorption at ~31 ppm com-
prises only one phase when judged by its T) ., independent
of the molecular character or the mode of crystallization
of the samples. We have further examined the content of
the 31 ppm line by the 13C spin-spin relaxation which can
detect molecular motion over a somewhat lower fre-
quency range than the T, .. For this purpose, we measured
T, c using the pulse sequence [90°—t~(FID)pp—1,], i.e. the
13C magnetization was turned 90° to the xy-plane (the

8000 T T T T I T
6000[- .
crystaliized at high pressure
— \ o -
[ J
wn
\04000 - / —
= /I
2000[- / crystatlized at ordinaiy 1
| opressure
{
- ,V =
0 1 1 1 1 i 1
0 200 400 600
LCn/nm

Figure 6 T, versus number-averaged crystal thickness, L, of various
polyethylene samples: (O, @) crystallized at high pressure, this work;
(0J) crystallized from the melt at ordinary pressure'; (V) uniaxially
drawn sample!!; (A) single crystals from solution® and; (- --) crystal-
lized from the melt at ordinary pressure!?
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z-axis is parallel to B,), and after being relaxed trans-
versely for a chosen time the remaining '3C magnetiza-
tion was observed under 'H decoupled conditions. For
this measurement, we adopted a waiting time, t,, of 10s.
Since this 7, was much shorter than the longer crystalline
T;cs of all of the samples, we could mainly identify the
content of the noncrystalline component, in view of the
decreased crystalline contribution.

As an example, the peak intensity at 31 ppm of Hifax
is plotted against the relaxation time t, in Figure 7. In
this figure, the upper open circles indicate the original
data. It is evident that the decay curve consists of two
steps, namely a rapid decrease in the initial step, which
is followed by a slow decrease. The slow relaxation shows
an exponential decay, as indicated by the continuous
straight line, which gives T, to be 2.02 ms. Furthermore,
if we replot the data in the initial step by subtracting the
straight line, we obtain another straight line with the
slope of T,-=0.020 ms, as shown in the lower part of the
figure. Hence, it is evident that, although the noncrystalline
component of this sample is regarded as consisting of
only one phase by virtue of the spin-lattice relaxation
time T, it consists of two phases when examined from
the point of view of T,

This fact will be more clearly recognized by looking
at the actual line shapes at each relaxation step. Figure 8
shows the actual spectra at each transverse relaxation
step, corresponding to the relaxation data in Figure 7.
Because of the shorter waiting time (7,= 10 ms) adopted,
in comparison to the crystalline T,cs, these spectra
represent mainly the transverse relaxation of the non-
crystalline component. At the starting point of the
relaxation, ie. at 7,=0.5pus, one observes the total
contribution from all of the noncrystalline components
with a minor remaining contribution from the crystalline
component at 33ppm. However, as the relaxation
proceeds, this crystalline contribution rapidly disappears,
and only the noncrystalline contribution at 31 ppm
remains. At 7, > 100 us, the spectrum becomes Lorentzian
with a linewidth of ~ 1.1 ppm. From this, the spectrum
at t,> 100 us, which is five times longer than T, at the
initial stage in the figure, is assignable to an amorphous
phase with a random molecular chain conformation and
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Figure 7 '3C spin-spin relaxation behaviour of the noncrystalline
component of Hifax
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Figure 8 Partially relaxed spectra of the noncrystalline component of
Hifax, measured by the pulse sequence [(n/2)-t,-FID-1,] with 7,= 10 ms

rubbery molecular motion. On the other hand, the
lineshape of the noncrystalline component with a T, of
0.02 ms is obtainable from the partially relaxed spectrum
at 7,=0.5 us by subtracting the contributions from the
crystalline and the rubbery-amorphous noncrystalline
components. Due to its broad lineshape and its very short
T, ¢, this other noncrystalline component is assignable to
a phase with a restricted molecular confirmation and
molecular motion.

Some of the present authors® have previously found
two noncrystalline phases, with a common T, but with
different T,cs, in a similar way for bulk crystals
crystallized at atmospheric pressure, where the long and
short T, components were assigned, respectively, to an
amorphous phase and a crytalline-amorphous interphase.
Since the T,s obtained here for Hifax are almost the
same as those of the bulk crystals crystallized at
atmospheric pressure, it is assumed that the phase
structure of the Hifax is essentially the same, consisting
of three phases, ie. a very stable crystalline phase
composed of lamellae with very large thicknesses, a
crystalline—amorphous interphase, and an amorphous
phase. Similar data that suggest two different noncrystal-
line phases were obtained for sample H020-54P.

The situation is somewhat different for the lower-
molecular-weight materials, Fractions 1 and 2. The data
obtained for Fraction 2 are displayed in Figures 9 and 10.
The change of the peak intensity at 31 ppm according to
the transverse relaxation is shown in Figure 9 and the
actual relaxed spectra at each relaxation time 7, are shown
in Figure 10. The two-step transverse relaxation, as
recognized for Hifax, is not seen in this case and the
logarithm of the magnetization decreases linearly with
7, giving a T, of 49 us, so that only one kind of
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Figure 10 Partially relaxed spectra of Fraction 2, measured by the
pulse sequence [(n/2)-t~FID-1,] with 7;=10s

noncrystalline component is evident. This can be con-
firmed by the data presented in Figure 10 where the
spectrum has actually disappeared by t,>200 us, without
showing any contribution from the rubbery component
(as recognized for Hifax). Similar results were obtained
for Fraction 1. It is thus concluded that these samples
comprise lamellar crystallites and a noncrystalline over-
layer, and is devoid of the rubbery-amorphous com-
ponent. This is in agreement with the conclusion reached

by the 'H broad-line n.m.r. analysis that those samples
with a molecular weight which is lower than 10° are
devoid of any rubbery component. In Rigidex 9, the
rubbery amorphous phase only appears to a level of
~ 1%, and is not associated with pronounced molecular
mobility, as found with the higher-molecular-weight
samples. This is in keeping with its much shorter T, of
0.86 ms.

The T,c values of all of the samples are listed in
Table 3, along with the corresponding T;cs. These data
characterize definitely the phase structure of each sample
in terms of chemical shift and relaxation times.

Line-shape analyses, mass fraction and thickness of each
phase. As already discussed, the DD/MAS *C n.m.r.
spectra shown in Figure 5 represent, exactly, the contri-
butions from all components of the samples, ie. the
crystalline and two noncrystalline phases, as a result of
the longer waiting time t, that is used. It is possible to
decompose these spectra into three components, pro-
vided the elementary lineshapes of all components are
known. First of all, it was confirmed that the crystalline
absorptions representing the contributions from the
crystalline phases in both the orthorhombic and mono-
clinic forms could be well reproduced by two Lorentzians
with a linewidth of ~0.6ppm, centred at 33.0 and
344 ppm, respectively, aithough the former line was
associated with multiple 7, cs. To obtain the elementary
line shape of the amorphous rubbery phase, the partially
transverse relaxed spectra, after the disappearance of all
contributions from other phases, can be used. For Hifax,
for example, the spectrum A at 1,=10s and 7,=0.5 us,
shown in Figure 11 comprises full contributions from

ppm from TMS

Figure 11 Component spectra of Hifax: (A) obtained by the pulse
sequence [(n/2)-1-FID-7;] with 1,=10s and 7,=0.5 us; (B) obtained
by the same pulse sequence as for A, with 7,=10s and 7, =130 us and;
(C)difference spectrum (A-B) (spectra A and B were taken from Figure 8)
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the crystalline-amorphous interphase and the rubbery
amorphous phase, with a minor contribution from the
crystalline phases, while spectrum B (r;=10s and
7,=130us) shown in this figure contains only the
contribution from the rubbery amorphous phase, and
can be approximated to be a Lorentzian with a linewidth
of ~11ppm centred at ~31.0ppm. Therefore, by
subtracting the Lorentzian obtained from spectrum B
from spectrum A, one obtains the difference spectrum C,
consisting of the elementary line shape for the crystalline—
amorphous interphase and a minor contribution from
the crystalline phases. This can be further decomposed
into two components, namely a Lorentzian at 33 ppm
with a linewidth of ~1ppm as the crystalline contri-
bution, and a somewhat broad symmetric line with a
linewidth of ~2.5ppm, which can be used as the
elementary line shape for the crystalline—amorphous
interphase.

Using these elementary line shapes for all of the
components, a line-shape analysis was carried out for the
DD/MAS '3C n.m.r. spectrum of Hifax. The result is
shown in Figure 12, together with the integrated intensity
fractions of the respective components. It is seen that the
composite curve indicated by a broken line reproduces
well the observed spectrum. A similar line-shape analysis
was also carried out for H020-54P but could not be
achieved with sufficient precision for Fractions 1 and 2,
or for Rigidex 9, because of their high crystallinities.

If we assume the typical lamellar structure for these
samples, the thickness of each phase can be estimated by
using the mass fraction values obtained from the

:
T T T T T T T T T ] T ¥

Integrated intensity fraction

Gy 0.843
C,y 0.037
1 0.071
R 0.049
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Figure 12 Component analysis of the fully relaxed *3C n.m.r. spectrum
of Hifax: C, =orthorhombic crystalline; C,= monoclinic crystalline;
I=interfacial and; R =rubbery

line-shape analysis and the crystalline stem lengths
measured by other techniques. The thicknesses of the
crystalline-amorphous interphase and the amorphous
phase, L; and L,, respectively, may be estimated by:

Li=LA/2(fo1 + fo2) (1)
La = cha/(fcl + j;:2) (2)

where L, is the crystalline stem length or the lamellar
thickness, and f,,, f.,, f; and f, denote, respectively,
the volume fractions of the crystalline (orthorhombic
and monoclinic), the crystalline—-amorphous and the
amorphous components. Since values of the crystalline
stem length or the lamellar thickness involve a wide
distribution and also depend on the method of estimation,
the situation is not so simple. Here, however, the
weight-average crystal thickness, estimated from the
nitric acid degradation/g.p.c. technique, was used!*. The
results are shown in Table 4, together with the mass
fraction values of each phase, as derived from the
line-shape analysis.

It is seen that for both samples the crystalline mass
fraction (orthorhombic plus monoclinic) agrees well with
that estimated by the density measurements and 'H
broad-line n.m.r. analysis. It is seen that the thicknesses
of the interphases are 3.8 and 8.0nm for H020-54P and
Hifax, respectively. The value obtained for H020-54P is
almost the same as the 3.4nm reported for the atmos-
pheric-pressure-crystallized samples with normal mole-
cular weights in the range 30000-150000. On the other
hand, the value for Hifax is significantly larger than the
reported values for other types of sample, as well as the
values of 1.5-2.0nm which were evaluated theoretically
by Flory et al.'®. The increase in the thickness of the
interfacial phase was also noted for the atmospheric-
pressure-crystallized samples if the molecular weight
exceeds 150 000.

Phase structure of samples

As can be seen in Figure 4, the dependence of the phase
structure on molecular weight shifts to the higher-
molecular-weight side in comparison with samples
crystallized at atmospheric pressure, and in particular,
the rubbery-amorphous component appears above a
molecular weight of 30000 for atmospheric-pressure-
crystallized samples, but above a value of 100000 for
samples crystallized at high pressure. The significance of
this appears to lic in the polydispersity of the relevant
samples. The previously studied atmospheric-pressure-
crystallized samples® were fractions with a molecular-
weight polydispersity of ~2, so at M,=30000 the
number-averaged extended molecular chain length X is

Table 4 Mass fractions and thicknesses of crystalline and noncrystalline phases

Mass fraction

Crystalline Nongrystalline Thickness of each phase® (nm)
Sample Orthorombic Monoclinic Interfacial Amorphous Crystalline Interfacial Amorphous
H020-54 0.874 0.017 0.055 0.053 120 38 7.3
Hifax 0.843 0.037 0.071 0.049 90 8.0 11.0

4 Estimated from the crystalline stem lengths (or lamellar thicknesses) and mass fractions of the phases by using equations (1) and (2) where the
volume fraction of all phases was assumed to be equal to the mass fraction, ie. the densities of all phe}ses were assumed to be unity in these
estimations. This assumption may not introduce any appreciable influence on other aspects of the discussion of this work
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approximately twice the number-averaged crystal thick-
ness L,. Below the limit of 2 for the ratio X, /L, a
molecular chain participates only once in a crystallite
and the so-called extended crystals are produced; the
noncrystalline molecular chains consist of the crystallite
overlayer. If the ratio X /L, exceeds 2, a molecular chain
comes to participate repeatedly in a crystallite by chain
folding and the amorphous phase is thought to appear.
On the other hand, with regard to the pressure-
crystallized samples, the rubbery-amorphous phase could
only just be detected by the 'H broad-line analysis even
for the Rigidex 9 sample with M, =132000. The fit here
does not at first sight appear so good, since the
number-averaged chain length (115nm) is little bigger
than the number-averaged crystal thickness (82nm).
However, during high-pressure crystallization consider-
able molecular fractionation into discrete crystal popu-
lations occurs, and taking this into account there is good
reason to suppose that the same presence or absence of
repeat folding is the determining factor. For the samples
with higher molecular weights that involve the rubbery
amorphous component, X, /L, and X /L, are ~2.2 and
7.5-26, respectively. It is then reasonable, even in the
pressure-crystallized samples, that a molecular chain
participates repeatedly in a crystallite or several crystal-
lites by chain folding and the amorphous phase appears.

CONCLUSIONS

A study by n.m.r. spectroscopy combined with morpho-
logical techniques, including electron microscopy, has
shown how it is possible to obtain a more thorough
determination of the distribution of the phase structure
in various polyethylene samples crystallized at high
pressure based on both 'H broad-line and '*C n.m.r.
spectroscopic analyses. Three phases, namely a lamellar

crystalline, a crystalline-amorphous interphase and an
amorphous phase occur in polymers of high molecular
weight but the amorphous phase is absent from lower-
molecular-weight materials. It is inferred that the rubbery
amorphous phase appears in both atmospheric and
high-pressure-crystallized samples, when the number-
averaged molecular chain length exceeds double the
number-averaged crystal thickness, allowing repetitive
chain folding. In general, the phase structures obtained
by the combined n.m.r. techniques, including details of
the defects in the crystalline lamellae, are consistent with
the deductions of the morphological analysis obtained
by g.p.c. and electron microscopy.
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