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ABSTRACT: Several commercial and noncommercial, high- and low-density and ultraoriented polyeth-
ylene samples, as well as polyethylene samples with inorganic fillers, have been investigated by inversion-
recovery cross-polarization magic angle spinning carbon-13 nuclear magnetic resonance (NMR). In all
these samples two types of all-trans chains in orthorhombic crystalline domains are detected, which give
two overlapping carbon-13 lines with different line widths and different relaxation times. From the NMR
relaxation parameters we conclude that one type of the crystalline chains, which composes 60-90% of
the crystalline fraction in all samples, can execute at room temperature 180° flips with a frequency in
the kilohertz domain. The other crystalline chains are more rigid and probably are found in more perfect
structures in which such chain flips do not occur or occur on a much slower time scale. Adding kaoline
filler particles to polyethylene enhances the contribution of the more mobile crystalline chains. The
presence of the two distinctly different types of crystalline environments is found in all polyethylene
samples investigated so far (more than 25 samples).

I. Introduction

Semicrystalline homopolymers have been the subject
of many investigations in order to elucidate the mor-
phology and its influence on the physical properties of
polymer materials.

Polyethylene (PE) is such a semicrystalline polymer,
with important industrial applications as packaging
material or highly stretched fibers. Different analytical
techniques revealed that the bulk structure contains
chain-folded crystalline lamellae, separated by noncrys-
talline regions.1 Depending on the thermal and me-
chanical history, polyethylene can build polymorphic
crystals with orthorhombic and monoclinic structures,
both with the polymer chains in an all-trans configu-
ration but with different chain packing. During crystal-
lization from the melt, the lamellae can form spheru-
lites, interspaced by amorphous sections.2-4

Carbon-13 solid-state nuclear magnetic resonance
(NMR) spectroscopy has proved to be a very useful tool
in determining the conformation and mobility of chains
in crystalline and amorphous domains. High-resolution
carbon-13 NMR spectra show distinct lines that can be
attributed to ordered (crystalline) and nonordered (amor-
phous) regions.5,6 At room temperature, the orthorhom-
bic packing forms the most stable structure and the
carbons in this configuration resonate at ca. 33 ppm.
Carbons in the amorphous regions, where the local
chain conformation fluctuates between trans and gauche
states, give rise to a resonance line at ca. 31 ppm. The
relaxation behavior of each of these two lines is found
to be heterogeneous, i.e., more than one relaxation time
is needed to fit the relaxation curves. In the case where
the polymer also contains monoclinic structures, a

second crystalline carbon resonance is found at 34.4
ppm.

Dielectric and mechanical experiments of PE indicate
a main-chain motional process, R-relaxation, in the
temperature range between room temperature and the
melting point. NMR experiments showed that in some
polymers with a helical chain structure a twist defect
can move through a crystallite, thereby translating the
chain by one unit.7,8 For PE the twist angle is 180°.
This screw motion alone cannot be responsible for the
R-relaxation process since the lamellae do not change
their shape or size. In a viscoelastic experiment, for
instance, there is no coupling with the stress field.3 The
R-process in PE results from changes in the amorphous
domains, which are induced by the 180° flips and
accompanying translation of chains in and from the
crystalline phase.3

The nature of the boundary between the crystalline
and the amorphous phase in polyethylene has been also
subject of many investigations. Kitamaru et al.9 mea-
sured three different carbon T1C values for the ortho-
rhombic crystalline phase, which means that this region
behaves heterogeneously with respect to motions in the
megahertz frequency range. In the same paper Kita-
maru et al. detected a downfield shoulder on the
amorphous line and assigned it to an unordered phase
in the interfacial region.

In a recent review Mandelkern10 concludes from
various experiments, such as neutron scattering, Raman
spectroscopy, calorimetry, dielectric relaxation, and
NMR, that in semicrystalline polymers a less-ordered
interphase must exist, situated between the crystalline
lamellae, and an amorphous phase above the glass-
transition temperature Tg. The evidence for the exist-
ence of such an interphase from Raman experiments
was, however, thoroughly investigated and subsequently
questioned in a paper by Naylor et al.11
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Wunderlich12 reported an intermediate phase in
polyethylene, whose carbons resonate at the same
chemical shift as the crystalline carbons, at 32.9-33.0
ppm; this intermediate region is supposed to involve
carbon atoms in the all-trans conformation, sufficiently
ordered to generate crystalline peaks in the diffraction
patterns.

In this report we describe new solid-state NMR
experiments for a more detailed look at the structure
of the crystalline phase in PE. Our study differs from
previous NMR studies of PE by the application of the
inversion-recovery cross-polarization (IRCP) tech-
nique.13,14 We observe that the 13C crystalline resonance
of the orthorhombic structures at ca. 33 ppm consists
of two clearly distinct components with the same chemi-
cal shift but different relaxation behavior. We have
applied this technique to several commercial and some
in-house made PEs, with and without inorganic fillers.
In all the PE samples investigated so far (more than
25), even in an ultraoriented fiber, the same two
crystalline peaks are detected.

II. Samples and NMR Pulse Sequences
Samples. We have investigated 25 different PEs,

synthesized in various ways, with different catalysts
and comonomers, which resulted in materials with
different molecular mass, density, crystallinity, and
composition. Four of these are commercial high-density
PE samples with a crystallinity of about 70% (from the
density), and prepared either via the solution or the
slurry technique, with Ti- or chromium-based catalysts.
Three of the samples are copolymers, copolymerized
with minor amounts of 1-butene or 1-octene. Since not
all samples are as well characterized as these four
samples, most of the experimental results reported here,
originate from these samples. The parameters of two
of these commercial samples, denoted as samples 1-2,
are given in Table 1. The samples were compression-
molded into plaques of about 2 mm thickness, from
which cylindrical disks were cut with a diameter equal
to the diameter of the magic angle spinning rotor.
These disks were then stacked in the rotor.

Although we do not present the detailed results of the
experiments on all 25 samples since the conclusions are
basically the same for all samples, we do want to
mention that among the other nonfilled PE samples
investigated, two were polymerized in solution with a
metallocene catalyst and with an octene comonomer
(crystallinity 55.4-58% from density). Also, two pres-
sure-extruded ultraoriented PE fibers and some low-
density PEs were investigated. One low-density ethyl-
ene-octene copolymer is prepared with a Ziegler-Natta
catalyst in solution (crystallinity 46-48%) and another
one is a very low density PE (VLDPE) by the tube
technology (crystallinity 33%).

Polyethylene samples filled with kaoline (particle
diameter 2 µm, specific surface area 21 m2/g, density

2.62 g/cm3) were prepared via the slurry technique with
a homogeneous catalyst based on bis(cyclopentadienyl)-
zirconium dichloride/methylaluminoxane in the Max-
Planck-Institut für Kohlenforschung (Mülheim, Ger-
many). The filler particles were present during the
polymerization. The parameters of the filled PE are
listed in Table 2.

NMR. The PE samples were investigated on a
Bruker ASX-400 spectrometer, operating at 400 MHz
for 1H.

All experiments were carried out with magic-angle
spinning, using 7 mm double-bearing zirconia rotors and
a spinning frequency between 2.5 and 4.5 kHz. The 90°
pulse length was either 5 or 6 µs and the recycle delay
was 3 s. Pulse programs with bilevel decoupling were
used in order to vary the strength of the proton
decoupling field from 40 up to 100 kHz. Adamantane
was used to optimize the Hartmann-Hahn condition
and it also served as external secondary chemical shift
reference (38.56 ppm for the methylene resonance
relative to TMS). Spectra at different delay times were
obtained for all experiments by block-averaging to avoid
possible effects of spectrometer drift.

The pulse scheme for the IRCP experiment is given
in Figure 1a. The cross-polarization period τ1 is 500 µs
for all experiments reported in this paper. The variable
contact time τ2, during which the proton spin temper-
ature is inverted by a 180° phase shift of the proton
spin-lock field, has been varied in the range from 5 to
5000 µs.

The proton spin-lattice relaxation time T1 is detected
with an inversion-recovery experiment via the 13C
signals (see Figure 1b).

For the measurement of the proton T1F and T2
relaxation times the standard pulse sequences were
combined with the IRCP pulse sequence, as shown in
Figure 1c,d. In this case the contact time τ2 is 22 µs for
both experiments. The variable delay time in Figure
1c,d has been varied between 0.5 and 30 ms for the
proton T1F measurements and between 1 and 40 µs for
the proton T2 experiment.

Carbon T2 relaxation times are measured by the Hahn
spin-echo method combined with IRCP (Figure 1e).
This pulse sequence consists of a rotor-synchronized
90°(1H)-IRCP-τ-180°(13C) sequence, followed by de-
tection of the carbon spin-echo after a time 2τ. The
contact time τ2 was 29 µs. The delay τ for the carbon
T2 measurements has been varied from 294 to 13 794
µs. It depends on the period of the rotor rotation TR,
as shown:

where n is an integer.

III. Experimental Section
III.1. Unfilled PE. A. Inversion-Recovery

Cross-Polarization Experiments. Figure 2 shows

Table 1. Preparation Method and Properties of Two
Commercial High-Density PE Samples

HDPE sample 1 HDPE sample 2

preparation method solution technique slurry technique
comonomer C4
density (g/cm3) 0.963 0.952
lamellar thickness (nm) 18.8 14.8
crystallinity (%) 73.6 65.7
Mw (g/mol) 66 000 73 000
melt index I2 (g/10 min) 8 10

Table 2. Properties of PE Samples with Inorganic Fillers

sample
filler content

(vol %)
densitya

(g/cm3) crystallinityb
melting

pointb (K)

PE 0 0.94 59 399
PE/kaoline 5.0 1.01 62 402

35.4 1.57 56 401
a Density was determined by a pycnometer. b The crystallinity

and melting points were obtained on first heating with a rate of
20 K/min by a Perkin-Elmer DSC.

τ ) nTR - π/2 (1)
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the stacked plot of the IRCP experiment, with selected
values of the variable contact time τ2 for HDPE sample
1. The first spectrum, with τ2 ) 5 µs, is comparable to
the normal 13C CP-MAS spectrum. As described by Earl
and VanderHart,5 the 13C spectrum shows a resonance
at 32.8 ppm from the chains in crystalline domains (in
short “crystalline chains”) and a peak at 31.0 ppm from
chains in amorphous regions (in short “amorphous
chains”). Due to the shorter cross-polarization rate TCH
of the carbons in the crystalline chains (the amorphous
TCH is longer because the carbon-proton dipolar inter-
action is partly averaged by molecular motions), the
crystalline line decreases faster with increasing τ2 than
the amorphous peak and the apparent spectral resolu-
tion increases. The spectra with τ2 in the range of 20-
22 µs are of special interest, since this is the range
where the crystalline peak is expected to be nulled.

However, even with very small increments of τ2, a
spectrum with only the amorphous line cannot be
observed. The spectra show two crystalline components
with the same chemical shift but different line widths
and τ2 dependence. At, for instance, τ2 ) 22 µs a broad
crystalline component (cr-b) has already inverted while
a narrow component (cr-n) is still positive.

For each sample it is possible to fit all the IRCP
spectra of one data set (34 spectra) with a model of three
separate Gauss/Lorentz lines (cr-b and cr-n for the
crystalline and am for the amorphous peak) by keeping
the chemical shifts, line widths, and the fractional
Gauss/Lorentz character constant and by only varying
the amplitudes. Deconvolution with only two lines fails,
even for spectra with short or long τ2 values where the
existence of a second crystalline component at first sight
is not evident. Although deconvolution with three lines

Figure 1. Pulse sequences for the performed experiments: panel a shows the standard IRCP sequence where during τ2 the
phase of the proton spin-lock field is reversed. In panel b the pulse sequence for the proton spin-lattice relaxation experiment
is given. Panels c-e show the pulse sequences for the proton T1, proton T2, and carbon T2 relaxation experiments, combined with
the IRCP experiment.
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is nearly perfect for the crystalline peak and can be
regarded as very accurate, due to the large number of
spectra in the IRCP experiment, the fit for the amor-
phous peak is not completely perfect. Near the nulling
point of the amorphous peak we observed a slight
upfield shift of its resonance. However, because we
intend here to discuss the heterogeneity of the crystal-
line NMR line, we disregard the small imperfection of
the deconvolution of the amorphous line. Figure 3
shows the result of the three-line deconvolution of the
IRCP spectra of HDPE sample 1 with τ2 ) 5 µs (Figure
3a) and with τ2 ) 22 µs (Figure 3b). The parameters of
the three lines obtained by deconvolution of the IRCP
spectra of samples 1 and 2 are given in Table 3. To
quantitatively compare the intensity of the two crystal-
line components cr-b and cr-n, the two crystalline lines
from the deconvolution of the IRCP spectrum with τ2 )
5 µs have been integrated. Assuming the cross-
polarization efficiency of the two crystalline components
cr-b and cr-n to be equal, the broad crystalline compo-
nent cr-b makes up 60-90% of the total crystalline
fraction for all samples investigated.

To determine the cross-polarization time constants
TCH for each of the three lines, the relative intensities
of each component are plotted versus the contact time
τ2 (Figure 4).

When we assume that the TCH time constants are
much smaller than the sum of both contact times τ1 +
τ2 and that the 13C T1F is much longer than TCH, the
dependence of the IRCP magnetization, proportional to
the 13C intensity, as a function of τ2 can be described
by13

where M0 represents the 13C intensity at τ2 ) 0.
It is found that eq 2 gives a very unsatisfactory fit of

the IRCP intensities of Figure 4. A much better
agreement is obtained with a double-exponential fit
according to

The least-squares fit of eq 3 to the data points in Figure
4 is also shown in this figure; the fitting parameters
are given in Table 4. The observation of two TCH times,
a short and a long value, is not uncommon for samples
with relative weak proton dipolar interactions. The long
TCH value represents the equilibration process between
proton spins near the carbon-13 spins and the proton
spin bath.

Figure 2. MAS carbon-13 IRCP spectra of HDPE sample 1
as a function of τ2.

Figure 3. Deconvolution of the IRCP spectra of HDPE sample
1 with τ2 ) 5 (a) and 22 µs (b).

Table 3. Parameters for Each of the Three Gauss/
Lorentz Linesa

sample

peak (relative
intensity from

the spectra
with τ2 ) 5 µs)

chemical
shift

(ppm)

full line
width at

half-height
(Hz)

Gauss character
of the

Gauss/Lorentz
line (%)

1 am 31.10 190 0.50
cr-n (21%) 32.80 25 1.00
cr-b (79%) 32.80 85 0.00

2 am 31.1 200 0.50
cr-n (11%) 32.86 25 0.20
cr-b (89%) 32.89 96 0.10

a Obtained from the three-line deconvolution of the IRCP
spectra measured at 9 T; am ) amorphous peak, cr-n ) narrow
crystalline component, and cr-b ) broad crystalline component (see
also Figure 3).

M(τ2) ) -M0(1 - 2e-τ2/TCH)e-(τ1 + τ2)/T1F
H

(2)

M(τ2) ) {-MA(1 - 2e-τ2/TCH
A

) -

MB (1 - 2e-τ2/TCH
B

)}e-(τ1 + τ2)/T1F
H

(3)
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By expanding the curves of Figure 4c at short τ2
values for the broad crystalline component cr-b, we find
an oscillation of the IRCP intensity as a function of τ2
(Figure 4d). Surprisingly, only the broad crystalline
component cr-b shows this oscillatory behavior and this
is observed for all the high-density samples. Such
behavior has been reported for systems with relatively
isolated C-H pairs.15 For an isolated C-H spin pair
(or an isolated CH2 group) the cross-polarization process
causes an oscillatory exchange of magnetization be-

tween the C and H spins. This oscillation is damped
by the proton-proton interactions. Therefore, in a
strongly coupled proton spin reservoir the cross-
polarization buildup curves do not show such oscillatory
behavior. Our observation means that for the carbons,
responsible for the broad crystalline component, the
carbon-proton dipolar interaction is stronger than or
at least of the same order of magnitude as the proton-
proton dipolar interaction. In a later section we will
discuss this aspect further.

To investigate whether the presence of two peaks for
the crystalline phase via IRCP is characteristic for other
PEs as well, we applied the IRCP method to all PE
samples mentioned above. The deconvoluted spectra for
all investigated samples show the same feature for the
crystalline regions at 32.8 ppm: two peaks with the
same chemical shift but different line widths. Some
typical examples are shown in Figure 5.

The question whether the two crystalline lines are
real and represent two different types of crystalline
structures within the orthorhombic phase or are a
consequence of a spin dynamics effect of the IRCP
experiment will be addressed in the discussion section.

Figure 4. IRCP intensities for the three components after the deconvolution: (a) amorphous, (b) narrow crystalline, and (c)
broad crystalline. In panel d the IRCP intensity of the broad crystalline component for short τ2 values is shown.

Table 4. TCH and 1H T1G Time Constants for Samples 1
and 2 and the Corresponding Fractions from Fitting the

IRCP Intensities of the Three Components of Each
Samplea

sample peak
TCH

A (µs)
[fraction (%)]b

TCH
B (µs)

[fraction (%)]b

1H T1F (ms)
[fraction (%)]c

1 am 49 [53] 768 [47] 4.9 [59], 26.5 [41]
cr-n 26 [71] 261 [29] 92.3
cr-b 13 [56] 171 [44] 99.8

2 am 57 [62] 960 [38] 3.7 [64], 22.5 [36]
cr-n 25 [70] 285 [30] 74.2
cr-b 14 [60] 179 [40] 69.5

a τ2 ) 22 µs, MAS ) 4500 Hz. b (10%. c (15%.
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Since it is known that the carbon line width of PE is
strongly dependent on the proton decoupling strength,
we show in Figure 6 the dependence of the carbon cr-n
and cr-b line width on the proton decoupling strength.
It is clear that for decoupling strengths over 70 kHz the
cr-n and cr-b line widths become practically independent
of the decoupling strength but remain clearly different.

Up to 90 °C both crystalline lines are present, but
above 90 °C the narrow line cr-n is absent and only the

broad line cr-b remains (Figure 7). The line width of
the cr-n line increases minimally with temperature; the
line width of cr-b, however, increases from 75 Hz at
room temperature to 150 Hz at 100 °C (with 60 kHz
proton decoupling strength). Above 60 °C two lines with
different chemical shifts and line widths are needed to
fit the amorphous line. They are attributed to noncrys-
talline, liquidlike domains and more rigid amorphous
domains.

Figure 5. Deconvolution of the IRCP spectra of three different PE samples (at τ2 ) 5 and 22 µs), showing the detection of a cr-n
and cr-b peak at 32.8 ppm in the crystalline region for the following: (a) Ultraoriented PE fiber: in addition to the cr-n and cr-b
resonance of the orthorhombic crystalline domains, here a third crystalline component is detected at ca. 34 ppm from monoclinic
domains and a fourth at ca. 33 ppm, probably from the monoclinic/orthorhombic interface. (b) Low-density polyethylene-octene
copolymer, prepared with a Ziegler-Natta catalyst in solution (crystallinity 46-48%). Also here a monoclinic peak is observed
and in addition two resonances at ca. 37.5 and 27.3 ppm from side groups. (c) Low-density polyethylene-octene copolymer,
polymerized in solution with a metallocene catalyst (crystallinity 55.4-58%)
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In Figure 8 the IRCP spectra are shown of sample 1
after annealing for 2 weeks at 130 °C followed by an
extraction treatment with HNO3. This treatment has
completely removed the amorphous domains, but clearly
both the narrow and broad crystalline components are
still there.

B. Inversion-Recovery Proton Spin-Lattice
Relaxation Experiments. Another inversion-recov-
ery method, different from the one discussed above, is
the standard method to determine the spin-lattice
relaxation time T1 (the 180-τ-90 method) (Figure 1b).
After inversion of the proton magnetization, the z-
magnetization relaxes during τ and is then observed via
the carbon signal. Also here the signal passes a null
value and components with small differences in 1H T1
should manifest themselves around this nulling point.
Therefore, the delay time has been varied between 0.5
and 0.9 s and, as expected, near the nulling point of the
crystalline phase, we notice two lines that invert one
after the other at slightly different delay times (Figure
9a). Deconvolution of the spectra (Figure 9b) confirms
the results of the IRCP experiment and shows two peaks
for the crystalline region, with different line widths
[ν1/2(cr n) ) 31-38 Hz and ν1/2(cr b) ) 66-68 Hz], but
almost identical chemical shifts (32.8-32.9 ppm). Al-
though, as we will show in the next section, there is
rather efficient spin diffusion within the crystalline
parts of the sample, the spin diffusion is not so fast that
the longitudinal proton relaxation times of both crystal-
line components are exactly equal. By the nulling
method, however, differences of a few milliseconds can
be detected.

C. Inversion-Recovery Cross-Polarization Com-
bined with 1H T1G Determination. The relation
between nuclear spin relaxation times and the molec-
ular motional frequencies makes relaxation time mea-
surements attractive for the characterization of poly-
mers. However, as already mentioned above, relaxation
times can also provide information about spin diffusion
effects and, since spin diffusion depends on spatial
distances between groups of spins, about average dis-
tances between domains in heterogeneous solids.16

Above we saw that the proton T1 values of the domains
responsible for the narrow and broad crystalline carbon
resonance are very close. This suggests that on the time
scale of about 1 s spin diffusion is fast enough to almost

equalize the two proton relaxation times. To see how
efficient the spin diffusion is, we also determined the
proton T1F values via the carbon signals. The combina-
tion of the proton T1F experiment with the IRCP pulse
sequence (Figure 1c) leads, for a constant τ2 value, to a
series of 13C spectra with each line intensity modulated
by the proton T1F relaxation. By taking τ2 ) 22 s we
ensured that each carbon spectrum could be accurately
deconvoluted into the three component lines discussed
above and that for each component line we could
determine the corresponding proton T1F. The proton
relaxation decay of both crystalline peaks can be fitted
well with a monoexponential decay, and the amorphous
line with a biexponential function. Table 4 summarizes
the proton T1F values obtained in this way for the
amorphous (am) protons, for the protons related to the
narrow crystalline line (cr n), and for the protons related
to the broad crystalline line (cr b).

The proton T1F values of the cr-b and cr-n lines are
close for each sample, just as in the case of the proton
T1 experiments, but they differ from those of the
amorphous phase. Both the proton T1 and the T1F
experiments suggest efficient spin diffusion between the
protons in the crystalline domains that are responsible
for the cr-n and cr-b resonances. This implies that the
two types of structures (cr-b and cr-n) are spatially
closer than about 1 nm.16 Two nonequal proton relax-
ation times for the amorphous phase point out the
existence of at least two, spatially separated, amorphous
domains, with different proton mobilities.

At higher temperatures, the proton T1F values of the
cr-b and cr-n lines decrease but remain approximately
equal. At 80 °C the two relaxation times are 4 and 3.1
ms, respectively, for HDPE sample 1. At 100 °C, where
only the cr-b line is found, the proton T1F value for this
sample is 1 ms.

D. Carbon Spin-Spin Relaxation Measure-
ments Combined with IRCP. Since the two detected
crystalline carbon lines have different line widths, it is
worthwhile to determine the 13C T2 in order to get
information regarding the source of the line broadening.
The spectra obtained with the carbon spin-echo IRCP
method (Figure 1e) have been deconvoluted with three
lines (cr-n, cr-b, and am), with constant chemical shift
and line width for cr-n and cr-b and variable chemical
shift and line width for am. The relative intensities
determined by the integration of each of the components
have been plotted versus 2τ. The relaxation data points
of sample 1 and its decay curves are shown in Figure
10. All curves for the amorphous domains have been
fitted monoexponentially. The 13C T2 relaxation times
of the two HDPE samples, together with the calculated
and experimental 13C line widths, are given in Table 5.

III.2. PE Filled with Inorganic Particles. The
same IRCP experiments as discussed above have been
applied to PE, filled with varying amounts of particles
of the aluminosilicate kaoline. These polymers have
been polymerized in the presence of the filler. The
spectra have been deconvoluted as described above and
again show for all samples, except PE with 35% kaoline,
two crystalline carbon lines at about 33 ppm. The NMR
parameters are given in Table 6. An important result
here is the fact that the relative intensity of the cr-b
line increases with the amount of filler. With 35% filler
only the a-b line can be detected.

Unlike the case of the unfilled PEs, for the filled PE
the T1F values of the protons corresponding to the cr-n

Figure 6. Line width of the cr-b and cr-n 13C NMR line of
sample 1 as a function of the decoupling field in kilohertz.
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and the cr-b domains are no longer equal. The proton
T1F corresponding to the cr-b carbon line decreases
significantly with increasing amount of filler for all
fillers and approaches the value for the amorphous
protons.

IV. Discussion

The results of the previous section unambiguously
show for both high-density and low-density PE, filled
and unfilled, the presence of two overlapping resonances
at 32.7-32.9 ppm with different line widths, different
cross-polarization rates, and also very slightly different
proton T1 values. By now, ca. 25 PE samples have been
investigated and all samples show these two lines.
Some representative examples are shown in Figure 5.
Both resonances are found at a chemical shift that

corresponds to the orthorhombic crystalline structure.
The carbon resonance of a monoclinic structure should
occur at 34.4 ppm and, by melting the sample and
quickly cooling, this structure can indeed be induced in
our PE, however, without affecting the two overlapping
resonances at 32.7-32-9 ppm. The spectra of the
extracted PE in Figure 8 show that acid treatment
removes the amorphous domains but that both the cr-n
and cr-b components remain.

For a long time, our main worry has been that the
two lines cr-n and cr-b could result either from a spin
dynamics effect inherent to the IRCP experiment (the
spin system may not be in equilibrium after the short
τ2 and unwanted coherences may contribute) or from
the anisotropy of the CP rate.

Figure 7. IRCP spectra of sample 1 at 100 °C.

Figure 8. IRCP spectra of sample 1 after annealing for 2 weeks at 130 °C and followed by HNO3 extraction treatment.
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We believe we have three arguments to show that the
observed effects are not caused by a spin dynamics effect
due to the IRCP experiment and that our observations
imply that two types of orthorhombic crystalline PE
chains exist in all PEs:

(i) The same two lines, cr-b and cr-n, also appear in
the proton spin-lattice inversion-recovery experiment
at about the delay time where the magnetization is
nulled (see section III.1B).

(ii) The experiments on the filled PE sample clearly
show that the intensity of the broad crystalline compo-
nent cr-b increases with increasing filler content. If the
presence of the two orthorhombic resonances would be
done to an anisotropic CP rate (see (iii) below), it would
be impossible to understand why the presence of filler
particles would affect the CP anisotropy. The presence
of the filler particles apparently favors a similar struc-
ture as that responsible for the cr-b line. The filler

particles may act as nucleation centers during the
crystallization process. The fact that the proton T1F
decay of the cr-b line in the PE filled with 35% kaoline
becomes biexponential suggests that there are two
different types of cr-b chains. One type is formed by the
cr-b chains that are already present in the unfilled PE’s,
with a proton T1F equal to that of the cr-n carbons. The
second type is induced by the filler particles and nearer
to the amorphous domains, therefore their proton T1F
is near to that of the amorphous protons.

(iii) The CP rate is anisotropic, and in samples
without an overall orientation this must lead to a
distribution of CP rates. The distribution of cross-
polarization rates could be doubly peaked. This would
lead to similar experimental observations as reported
here. The two different lines would then result from
the same crystalline structure but originate from PE
fragments with different orientations relative to the
external magnetic field. Since the line width may also

Figure 9. (a) 13C CP-MAS-detected relaxation spectra of
sample 1 according to the pulse sequence of Figure 1b. (b)
Deconvolution with three lines of the relaxation spectrum with
710 ms.

Figure 10. 13C IRCP CP-MAS-detected carbon T2 decay of
the three resonances cr-n, cr-b, and am for sample 1.

Table 5. Carbon-13 T2 Relaxation Times, Corresponding
Homogeneous Line Width at Half Height (ν1/2*), and
Experimental Line Width at Half Height [ν1/2 (exp)]a

sample 13C line
T2

C

(ms)b
ν1/2* ) 1/πT2

C

(Hz)b
ν1/2 (exp)

(Hz)c,d

1 am 10.1 32 175
cr-n 22.1 14 31
cr-b 3.7 86 71

2 am 9.7 33 187
cr-n 22.7 14 25
cr-b 3.9 82 91

a From the carbon spin-echo experiment with IRCP (MAS )
3500 Hz) at room temperature. b (15%. c (10 Hz. d The line width
data in this column are not exactly equal to those given in Table
3 because they are determined by independent, different experi-
ments. The data in Table 3 come from an IRCP experiment; the
data in this table are from an IRCP/13C T2 experiment.
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be anisotropic, this would then also explain the differ-
ence in carbon line width. Experimentally we proved
that this presumption is not correct by performing the
experiment under slow magic-angle spinning (1000 Hz).
As expected, the relatively strong-spinning side bands
(SSB) at the low MAS rate invert at different times in
the IRCP experiment, since different molecular orienta-
tions with different CP rates contribute unequally to
different SSBs. Therefore, each SSB emphasizes certain
selected orientations and if the two crystalline carbon
lines cr-n and cr-b resulted from differently oriented
molecular fragments, not all the SSBs in the IRCP
experiment should show these two lines with the same
ratio. This is, however, not the case: the experiment
shows that near the nulling point each SSB consists of
the two crystalline lines, exactly as for the center band.

The possibility that a bimodal distribution of cross-
polarization rates is responsible for the two crystalline
lines can also be excluded by calculating the orientation
dependence of the CP rate for the PE orthorhombic
structure. It turns out (see the Appendix) that although
the CP rate is anisotropic, the rates do not show a clear
bimodal distribution.

From these three arguments we conclude that in all
PE samples investigated, two types of chains in the
orthorhombic crystalline structure exist, both with an
all-trans chain conformation. One type is responsible
for the cr-b 13C line; the other, for the cr-n 13C line. The
chemical shifts of both lines are equal, but they differ
in the following NMR properties: (a) Line width: The
narrow cr-n line is inhomogeneously broadened [ν1/2(exp)
> ν1/2′], but the broad cr-b line is practically completely
homogeneously broadened [ν1/2(exp) ≈ ν1/2′] (see Tables
3 and 5). (b) CP rate: The cr-b line has a shorter TCH
than the cr-n line (Table 4). (c) CP oscillations: The
cr-b line shows a small CP oscillation (Figure 4d). (d)
Proton T2: A proton T2 experiment showed that the
protons near cr-b carbons have a shorter T2 (5 µs) than
the protons near the cr-n carbons (7-12 µs).

Since during the free induction decay or the spin-
echo experiment all dipolar interactions that involve
carbon spins are eliminated by MAS and proton decou-
pling, the only source for the homogeneous broadening
of the cr-b line is molecular reorientations with frequen-
cies of the order of the MAS frequency (2-4 kHz) and/
or of the proton decoupling field (up to 100 kHz).

Likely molecular motions to consider are polymer
chain flips over 180°. As discussed in the Introduction
these helical jumps are responsible for the R-relaxation
and chain diffusion from the crystalline into the amor-
phous domains,6,7 although at somewhat higher tem-
peratures than room temperature. We first want to
show that exactly such motions can also explain our
observations a-d and then discuss why so far these
motions have escaped detection at room temperature.

It is clear that when we could consider the CH2 group
as one isolated spin system, the CP curve would show

oscillations. The dipolar coupling to protons in other
CH2 groups damp such oscillations. Therefore we
compare the distances between protons in the same
chain and between protons in different chains. Using
the interatomic distances of orthorhomic PE,17 we find
for the nearest distance between protons of neighboring
CH2 groups in an all-trans-PE chain 2.358 Å, corre-
sponding8 to a dipolar interaction of 9 kHz. The nearest
distance between protons of neighboring chains is 2.724
Å, corresponding to 6 kHz dipolar interaction. By
comparing these inter-CH2-group proton-proton dipolar
interactions to the intragroup 13C-1H dipolar interac-
tion of 23 kHz, we conclude that the condition for
oscillations in the CP curve (13C-1H dipolar interaction
> 1H-1H dipolar interactions) seems to be fulfilled15 and
that only because of the many proton-proton interac-
tions are the PE CP curves not all oscillatory. For rigid
chains the interchain + intrachain 1H-1H dipolar
interactions apparently make the proton-proton spin
flip-flops fast enough to prevent CP oscillations. Con-
sequently, the cr-n NMR lines must result from rigid
chains. PE chain 180° flips faster than ≈10 kHz
eliminate the interchain 1H-1H dipolar interactions and
thereby strengthen the 13C-1H dipolar interaction within
a 13CH2 group. In general, the proton flip-flops in a
strongly coupled proton system reduce the 13C-1H
dipolar interaction, because the 1H spin in the 13C-1H
pair is randomly modulated by the flip-flops with
neighboring proton spins (self-decoupling18,19). A de-
crease of the proton flip-flop rate can occur in PE
domains where the interchain 1H-1H dipolar interac-
tions are averaged out by 180° polymer chain flips. For
chains that can execute such flips, this leads to (a)
stronger 13C-1H dipolar interactions within a 13CH2
group and thus a faster CP rate and (b) CP oscillations.
For the same reason, chain flips also increase the 1H-
1H dipolar interaction within a 13CH2 group and this
leads to a shorter T2 for protons.

Normally, increased molecular motions reduce the
13C-1H CP rate by partly averaging the 13C-1H dipolar
interaction. This is not the case here, while a 180° flip
of a chain fragment does not affect the intragroup 13C-
1H or 1H-1H dipolar interactions. Therefore, our NMR
observations can be explained by 180° flips of the PE
chains and only such motions can explain our observa-
tions a-d, mentioned above.

To explain our experimental results we propose that
the cr-b carbons are found in all-trans orthorhombic
crystalline PE chains that contain twist defects, which
cause flips of the chains over 180° with a frequency over
∼10 kHz. The cr-n resonance results from chains that
do not make such flips or make them only at an
appreciably lower rate.

To see why these 180° chain flips, frequent even at
room temperature, have escaped detection so far, or in
other words, how it comes that these motions do not
contribute to the R-transition, it should be realized that

Table 6. Experimental NMR Parameters of Kaoline-Filled PEs

sample
filler fraction

(vol %) 13C line
chemical shift

(ppm)
crystalline
fraction (%)

line width
(Hz)

1H T1F (ms)
[fraction (%)]

PE 0 am 30.9 141 4.1 [57%], 21.6 [53%]
cr-n 32.7 33 30 225
cr-b 32.7 67 64 173.6

PE//kaoline 5.0 am 30.9 156 5.0 [53%], 20.1 [47%]
cr-n 32.7 21 30 209
cr-b 32.7 79 64 209 [80%], 1.9 [20%]

PE/kaoline 35.4 am 30.8 243 6.2 [79%], 25 [21%]
cr-b 32.6 100 81 4.1 [41%], 215 [ 59%]
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180° chain flips alone cannot be detected directly, since
a crystalline lamella before and after the flip of one or
more chains is indistinguishable in terms of NMR,
viscoelastic, or dielectric experiments. Such flips are
observable only when the flip and the accompanying
translation over one chain unit is followed by additional
flips and translations of the same chain in the same
direction. The ultimate effect of consecutive chain
translation is a transport of chains from the crystalline
regions into the amorphous domains or vice versa. This
chain diffusion can be detected by two-dimensional
exchange NMR,8 while in the process the carbon chemi-
cal shift changes from the crystalline value (≈33 ppm)
to the amorphous value of ≈31 ppm or vice versa, and
by mechanical or dielectric experiments, while parts of
the chain that extend into the amorphous domains
above and below the lamellae must change their lengths.

A simple explanation for the fact that the frequent
180° flips, which we detect even at room temperature,
have not been observed before could be that the motion
does not result in a displacement of a chain but is a
sequence of flips and translations in opposite directions.
Such a situation would arise when the defect that
travels through the chains is bounced at the surfaces
of the lamellae, because at room temperature, the
activation energy to displace the chain over more than
one unit into the amorphous phase is too high (105 kJ/
mol3,8). Only indirect NMR parameters, like the line
width or relaxation times, can probe such motions, as
shown by our experiments.

Therefore, our experimental results can be explained
by assuming that the crystalline lamellae in PE consist
of chains with twist defects locked in a certain chain
length, able to travel through the chain length back and
forth, thereby each time rotating the flat zigzag PE
chains over 180° in opposite directions. These chains,
by modulating the various spin interactions as described
above, generate the cr-b carbon lines. Other chains
would either not have such defects or the motion of the
defect would be heavily constrained.

The relative decrease of the intensity of the cr-n
resonance with increasing density of kaoline filler
particles suggests that the chains responsible for the
cr-n line are located in more perfect crystallites without
the twist defect.

It is of interest to speculate about where the two types
of chains are to be localized. The two types of chains
could coexist in one lamella, as suggested by the proton
spin-lattice relaxation results of the unfilled PE. One
type of chains could correspond to the chains that re-
enter the same lamella at a neighboring site, the other
type, to chains that do not re-enter the same lamella.
On the other hand, the similarity in spin-lattice
relaxation times may be accidental and the two types
of chains could be located in different lamella. It is
known for PE, and many other polymers, that, after
completion of the primary crystallization at a certain
temperature below the melting temperature, crystal-
lization has not come to an end but continues at a lower
temperature.3 This secondary crystallization produces
additional crystallites, which may have more or less
defects than the crystallites arising from the primary
crystallization process. More work is needed to inves-
tigate these aspects.

V. Conclusion
Our experiments show that in PE (independent of the

polymer density) two different types of chains in the

orthorhombic crystalline phase exist, both in an all-
trans configuration. They are responsible for two
overlapping resonances in the 13C IRCP-MAS spectrum
with different line widths: a broad line cr-b and a
narrow line cr-n.

All our experimental observations can be explained
by assuming that the chains responsible for the cr-b
carbon resonance, which form the main fraction of the
crystalline domains, make already at room temperature
relatively fast (kilohertz regime) 180° chain flips by a
travelling chain twist defect. The motion of the defect
must be limited in the sense that no significant dis-
placement of PE chains results from it. The chains
responsible for the cr-n carbon resonance do not show
these motions or show them only on a much longer time
scale and probably are found in more perfect crystalline
structures. The filler particles in PE enhance the
mobile, imperfect crystalline fraction.

The presence of the two distinctly different types of
crystalline environments seems to be a universal feature
of semicrystalline PE since the two types have been
detected in 25 different PEs.
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Appendix
For a CH2 spin system the dependence of the cross-

polarization rate on the orientation of the CH2 group
relative to the B0 field can be calculated (where I ) 1H
and S ) 13C):20

where

We assume that the anisotropy of the cross-polarization
rate mainly depends on the term ∑IS(1 - 3 cos2 æIS)2

r-6
IS. Then

where θIS is the angle between the C-H vector and B0.
We now describe the orientation of the two C-H

vectors of a CH2 group in all-trans-PE in an axis system
x′, y′, z′, where z′ is parallel to the chain axis and the
two C-H vectors lie in the x′, y′ plane, so that the y′
axis divides the H-C-H angle into two equal angles of
53.5° each. The length of the C-H vector is not
important here and therefore we can assume that
|CB H| ) 1. Then in x′, y′, z′ the two CH vectors are
represented by the vectors:

By rotating the x′, y′, z′ axis system to an x, y, z axis
system, in which z//B0, with the Euler angles R, â, γ and

TIS
-1 ) 1

2
sin2 æS sin2 æI M2,SI JX(∆ωeff) (1)

M2,SI )
1

3
γI

2γs
2p2I(I + 1) ∑

I,S
(1 - 3 cos2 æIS)2 r-6

IS

(2)

TIS
-1 ∝ ∑

IS
(1 - 3 cos2 æIS)2 (3)

CH1 )(sin 53.5
cos 53.5

0 ) and CH2 ) (-sin 53.5
cos 53.5

0 ) (4)
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rotation matrix R, we find the orientation of the two
C-H vectors in the x, y, z frame:

where21

With |CBH| ) 1, the cos æ1 and cos æ2 terms can be
calculated:

As expected, cos æ1 and cos æ2 depend only on the angles
R and â. The cross-polarization rate can now be
calculated, by applying eq 3:

A Fortran program has been used to vary the angles R

and â (from 1° to 360°, in 1° steps) and for each R and
â the TCH time has been determined and collected in
the histogram presented in Figure 11. The TCH values
show a wide distribution and even two peaks, but the
difference in integrated intensity of these two peaks is
so large that we can safely exclude the possibility that
the two carbon lines detected in the IRCP experiment
are due to an anisotropy of the CP rate.
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Figure 11. Distribution of cross-polarization times TCH for
the CH2 groups of polycrystalline PE (see Appendix).
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