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ABSTRACT: The structure and molecular motion of metallocene-catalyzed linear low-density polyeth-
ylenes (MLLDPE) have been investigated in the a relaxation temperature region by solid-state 3C NMR
spectroscopy. Fully relaxed dipolar decoupling (DD)/MAS 3C NMR spectra are well resolved into the
crystalline, crystalline—amorphous interfacial, and rubbery amorphous components at different temper-
atures above room temperature. Prominent broadening of the crystalline resonance line in the DD/MAS
spectra is observed above 60 °C, while the chemical shift anisotropy (CSA) spectra stay almost unchanged
from the line shape in the rigid state. This fact indicates, in good accord with the previous results, that
the 180° flip motion around the molecular chain axis occurs above 60 °C in the crystalline region with
the rate of about 10° Hz. Moreover, the segmental exchange between the crystalline and noncrystalline
regions, which will be closely associated with the multistep forward and backward 180° flip motions, is
clearly confirmed for MLLDPE with butyl branches at 80 °C by 2D 3C exchange NMR spectroscopy. A
simple one-dimensional random walk simulation is also performed to elucidate the chain diffusion process
that allows the exchange of the crystalline and noncrystalline segments. A Tic analysis for the crystalline
component transferred within 1 s by the chain diffusion from the noncrystalline region is further made
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by a newly developed pulse sequence.

Introduction

In our previous paper,! the crystalline—noncrystalline
structure for the metallocene-catalyzed linear low-
density polyethylene sample (MLLDPE), which was
isothermally crystallized from the melt, was character-
ized in detail by high-resolution solid-state 1*C NMR
spectroscopy. This sample seems useful for detailed
analyses of the structure and molecular motion in the
o relaxation temperature region, because the morpho-
logical structure is comparatively simple and no sig-
nificant morphological change occurs by annealing
during solid-state 13C NMR measurements.

It is well-known that the dynamic mechanical analy-
sis of polyethylene prior to melting reveals at least three
mechanical relaxations, designated as «, 5, and y in the
order of decreasing temperature.2 Although some de-
tailed assignments are still open to debate, the origins
of the three relaxations are almost clear. The mechan-
ical a relaxation consists of at least three subrelax-
ations, namely oy, ap, and as in the order of increasing
temperature.® The oy relaxation arises from the inter-
lamellar slip* or the deformation of intermosaic regions
within the crystalline lamellae.> The o, relaxation is
believed to originate from the thermal oscillation of
intracrystalline polymer chains,®~% including 180° flip
motion about the molecular chain axis as well as the
translational motion along the chain axis.®” The reality
of the o relaxation is suggested to relate the transition
from the orthorhombic to the hexagonal phase.8?

Solid-state 13C NMR spectroscopy is very powerful in
investigating the molecular motion and phase structure
for solid polymers.’® When polyethylene samples are
measured in the a relaxation temperature region, the
spectra mainly reflect the a, relaxation. For example,
“chain diffusion” was observed by the 13C spin exchange
experiments,!! two-dimensional 13C exchange NMR,1?
and 13C spin—lattice relaxation measurements.1® The
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180° flip motion around the molecular chain axis was
also directly observed by 3C dipolar NMR measure-
ments.’4 Veeman et al. found an increase in the half-
width of the crystalline resonance line with the increase
of temperature in the o relaxation temperature region.'®
They suggested that such motional broadening, reflect-
ing the molecular motion with a rate in the kilohertz
domain,’®~1® may be ascribed to the 180° flip motion
around the molecular chain axis. However, they did not
confirm the mode of the molecular motion with the
experimental data using the same samples. One of the
purposes of this work is to clarify the mode of the
molecular motion in the o, relaxation process for MLL-
DPE with butyl branches. A similar solid-state 13C NMR
analysis has been also performed to elucidate the a3
relaxation for constrained ultradrawn polyethylene
fibers.1®

Previous studies described above on the o, relaxation
were mainly based on the simple two-phase model
where the polyethylene samples consist of only the
crystalline and noncrystalline components. However,
the noncrystalline component around room temperature
contains the crystalline—amorphous interfacial compo-
nent in addition to the rubbery amorphous compo-
nent.120-24 The crystalline region seems to be also
composed of plural components with different 13C spin—
lattice relaxation time (Tic) values,%?1~22 though the
effect of the chain diffusion should be well evaluated in
these cases. Solid-state 13C NMR spectroscopy is a
useful technique for the separate characterization of the
molecular motion for different crystalline and noncrys-
talline components. In this paper, we also characterize
the molecular motions of the crystalline and noncrystal-
line components in the a relaxation temperature region.

Experimental Section

Samples. Two sorts of LLDPE samples with similar pri-
mary structure were used for solid-state 13C NMR measure-
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Table 1. Characteristics of Nascent LLDPE Samples
MLLDPE2 MLLDPE12b

branch content (per 1000 C atoms)¢ 9.6 9.8
Mn 4.27 x 10*  3.69 x 104
My 9.65 x 104 9.45 x 104
Mw/Mp 2.3 2.6

a From Neste Oy Chemicals. See ref 1. ® From Japan Polyolefins
Co. Ltd. ¢ Solution-state 13C NMR.

ments. Both were synthesized with 1-hexene as a comonomer
by metallocene catalysis. One sample was pilot-plant resins
from Neste Oy Chemicals, which had a weight-average mo-
lecular weight (M,,) of 96 500, number-average molecular
weight (My) of 42 700, and a butyl branch content of ~1.0 per
100 carbons.>?* The crystallization was done at 110 °C for 18
h from the melt; this sample is abbreviated as MLLDPE
hereafter as done previously.! Since the sample amount of
MLLDPE is not enough, another LLDPE sample, provided by
Japan Polyolefins Co. Ltd., was used for two-dimensional 13C
NMR measurements; My, My, and the butyl branch content
are 94 500, 36 900, and ~1.0/100, respectively. This sample
was crystallized by slowly cooling from the melt, and it is
abbreviated as MLLDPE12 in this work. Characteristics of the
two LLDPE samples are listed in Table 1.

Solid-State 3C NMR. Solid-state *C NMR spectra for
MLLDPE were obtained on a JEOL JNM-GSX200 spectrom-
eter operating under a static magnetic field of 4.7 T. The
sample was packed into a 7 mm diameter zirconia MAS rotor.
1H and *3C radio-frequency fields yB1/2z were 62.5—64.1 kHz.
The contact time for the cross-polarization (CP) process was
1.0 ms throughout this work. The MAS rate was set to 3 kHz
to avoid the overlapping of spinning sidebands on other
resonance lines. 3C chemical shift anisotropy (CSA) spectra
for the crystalline component were obtained at different
temperatures by the CPT1 pulse sequence®® without MAS. 13C
chemical shifts were expressed as values relative to tetra-
methylsilane (Me,4Si) by using the CH3 line at 17.36 ppm of
hexamethylbenzene crystals as an external reference. Tem-
perature calibration was done by the ethylene glycol method
modified for NMR measurements under MAS.26-28

Two-dimensional 3C NMR and its related NMR measure-
ments were carried out by a Chemagnetics CMX-400 spec-
trometer operating under a static magnetic field of 9.4 T. The
MAS rate was set to 4 kHz. Other experimental conditions
were almost the same as those for the JEOL JNM-GSX200
system.

Results and Discussion

Crystalline—Noncrystalline Structure of MLL-
DPE at Different Temperatures. Figure 1 shows
fully relaxed dipolar decoupling (DD)/MAS 13C NMR
spectra of MLLDPE measured at different temperatures
above room temperature. Small resonance lines indi-
cated by “b” are ascribed to the butyl branch carbons.?
Broken lines indicate the respective components for the
CH; resonance lines basically obtained by using the line
shape analysis previously reported.1?! Each line at each
temperature is found to be well resolved into the
crystalline, crystalline—amorphous interfacial, and rub-
bery amorphous components. Here, the separation of the
noncrystalline component into the interfacial and rub-
bery components was made by using the difference in
13C spin—spin relaxation time (Tzc).1?! The crystalline
component appearing at 32.89 ppm has also been found
to consist of three components with different Tic values
at each temperature, in accord with the cases for
different polyethylene samples reported previously.121-23
We also tried to analyze the Tic relaxation process of
this sample in terms of the one-dimensional chain
diffusion equation previously proposed.® However, the
relaxation curve was found not to be well described by
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Figure 1. Fully relaxed DD/MAS 3C NMR spectra for
MLLDPE at different temperatures. The character “b” indi-
cates the resonance line ascribed to butyl branches.

this equation, suggesting the real existence of plural
components with different molecular mobilities. In this
paper, therefore, the crystalline component is simply
further resolved into three components on the basis of
the Tic measurements. To this end, their line shapes
are determined in the following way. For convenience,
these components are called as the rigid crystalline, less
mobile crystalline, and mobile crystalline components
in the order of decreasing Tic values.

First, real resonance lines for the three components
were obtained by using the differences in Tic. The
spectrum of the rigid crystalline component was selec-
tively measured using the CPT1 pulse sequence?® by
setting the T;c decay time 7 to 150 s, which corresponds
to the value larger than 5Tic for the less mobile
crystalline component. Next, the spectrum of the less
mobile crystalline component was obtained by subtract-
ing the rigid crystalline spectrum from the spectrum
measured with the CPT1 pulse sequence by setting t =
10 s. In these spectra, the mobile crystalline component
completely disappeared due to the short T;c value. As
for the mobile crystalline component, the spectrum was
obtained by subtracting the rigid crystalline and less
mobile crystalline components from the spectrum mea-
sured with the CPT1 pulse sequence by setting = 0.4
s. These three resonance lines thus obtained were found
to be well described by Lorentzian curves with the same
chemical shift value and evidently different line widths.
Therefore, the least-squares method was carried out for
the spectra shown in Figure 1 by using the three
Lorentzians for the crystalline component in addition
to two Lorentzians®2! for the interfacial and amorphous
components.

In Table 2, chemical shift values, half-widths, and
mass fractions that are obtained by the line shape
analysis are listed for the crystalline, interfacial, and
rubbery components. The chemical shift values stay
constant in this temperature region for all the crystal-
line components, while those values of the interfacial
and rubbery components shift somewhat upfield with
increasing temperature. This fact indicates the increase
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Figure 2. Half-width versus temperature for each crystalline
component in MLLDPE.

Table 2. NMR Relaxation Parameters for MLLDPE at
Different Temperatures

crystalline
(orthorhombic)
less noncrystalline
rigid mobile mobile interfacial rubbery

41 °C
chemical shift/ppm 329 32.9 32.9 31.0 30.7
Tacls 288 25 14 0.41 0.41
half-width/Hz 23 34 49 100 44
mass fractions 0.21 0.15 0.14 0.41 0.09
60 °C
chemical shift/ppm 329 32.9 32.9 30.8 30.5
Ticls 217 21 1.8 0.51 0.51
half-width/Hz 23 34 49 74 29
mass fractions 0.19 0.16 0.15 0.30 0.19
80 °C
chemical shift/ppm 329 32.9 32.9 30.7 30.4
Ticls 111 12 0.88 0.59 0.59
half-width/Hz 49 49 49 61 20
mass fractions 0.17 0.15 0.15 0.27 0.26
100 °C
chemical shift/ppm 329 32.9 32.9 30.6 30.4
Ticls 72 5.6 0.93 0.59 0.59
half-width/Hz 94 94 94 56 16
mass fractions 0.41 0.18 0.41

in fraction of the gauche conformation for the respective
noncrystalline components. When the y-gauche effect
and the vicinal gauche effect are respectively assumed
to be 5.0 and 2.5 ppm,?® gauche fractions in the
interfacial and rubbery components are increased by
0.27 and 0.20 at 100 °C compared to those at 41 °C,
respectively. Tic values for the respective components
are also shown in Table 2. It is found that the T;c value
of each crystalline component is remarkably decreased
with increasing temperature, reflecting the enhanced
molecular motion as well as the possible increase in
chain diffusion rate.

Figure 2 shows the temperature dependency of the
half-width of the resonance line for each crystalline
component of MLLDPE obtained by the line shape
analysis. Interestingly, these three components with
different Tic values have also different half-widths at
41-60 °C, indicating that these components really have
different molecular mobilities in this temperature re-
gion. However, their half-widths are in accord with each
other at 80 °C as a result of broadening for the rigid
and less mobile crystalline components and are further
increased with increasing temperature. Such marked
broadening above 80 °C implies that the molecular
motion of the crystalline chains moves into the range
of the rates of about 105 Hz which corresponds to 'H
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Figure 3. Partitioning (by differences) of the various mass
fractions for each component in MLLDPE as a function of
temperature.

dipolar decoupling field.16=18 In our previous work,3° the
line width of the crystalline component was also mea-
sured as a function of the amplitude of dipolar decou-
pling field for a similar LLDPE sample at 80 and 100
°C. Although remarkable amplitude dependencies were
observed at both temperatures, the explicit rate of the
motion was not determined because of the difficulty in
measuring the further narrowing process. However, the
order of the rate was confirmed to be about 10° Hz in
this temperature region. It should be also noted here
that this molecular motion is allowed to occur above 60
°C at almost the same level in every crystalline region.
The mode of the molecular motion to interpret this
phenomenon will be described later.

In Figure 3 the mass distribution diagram of MLL-
DPE is shown as a function of temperature. The rubbery
component remarkably increases in mole fraction with
the increase of temperature, mainly as a result of the
decrease in fraction of the interfacial component. Ac-
cording to the theory?® derived by using the lattice
model, the interfacial region is defined as a transitional
region where the restriction due to the fixation of chain
ends on the surface of crystallites still exists for the
conformational probability. However, since this defini-
tion is held in the thermodynamically equilibrium
state,?° the average by molecular motion will reduce
such conformational restriction particularly for NMR
relaxation parameters. As a result, the interfacial
component seems to change to the rubbery component
with increasing temperature.

As for the crystalline region, the total mass fraction
of this component is slightly decreased above 60 °C with
increasing temperature. This fact is in good accord with
the appreciable detection of partial melting above 60 °C
by DSC! and may be associated with surface melting of
the crystallites observed by small-angle X-ray scattering
experiments.3! In contrast, when the resonance line of
the crystalline component was assumed to be a single
Lorentzian curve in the line shape analysis shown in
Figure 1, the degree of crystallinity was found to stay
constant in this temperature region unlike the result
shown in Figure 3 and the DSC measurements. This
fact also supports the existence of plural crystalline
components with different molecular mobilities and the
validity of the line shape analysis based on them. As is
clearly seen in Figure 3, each crystalline component
gradually decreases above 60 °C. The rigid crystalline
component converts to the less mobile crystalline com-
ponent, the latter to the mobile, and then the mobile
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Figure 4. 3C CSA spectra of the crystalline component of
MLLDPE at different temperatures: solid line, observed;
dashed line, simulated in the rigid state.

crystalline component to the interfacial component.
Such conversion will be also associated with the chain
diffusion as well as the decrease in lamellar thickness
due to the surface melting.

Judging from the temperature dependence of the line
width shown in Figure 2, the mobile crystalline com-
ponent is much mobile than the rigid crystalline and
less mobile crystalline components below 80 °C. The
origin of the mobile crystalline component is considered
to be the surface component of the crystalline lamellae3!
or small size crystals.!

It is also noted that no change is observed in line
width of the rigid crystalline and the less mobile
crystalline component from 41 to 60 °C and that of the
mobile crystalline component from 41 to 80 °C. In
contrast, slight line broadening in high-resolution 2C
NMR spectra was observed even from room temperature
for conventional polyethylene single crystals,3° as-
polymerized polyethylenes,® and bulk-crystallized poly-
ethylenes.’® It is reported that slowly crystallized
metallocene-catalyzed LLDPE shows unprecedented
stability in that its morphology is invariant even after
high-pressure crystallization.?* The temperature depen-
dency of the half-width shown in Figure 2 is considered
to reflect almost no significant change in local structure
associated with such morphological stability for slowly
crystallized metallocene-catalyzed LLDPEs.

180° Flip Motion in the Crystalline Region. To
clarify the mode of the molecular motion for the crystal-
line component with about 10° Hz above 60 °C, 13C CSA
has been selectively measured for the crystalline com-
ponent at 16—100 °C by using the CPT1 pulse sequence
with the T;c decay time of 2.0 s. In these spectra, the
interfacial and rubbery components disappear due to
their short T1c values. Some fractions of the mobile and
less mobile components are also suppressed in the CSA
spectra, but the features of the molecular motion
associated with the line broadening shown in Figure 2
will be well reflected because this motion is allowed to
occur in the whole crystalline region. Figure 4 shows
13C CSA spectra thus obtained for the crystalline
component of MLLDPE at different temperatures. Here,
the broken line indicates the simulated CSA spectrum
for the polyethylene orthorhombic crystals in the rigid
state, where the principal values of 011 = 50.7 ppm, o2,
= 35.9 ppm, and o33 = 12.1 ppm were employed on the
basis of the previous publications.32734 As expected, the
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13C CSA line shape at 16 °C is in good accord with the
line shape in the rigid state. Interestingly, this line
shape is not significantly changed even above 60 °C,
although marked motional broadening is observed above
this temperature in the DD/MAS 3C NMR spectra as
shown in Figure 2.

The assignment for the principal axes of the chemical
shift tensor for the CH;, carbon of polyethylene was
made for the rigid orthorhombic crystals:32735 The o013
axis is parallel to the intra-methylene H—H vector, the
02, axis to the H—C—H angle bisector, and the o33 axis
to the molecular chain axis. According to this assign-
ment, it is most plausible to conclude that the 180° flip
motion around the molecular chain axis?67:15 occurs
above 60 °C with the rate of about 105 Hz in the
crystalline region. The CSA spectrum is insensitive to
this motion, but it will be able to modulate the 'H
dipolar decoupling field, resulting in marked line broad-
ening for CP/MAS 13C spectra as shown in Figure 2.

A recent work!* about measurements of the 1¥C—13C
dipolar coupling also confirmed more directly the exist-
ence of the 180° flip motion in the crystalline region of
polyethylene in a similar temperature region. However,
in that work, the rate of 180° flip motion was deter-
mined to be about 103 Hz at 80 °C. Moreover, significant
broadening of the crystalline resonance line in the CP/
MAS 13C NMR spectrum due to the 180° flip motion was
observed above about 100 °C for constrained ultradrawn
polyethylene fibers.® These facts indicate that the rate
of 180° flip motion at a given temperature depends on
the structure of polyethylene samples used.

It should be simply noted here that there are slight
deviations for the CSA spectra at 60—100 °C from the
CSA spectrum in the rigid state. This fact suggests that
the enhanced twisting motion along the molecular chain
axis”36738 and/or local motion associated with small
defects®?4° may be induced at higher temperatures in
addition to the 180° flip motion around the chain axis.
At this stage, however, it seems beyond the purpose of
this paper to analyze the 13C CSA line shape by
considering such twisting or small defects.

Characterization of the Chain Diffusion by 2D
13C Exchange NMR. The 180° flip motion around the
chain axis in the orthorhombic phase for polyethylene
should really involve the concomitant translational
motion by one methylene unit.267.1214 If forward and
backward 180 ° flip motions would successively occur
as multistep jumps, the crystalline and noncrystalline
segments could exchange as a result of the translational
motion of the chains along the molecular chain axis. In
fact, for an as-polymerized sample of high-density
polyethylene, the segment exchange was observed be-
tween the crystalline and noncrystalline regions by
using 2D exchange 3C NMR spectroscopy.’? It is
interesting to examine whether butyl branches hinder
the exchange between the crystalline and noncrystalline
segments because butyl branches should not be included
in the crystalline region.>24 Moreover, the real correla-
tion between the 180° flip motion and the chain diffusion
inducing the segmental exchange of the crystalline and
noncrystalline components should be evaluated here
somewhat in detail.

Figure 5 shows the 2D exchange 13C NMR spectrum
of MLLDPE12 obtained at 80 °C under the DD/MAS
condition without using the CP technique, with a mixing
time of 1 s and a recycle delay of 5 s. Two cross-peaks
are clearly observed together with two larger diagonal
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Figure 5. DD/MAS 2D exchange *C NMR spectrum mea-
sured for MLLDPE12 at 80 °C, with a mixing time of 1 s and
a recycle delay of 5 s.

peaks assigned to the crystalline and noncrystalline
components. Since the 13C spin diffusion contribution
to the cross-peaks can be excluded under the present
experimental condition as previously discussed in de-
tail, 2 the appearance of the cross-peaks really indicates
the segmental exchange between the crystalline and
noncrystalline regions for MLLDPE12 with butyl
branches.

The intensity of the resonance line for the crystalline
component transferred from the noncrystalline region
within 1 s has been estimated to be 0.10 against the
total noncrystalline resonance line as an average inte-
grated fraction for five slice spectra along the F, axis
including the cross crystalline and diagonal noncrystal-
line lines. Considering the T;c effects during the mixing
time (see Appendix), the real mole fraction of the
crystalline component transferred from the noncrystal-
line region within 1 s has been estimated to be in the
range 0.074—0.13 against the total noncrystalline com-
ponent.

A similar 2D exchange ¥C NMR measurement was
also performed at 90 °C. However, no increase in
intensity was observed for the cross-peak of the crystal-
line component transferred from the noncrystalline
region. Since the translational molecular motion along
the chain axis is considerably restricted by the fact that
butyl branches cannot enter the crystalline region,! each
chain should go forward and backward many times
between the limited crystalline and noncrystalline
regions during the mixing time. In this respect, the
increase in mobility at a higher temperature is not
directly correlated with the increase in intensity of the
cross-peak for this LLDPE sample.

A Random Walk Simulation for the Chain Dif-
fusion. To evaluate the level of the fraction of the
crystalline component transferred from the noncrystal-
line region, a simple simulation has been made by using
a random walk model for the chain diffusion due to the
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Figure 6. Schematic structural model of the one-dimensional

random walk for the chain diffusion. The character “x
indicates a butyl branch. The character “M” denotes the
number of methylene units.

multistep forward and backward 180° flip motions. A
Monte Carlo simulation was already made in detail for
the chain diffusion in linear polyethylene lamellar
crystals with noncrystalline loops.*? However, the con-
tribution of short branches was not considered as yet.
Here, we simulate the chain diffusion process by using
the one-dimensional random walk model, considering
the multistep forward and backward 180° flip motions
for the linear low-density polyethylene sample with
butyl branches.

The assumptions made for the simulation are as
follows: (1) Both the crystalline stem and noncrystalline
sequence consist of M CH, units as shown in Figure 6a—
d, and the degree of crystallinity (0.50) stays constant.
The value M can be determined from the lamellar
thickness (8.9 nm)! and the angle between the c-axis
and the lamellar normal (35°).24 (2) Butyl branches are
equally distributed in the noncrystalline regions without
entering the crystalline region.t (3) The 180° flip mo-
tions induce forward and backward CH, movements,
which correspond to steps for the one-dimensional
random walk, along the chain axis in the crystalline
region. (4) The probabilities for the respective forward
and backward steps are 0.50 for the chain diffusion,
which is really described in terms of the one-dimen-
sional random walk model. (5) The number of steps of
the random walk is N, which will be determined by (rate
of the 180° flip) x (mixing time). (6) The 180° flip motion
is assumed to be independently induced in each crystal-
line stem, and the density should not be greatly changed
from the averaged value in the noncrystalline region.
Therefore, the net movement of the originally crystalline
stem may be limited within a certain area from the
surface of the crystallite. For simplicity, it is here
assumed that the terminal CH; in the crystalline region
will be allowed to move to the middle of the noncrystal-
line sequence (M/2). This assumption is also supported
by the fact that butyl branches cannot enter the crystal-
line region. In this respect, long-range correlations
between the displacements of different chain stems2.13
are neglected for this LLDPE sample. (7) The noncrys-
talline overlayer of the polyethylene single crystals was
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found to be mainly composed of loose loops,?! and it was
also beyond the limit of the solid-state NMR detection
to observe the contribution from the folding CH, carbons
in our isothermally crystallized LLDPE. Therefore, the
fraction of sharp folds is assumed to be negligible in this
calculation. Since a similar NMR analysis of the poly-
ethylene single crystals with loose loops will be pub-
lished somewhere, detailed discussion about the sharp
folds will be made there.

The mole fraction F(N) of the CH; units transferred
from the crystalline region to the noncrystalline region
within a given time against the total CH; units is given

by

F(N) = l’ZZf(”) (1)

when each original crystalline stem is transferred as a
whole from the initial crystalline region. Here, f(n) is
the mole fraction for the CH> units that move by n CH,
units from the surface of the crystalline region after N
steps. The probability P(n) for the CH, units that move
by n CH; units along the chain from the initial position
after N steps is given by

P(n) = (*4,)"NU[(N + n)/2]'[(N — n)/2]!  (2)

where n covers the limited numbers according to the
cases described below. Positive and negative numbers
for n in eq 2 correspond to the movements to the right
and left directions in each case shown in Figure 6,
respectively. The normalization of P(n) is carried out
depending on the conditions of the simulation as de-
scribed below. Since f(n) = |n|P(n)/M, eq 1 is expressed
as

F(N) = Z|n|P(n)/2M 3

For simplicity, N is assumed to be much larger than n
because the rate of the 180° flip motion which corre-
sponds to N is about 10° Hz. Judging from eq 2,
therefore, P(n) may be independent of n, resulting in
P(n) = 1/(M; + 1). Here, M, is the number of the sites
in the noncrystalline region to which the crystalline
stem can be transferred.

Figure 6a—d shows schematic models for distributions
of butyl branches (x) assumed in this simulation. Here,
since the mole fraction of the branches is of the order
of 0.01, the four following cases are assumed depending
on the positions of branches in the noncrystalline region.

Case A: No Branches in Both Noncrystalline
Regions with M/2 CHj3s (Figure 6a). In this case, the
crystalline stem can move in the whole noncrystalline
range of M/2 = n = —M/2. Since P(n) = 1/(M + 1), Fa
corresponding to F(N) in case A is given by

M/2
Fa= N/[2M(M + 1)] = (M + 2)/[8(M + 1)] (4)

n=—M/2

Case B: One Branch in Both Noncrystalline
Regions (Figure 6b). The noncrystalline CH; units are
hereafter referred toas myor m, (I, r =1, 2, ..., M/2)
from the crystalline stem end. When the butyl branches
exist at m; and my, n should be —m;,-; < n < m—1. In
this case f(n) is given by
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()= Y M+ m,— )] = [mm, — 1) +

m,(m, — LV[4M(m, + m, — 1)] (5)

Therefore, Fg is expressed as

M/i2 - M/2
Fa=0@M)? 5 5 [mm-1)+
m=1 m=1

my(m, — DY[AM(m, + m, - 1)] (6)

Cases C and D: One Branch and Two Branches
in Either Noncrystalline Region (Figure 6c¢,d). In
a similar way, fc(n) and fp(n) are respectively derived
in cases C and D as follows:

M/2
foM =5 In/MM +2m)] = [M(M +2) +

4m,(m, — DJ[BM(M + 2m, — 2)] (7)

0
fo(m) =5 [Ini(M2 = In)J/[MM + 2m, —

2)(|v|/2_)] =r7(3|v| — 4m, + 2)m(m, — 1)/[BM* (M +
2m,— 2)] (8)
Then,
M/2

Fe=(@M) 5 [MM +2) +
m=1

4m,(m, — DJ/[BM(M + 2m, — 2)] (9)

M/2
Fp = (2/M) 2 [(BM — 4m, + 2)m (m, —
m=1

1){6M3 (M + 2m, — 2)} + (M + 2){8(M +
2m, — 2)}] (10)
Next, we derive equations for the probabilities for
cases a—d. When one branch is assumed to exist per b
CH. units, the respective probabilities Pa, Pg, Pc, and

Pp for cases A, B, C, and D are straightforwardly given
as

Py=(1— 202 =(1 - 2/b)V
P = [(1 — 2/0)™2 1 2/0)(M/2)]? = (1 — 2/b)M 2 (M/b)?
Pe = 2(1 — 2/0)M?[(1 — 2/b)"> " (2/b)(M/2)] =
2(1 — 2/b)M Y (M/b)
Py = 2(1 — 2/b)M?[(1 — 2/b)™?* 2(2/b)2(M/2)(M/2 —
1)/2] = (1 — 2/)MAM/bA)(M — 2) (11)

Consequently, the total mole fraction Fr of CH; units
that move from the crystalline region to the noncrystal-
line region is given by

Fr = (PoFa + PgFg + PcFe + PoFp)l(Pa + Py +
P. + Pp) (12)
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Figure 7. Mole fraction versus number N of steps per second
for each component for polyethylene.

According to the experimental results described above,
N = 10%, b = 100, and M = 88. Therefore, the numerical
calculation by a computer reveals Fr = 0.108. Since the
degree of crystallinity is assumed to stay constant in
this simulation, the same fraction of the noncrystalline
component is transferred to the crystalline region.
Finally, the fraction of the CH; carbons transferred from
the noncrystalline region to the crystalline region
against the total CH; carbons in the noncrystalline
region can be determined as 0.22. Interestingly, this
calculated value is larger by 2—3 times than the value
(0.074—0.13) experimentally obtained in Figure 5. This
suggests that all 180° flip motions may not simply
contribute to the chain diffusion along the chain axis
in the crystalline region.

A similar simulation has separately been made by
using the probability P(n) exactly described in terms of
eq 2, and the mole fraction of each component obtained
by this simulation is plotted against the number N of
steps in Figure 7. Here, the normalization of P(n) was
numerically conducted for M/2 > n = —MJ/2 in the
computer calculation process. This figure clearly reveals
that Fr is significantly decreased with decreasing N.
According to this result, Fr is reduced from 0.11 for N
= 10° to about 0.05 for N = ~3 x 102 This indicates
that the mole fraction of the crystalline component
transferred from the noncrystalline region against the
total noncrystalline component is about 0.1 for N = ~3
x 102, which is in good accord with the value experi-
mentally obtained. It will be, therefore, plausible to
point out that the number of steps for the chain diffusion
may be reduced to the order of 3 x 102 for MLLDPE12,
although this value is greatly lower compared to the rate
of 10*—10° Hz for the 180° flip motion. This suggests
that the 180° flip motion may be mostly the two-site
forward and backward motion, and only about 1% of the
flip motion will contribute to the chain diffusion along
the chain axis. In addition, the diffusion coefficient D
can be estimated to be ~2.3 nm? s7! by using the
relation D = A2N/2t;,, where 1 is the step distance
(=0.125 nm) and ty, is the mixing time (=1 s). This value
is somewhat larger compared to the D values previously
obtained by the Tic relaxation analysis.1® Moreover, the
average chain diffusion distance described as the num-
ber of CH, carbons is estimated to be about 17 CH>»
carbons per second.

An alternative possible explanation of the larger
simulated value for F+ may be the overestimation of the
noncrystalline region that the crystalline chain is al-
lowed to diffuse. In fact, when M/2 is reduced to M/4
for the noncrystalline region shown in Figure 6, the Ft
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Figure 8. Pulse sequence prepared by the combination of the
Goldman—Shen pulse sequence modified for 1*C measurements
and the inversion recovery method in the solid state.

value is found to be about 0.05, in good accord with the
experimental result shown in Figure 5. In this case,
therefore, the chain diffusion rate should be of the order
of the rate of 180° flip motion. The confirmation of the
real mechanism of the chain diffusion will need the
direct measurement of the diffusion coefficient D along
the molecular chain axis.

13C Spin—Lattice Relaxation Behavior for the
Crystalline Component Transferred from the Non-
crystalline Region. As described above, there are
three crystalline components with different T;c values
for this sample in accord with the previous results for
different polyethylene samples.1?1-23 It would be inter-
esting to examine which crystalline component may be
assigned to the component transferred from the non-
crystalline region within 1 s. Figure 8 shows the pulse
sequence originally prepared for the T;c measurement
of the component transferred from the noncrystalline
region to the crystalline region. The pulse sequence,
combined with the Goldman—Shen pulse sequence*!
modified for 13C measurements and the inversion re-
covery method in the solid state, is composed of four
periods. The first is the preparation period (zy), in which
the 13C magnetization is created using the difference
in 13C spin—spin relaxation times (T,c) of the respective
components. At the end of this period, there exists only
the magnetization of the rubbery amorphous compo-
nent, which has a longer T,c value. The second is the
diffusion period (z4), during which the rubbery compo-
nent set parallel to the +z axis diffuses to the crystalline
region. The third is the 3C spin—lattice relaxation
period (z7), in which the 13C magnetization is flipped to
the —z axis and is relaxed to the equilibrium value. The
fourth is the detection period.

First, we have measured T;c values for the respective
components of MLLDPE12 at 80 °C by the conventional
CPT1 pulse sequence.?® The crystalline component has
three different T1c values with T1c = 171,29, and 1.9 s
at 80 °C, while the noncrystalline component has only
a single component with T;c = 1.2 s. These T;¢ values
obtained are shown in Table 3.

Figure 9 shows partially relaxed 13C NMR spectra for
MLLDPE12 at 7 = 50 ms and 74 = 1 s obtained by the
pulse sequence shown in Figure 8. The character “b”
indicates the resonance lines from butyl branches. The
thick arrow denotes the resonance line at 32.9 ppm
which partly contains the crystalline component pro-
duced by the chain diffusion from the noncrystalline
region during the mixing time z4. This resonance line
also contains the contribution of the crystalline compo-
nent produced by the normal T;c relaxation during the
period of zq.

Figure 10 shows the plot for the peak intensity of the
resonance line at 32.9 ppm shown in Figure 9 against
the delay time 7; for the Tic relaxation. The solid line
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Table 3. Tic Values for MLLDPE12 at 80 °C

crystalline (orthorhombic)
rigid less mobile mobile

the component produced by the chain diffusion
from the noncrystalline to the crystalline region

noncrystalline
interfacial rubbery

Ticls 1712 292 1.92

2.00 1.22 1.22

a Determined by the CPT1 measurements.  Determined by the pulse sequence shown in Figure 8.

noncrystalline "

. _ crystallline | . . .
60 40 20
ppm from Me,Si

Figure 9. Partially relaxed 3C NMR spectra measured for
MLLDPE12 at 80 °C by the pulse sequence shown in Figure
8, with 7y = 50 ms and 7q = 1 s. The thick arrow denotes the
crystalline component transferred by the chain diffusion from
the noncrystalline region. The character “b” indicates the
resonance line from butyl branches.

2——F——7——7—7

Tic=20s

—_

Magnetization (arbitrary unit)

‘[|/S

Figure 10. Inversion recovery process for the resonance line
produced by the chain diffusion from the noncrystalline region
as shown in Figure 9.

is the calculated result obtained by the least-squares
method by assuming a single-exponential T;c decay. As
is clearly seen, this relaxation process can be described
by a single component with a Tic value of 2.0 s. This
fact suggests that the crystalline component transferred
from the noncrystalline region through the chain dif-
fusion within 1 s has the same Tic value (2.0 s) as that
for the crystalline component produced by the normal
Tic relaxation during the tq period. To confirm this
suggestion, a similar line shape analysis that is shown
in Figure 1 was carried out for the spectrum for 7, =
0.05 s shown in Figure 9a. In this case, a single
Lorentzian curve was employed for the crystalline
component. A resulting good fit revealed that the mass
fractions of the CH, carbons in the crystalline, interfa-

cial, and rubbery regions are 0.31, 0.30, and 0.39,
respectively. According to the 2D exchange spectrum
shown in Figure 5, the fraction of the crystalline
component transferred from the noncrystalline region
within 1 s is about 0.10 against the total noncrystalline
component. Using this value,*? the fraction of the
crystalline component transferred from the noncrystal-
line region was approximately estimated to be about
0.07 (=(0.30 + 0.39) x 0.1) for the CH> resonance line
in Figure 9a where the line shape analysis described
above was performed. Therefore, the fraction of this
component in the Tic relaxation process shown in
Figure 10 is found to be as significantly high as 0.23
(=0.07/0.31) compared to the fraction of 0.77 for the
normal Tic relaxation component. This level of the
fraction is highly enough to determine the reliable T;¢
value for this component. In fact, no good fit was
obtained for the T,c relaxation process when another
possible Tic value of 29 or 171 s was introduced. It is,
therefore, concluded that the crystalline component
transferred from the noncrystalline region within 1 s
has a Tic value of 2.0 s. This indicates that the mobile
crystalline component with Tic = 1.9 s is allowed to
exchange within 1 s with the noncrystalline component
through the chain diffusion associated with the multi-
step 180° flip motions.

Judging from the temperature dependence of the line
width shown in Figure 2, the rigid crystalline and less
mobile crystalline components should be also associated
with the 180° flip motion above 60 °C, but these
components are not allowed to exchange with the
noncrystalline component within 1 s. Such a limitation
will be interpreted by the location of these components
in the crystallites; the most outer part or the surface
area of the crystallite along the chain axis should be
composed of the mobile crystalline component, whereas
the inner and core parts will consist of the less mobile
and rigid crystalline components. This structure model
may be also supported by the short average diffusion
distance that was estimated to be about 17 CH, units
(~21 nm) by the simulation results as described above.
The reason is that this diffusion distance is of almost
the same order of the thickness (~18 nm) of the mobile
crystalline component which is estimated from the mass
fraction shown in Table 2 and the total thickness (8.9
nm) of the crystallite by assuming its existence at both
surfaces of the crystallite. The previous work also
revealed that the shorter T,c component, which would
be located near the surface of the crystallite, gave the
larger cross-peaks in 2D exchange 3C NMR spectra.'?

According to this structural model, the existence of
three components with different T1c values above 80 °C
can be also reasonably interpreted as follows: Since the
180° flip motion is the overall motion of the crystalline
stem composed of the three components, line broadening
induced as a result of the modulation of the 'H dipolar
decoupling field by this motion is almost of the same
level for each component. In contrast, the local motional
fluctuation around the C—C bond, which determines the
Tic value through the spectral density of about 108 Hz,
and the extent of the average of Tic by the chain
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diffusion may be still greatly different above 80 °C in
these three components possibly depending on the level
of disordering and the location in crystallites.

Conclusions

The crystalline—noncrystalline structure and molec-
ular motion of metallocene-catalyzed linear low-density
polyethylene (MLLDPE) have been investigated in the
o relaxation temperature region by solid-state 13C NMR
spectroscopy, and the following conclusions have been
obtained:

(1) Fully relaxed high-resolution solid-state 13C NMR
spectra are reasonably resolved into the crystalline,
crystalline—amorphous interfacial, and rubbery amor-
phous components at different temperatures above room
temperature. Prominent temperature dependencies are
observed for the mass fractions, Tic values, and line
widths of the three components. Moreover, marked
broadening of the resonance line for the crystalline
component above 60 °C and no change in its CSA line
shape confirm, in good accord with the previous results,
that the 180° flip motion around the chain axis with
about 10° Hz occurs in the whole crystalline region in
MLLDPE with butyl branches.

(2) Although about 10 butyl branches per 1000 CH,
carbons are distributed in the noncrystalline region for
MLLDPE, the two-dimensional 13C exchange NMR
spectrum measured at 80 °C clearly reveals the seg-
mental exchange between the crystalline and noncrys-
talline regions due to the chain diffusion along the chain
axis. The mole fraction of the crystalline component
transferred from the noncrystalline region within 1 s is
estimated to be 0.074—0.13 against the total noncrystal-
line component.

(3) The one-dimensional random walk simulation
closely relating to the multistep forward and backward
180° flip motions is carried out for polyethylene with
butyl branches that are statistically distributed in the
noncrystalline region to evaluate the chain diffusion
process along the chain axis observed by 2D 13C ex-
change NMR spectroscopy. The mole fraction of the
crystalline component transferred from the noncrystal-
line region within 1 s is determined to be 0.22, which is
2—3 times larger than the value experimentally ob-
tained. The cause of such a discordance between the
experimental and simulated results may be due to the
much lower elementary-step rate for the chain diffusion
compared to the rate (~10°% Hz) of the 180° flip motion.
An alternative explanation will be also possible by
considering the spatial limitation for the noncrystalline
region where the crystalline chains are allowed to
diffuse.

(4) The Tjic value for the crystalline component
transferred by the chain diffusion from the noncrystal-
line region within 1 s is found to correspond to the
shortest T;c value among the three T;c values in the
crystalline components. This fact indicates that the
crystalline component with the shortest Tic value
should be assigned to the surface component of the
crystallite that is closely associated with the segmental
exchange between the crystalline and noncrystalline
region. This finding also seems to be in good accord with
the short diffusion distance that is estimated from the
possible small number of elementary diffusion steps for
the simulation of the chain diffusion.
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Appendix: T;c Effects on the Mole Fraction of
the Crystalline Component Transferred from
the Noncrystalline Component

As described in the text, the mole fraction of the
crystalline component transferred from the noncrystal-
line component was experimentally estimated to be 0.10
against the total noncrystalline component. Strictly
speaking, this value is not accurately determined be-
cause Tic effects are not considered during the spin
exchange process within a period of 1 s. Here, we
evaluate the T¢ effects on the fraction of the transferred
crystalline component to obtain the corrected mole
fraction.

In the pulse sequence used for the measurement of
the DD/MAS 2D exchange ¥C spectrum shown in
Figure 5, the 13C magnetization is alternatively set
parallel to the +z or —z axis just before the mixing
period. After the mixing period of 74 the difference of
the magnetizations obtained by the respective settings
are accumulated as free induction decays. Therefore, the
magnetizations M, and M, of the crystalline and non-
crystalline components after the two-dimensional Fou-
rier transformation are given by

M, = Mo exp(—74/T1c) (A1)
M, = Mpoexp(—74/T1cp) (A2)

when no chain diffusion occurs between the crystalline
and noncrystalline components. Here, M and My are
the magnetizations of the crystalline and noncrystalline
components used by the initial 90° pulse in the 2D
exchange pulse sequence, respectively. Ticc and Ticp are
the Tic values of the crystalline and noncrystalline
components. If the segmental exchange occurs between
these two components by the chain diffusion, we need
detailed information about the periods of stays in the
two regions for the respective 13C nuclei. The calculation
may be carried out statistically, but it will be beyond
the scope of this paper because of the complexity.
Therefore, the maximum and minimum effects of Tic
during the mixing time are evaluated as follows.

In the case of the crystalline component transferred
from the noncrystalline region, this component is as-
sumed to be transferred just after 74 = 0 and to stay in
the crystalline region during the mixing time. Then, the
minimum correction factor for the intensity of the cross-
peak for the crystalline component may be exp(za/T1cc).
In contrast, the maximum correction factor will be exp-
(ta/T1cn), which corresponds to the case where the
transfer is completed just before the end of the mixing
time. In the usual measurements, we observe the
average of the crystalline component which is finally
transferred from the original noncrystalline component
after some exchanges between these two components
during the mixing time. Accordingly, the actual correc-
tion factor will be a certain averaged value between the
maximum and minimum values. On the other hand, the
noncrystalline component appearing as a diagonal peak
should contain the component that comes back from the
crystalline region after some stays for certain periods
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during the mixing time. Although the amount of this
component may be small in our polyethylene sample,
the maximum and minimum correction factors for the
diagonal noncrystalline component will be respectively
estimated as exp(rq¢/T1cn) and exp(ta/Tice) in a similar
way to the case for the crystalline component described
above.

As a result, the corrected mole fraction Inco/(Inco + Iho)
for the crystalline component transferred from the
noncrystalline region during the 74 period is given by
the following inequality expression:

Ine €XP(To/ Ticn)/ [1ne €XP(Tg/ T1cn) + 1 €XP(Te/ T1co)] >
IncO/(InCO + InO) = Inc exp(fd/T1Cc)/[|nc eXp(Td/TlCC) +
I exp(te/Ticn)] (A3)

Here, |, and I, are the intensities of the diagonal
noncrystalline peak and the cross crystalline peak
observed in the 2D exchange 13C spectrum with the
mixing time of 74, respectively. Since I,/lIn = 1/9, Ticc
=19s, Ticn=1.2s,and g = 1 s, eq A3 reduces to

0.13 > I, o/(Ino + 1,0) > 0.074 (A4)
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