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ABSTRACT: The influence of the morphology on the local motion in the noncrystalline regions and chain
diffusion between crystalline and noncrystalline regions is studied in ultrahigh molecular weight linear polyethylene:
The behaviors of samples of the same material crystallized from the melt and from solution are compared. The
geometrical restrictions of the conformational transitions are probed via anisotropic NMR interactions, i.e., *C—'H
dipole—dipole couplings and 3C chemical shift anisotropy. As they are averaged out under MAS, recoupling
techniques are applied to yield sideband patterns or quasi-static NMR spectra, from which residual anisotropies
are determined. Chain diffusion is probed by *C exchange NMR. As expected, the local conformational transitions
are more restricted in the solution crystallized sample compared with the melt crystallized one. Moreover, the
motional narrowing observed by both techniques indicates that the local mobility in the noncrystalline regions of
the solution crystallized sample consists mainly of effectively axial motion of extended trans-conformers around
their local chain axes. This facilitates the chain diffusion between the crystalline and the noncrystalline regions,
being significantly faster in solution crystallized compared to melt crystallized samples, where the local mobility
is much more isotropic. The implications of these results for the understanding of crystal thickening and cold

drawing are discussed.

Introduction

The material properties of solid polymeric materials are often
governed by molecular dynamics on different time and length
scales.' Detailed knowledge of molecular dynamics is important
for understanding the origin of such properties. Molecular
dynamics in polymers is influenced not only by the chemical
structure of the macromolecule but also by the spatial arrange-
ment of the polymer chains in a given morphology. Different
packing arrangements give rise to different spatial restrictions,
which in turn manifest themselves in the dynamic behavior of
the polymer chains.> Because of the connectivity of the
building units, local and long-range dynamics are coupled®’
and the sample morphology can influence both of them.
However, the morphological influence on chain dynamics is
usually not so easy to observe because it is difficult to distinguish
from that of the chemical structure. In this context polyethylene
(PE) is a good candidate for the study of morphological
influence due to its simple chemical structure.

The morphology of semicrystalline polymers varies with the
crystallization conditions,®® where melt and solution crystal-
lization are common ways to change the sample morphology.
Linear PE crystallized from very dilute solution forms a layered
chain-folded morphology; i.e., the polymer chains fold back and
forth to form crystals, and the chain folds represent the
noncrystalline regions.'®'" When the same sample is crystallized
from the melt, a switchboard-like morphology, where the
individual chains go from one to the next crystalline layer, is
more likely.'*'* Sample morphologies developed from different
crystallization conditions have been used to explain the different
behavior in the crystal thickening'*'> and mechanical deforma-
tion.'>'® Comparing the morphologies of melt and solution
crystallized PE samples, one may conclude that their major
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difference usually lies in the noncrystalline regions, i.e., the
amount of noncrystalline material, the chain arrangement, and
the resultant chain dynamics. The noncrystalline phase in PE
also plays an important role in the melting and related chain
dynamics.'”'® Most of this knowledge comes from thermal
analysis and X-ray scattering as well as mechanical relaxation
measurements. '

Spectroscopic methods are also able to elucidate the chain
organization and dynamics. In particular, solid-state NMR is a
very suitable technique for the study of chain dynamics in
semicrystalline polymers.*'?2° This is due to its ability to
monitor the chain dynamics simultaneously on different length
and time scales. Local chain dynamics of PE in crystalline*'-*
and noncrystalline regions, as well as the chain diffusion
between them,”*?* have been studied extensively. It has been
found that the local chain dynamics in the crystalline regions
is a well-defined 180° jump motion. The local chain dynamics
in the noncrystalline regions is conformationally restricted at
ambient temperatures and approaches an almost random chain
motion only close to the melting point. Moreover, at ambient
temperatures the chains diffuse between crystalline and non-
crystalline regions on a time scales of minutes. Thus, chain
diffusion can be considered as medium-range chain dynamics.

In this paper, we will correlate the different kinds of chain
dynamics in PE directly. It will be demonstrated that the
morphology strongly influences both the local chain dynamics
in the noncrystalline regions and the chain diffusion between
noncrystalline and crystalline regions in an intriguing way.**
The purpose of this work, therefore, is to elucidate the
morphological influence on the chain dynamics in detail in order
to provide a better basis for the understanding of various material
properties on a microscopic level. Some of the polymer physics
aspects of this study have recently been published in a Rapid
Communication® and are briefly reviewed for the reader’s
convenience.
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Experimental Section

The linear polyethylene studied in this work has an average molar
mass of 4600 kg/mol. Solution crystallized samples were prepared
from dilute solutions in xylene having 1 wt % of polyethylene.?®
The high molar mass of polyethylene forms a viscous solution,
which on cooling becomes a gel. The gel was stapled on a cardboard
to avoid any shrinkage during solvent evaporation, which took
nearly a week. Melt crystallized samples were prepared on cooling
the melt of the solution crystallized samples at a rate of 10 K/min.
The linearity of sample is quantified by determining the branching
degree to be less than 1 CH, per 100 000 CH, by '3C melt-state
NMR measurements.?” The solution crystallized sample has a
crystallinity of 76% as opposed to 44% for the melt crystallized
sample. The thickness of the crystallites for the solution crystallized
sample is 11.9 nm determined by longitudinal acoustic mode (LAM)
Raman spectroscopy.'® In the melt crystallized samples, the crystal
thickness varies slightly depending on the crystallization procedure.

All solid-state NMR studies reported in this paper have been
performed at a Bruker DSX spectrometer operating at 500.13 MHz
'"H Larmor frequency. Advanced NMR recoupling techniques
correlating isotropic chemical shifts observed under magic angle
spinning (MAS) condition with motional averaged anisotropic
interactions, i.e., "TH—"'3C heteronuclear dipole-dipole coupling and
13C chemical shift anisotropy (CSA), have been used to study the
local chain dynamics in the samples. The measurement of '"H—13C
heteronuclear dipole—dipole couplings was achieved by the rotor
encoded REDOR (ReREDOR) experiment.”® For the ReREDOR
experiments a commercial 2.5 mm MAS double-resonance probe
was used at a spinning frequency of 25 kHz. The recoupling of
13C CSA was achieved by the SUPER technique.?® In this case a
4 mm MAS double-resonance probe was used at a spinning
frequency of 3 kHz. The same probe was used to study the chain
diffusion between noncrystalline and crystalline regions based on
a 13C exchange type experiment®® under magic angle spinning at 6
kHz. The 90° pulse length in the 2.5 mm MAS probe was adjusted
to 2.5 us on both channels, corresponding to a RF spin nutation
frequency w/2r = 100 kHz. The 90° pulse length in the 4 mm
MAS probe varies between 3 and 4 us on both channels,
corresponding to w/27r = 63-83 kHz. In all *C-detected experi-
ments, CW or TPPM*° decoupling was applied for heteronuclear
dipolar decoupling. The decoupling power level was 83-89 kHz
for the 4 mm MAS probe and 100 kHz for the 2.5 mm MAS probe.
A variable amplitude CP, with the RF power being ramped from
80 to 100% on the proton channel, was used for the experiments
involving a cross-polarization step. The temperature of the bearing
gas was varied for temperature-dependent experiments. Temperature
and absence of temperature gradients were checked with Pb(NO3),
under the same spinning conditions. In all cases, particular care
has been taken using appropriate experimental repetition delays and
phase cycling to avoid signal contributions from transient NOE
effects.>'*?

Results

Segmental Mobility in the Noncrystalline Regions. The
segmental mobility can be probed by '*C NMR in various ways.
All are based on the fact that conformational motions with
correlation times below 10 us average the local interactions
determining the NMR spectrum: (i) The presence of different
local conformers and exchange between them is reflected in
the isotropic chemical shift accessible in 13C MAS NMR spectra.
(i) Geometrical restrictions of the conformational transitions
are probed via anisotropic NMR interactions, i.e., *C—'H
dipole—dipole couplings, which yield similar information as H
NMR and 3C chemical shift anisotropy, CSA. Since they are
averaged out under MAS, recoupling techniques must be applied
to yield sideband patterns or quasi-static NMR spectra, from
which residual anisotropies can be determined.

Figure 1a,b shows *C-CP/MAS spectra of the solution and
the melt crystallized samples at 7= 320 K, which is above the
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Figure 1. '3C CP/MAS spectra (6 kHz MAS, 2 ms CP contact) of PEs
and ReREDOR sideband patterns (25 kHz MAS, 3 rotor periods
recoupling) from the noncrystalline regions, recorded at 7 = 320 K.
The 3C CP/MAS spectra of (a) solution crystallized and (b) melt
crystallized PE show two components, the noncrystalline signal (~31
ppm, red dashed line) and the crystal peak (~33 ppm, green dashed
line). The ReREDOR sideband pattern of noncrystalline (c, red line)
solution crystallized and of noncrystalline (d, red line) melt crystallized
PE. The underlying blue patterns are simulations with a dipole—dipole
coupling constant of Dis/2mr = 9.1 kHz for the solution crystallized
sample and 6.3 kHz for the melt crystallized sample.

static glass transition temperature of PE.*>* In the spectra, the
signals observed at ~33 ppm with identical line width are
assigned to all-trans conformations in crystalline regions of
samples.* In contrast, chain segments in the noncrystalline
regions of PE are able to adopt various conformations, and the
molecular dynamics present in these areas leads to a fast
exchange between these conformations. The NMR signal thus
shows a peak at about 31 ppm; the position and width depend
on the conformational statistics and the accessibility of the
conformational space to dynamic processes present in the
noncrystalline areas.’> Comparing the spectra of the samples,
clear differences are observed in the noncrystalline signals. The
spectrum of the solution crystallized sample shows a broad
noncrystalline peak (Afwhh = 2.46 ppm) at 31.1 ppm, whereas
the noncrystalline signal of the melt crystallized sample exhibits
a sharper peak (Afwhh = 0.99 ppm) at 30.9 ppm. This may
reflect differences in the conformations and/or molecular
dynamics of the chain segments in these regions, whose behavior
clearly shows a marked dependence on the crystallization
procedure and the resultant morphology.

A quantitative way to study the local chain dynamics in the
noncrystalline regions of PE is to monitor the heteronuclear
dipole—dipole coupling. The heteronuclear dipole—dipole cou-
pling may differ due to different segmental mobility caused by
dynamic processes of the polymer chains in the noncrystalline
areas. To quantify the heteronuclear dipole—dipole coupling, the
rotor encoded REDOR recoupling sequence has been applied.*®
The resulting ReREDOR sideband patterns for the two samples
taken at the isotropic chemical shift of the noncrystalline signals
are shown in Figure 1c,d. The broad profile of the ReREDOR
sideband pattern of the noncrystalline regions in the solution
crystallized sample compared to the melt crystallized sample
is indicative of stronger dipole—dipole coupling in the solution
crystallized sample.>>*> The quantitative analysis of the re-
coupled sideband patterns yields an effective residual hetero-
nuclear coupling constant of 9.1 kHz for the noncrystalline
components in the solution crystallized sample compared to 6.3
kHz for the melt crystallized sample. These values correspond
to dynamic local order parameters of 0.43 and 0.30,%° respec-
tively. The higher dynamic local order parameter in the solution
crystallized sample results from a more anisotropic molecular
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Figure 2. 13C chemical shift anisotropy (CSA) static powder line shape
of the two PEs: (a) the crystalline pattern and (b) the noncrystalline
pattern. These patterns are taken from the slices of SUPER experi-
ments,”® measured at 3 kHz MAS and 7 = 320 K. Spectra given in
solid black lines were measured with "TH—"3C cross-polarization; those
given in dashed gray lines were measured via '3C single pulse excitation.

motion and thus is indicative of a more restricted local chain
dynamics in the noncrystalline regions of the sample.

More detailed geometrical information on the dynamic
processes can be obtained from the static powder line shape of
the 13C chemical shift anisotropy (CSA). Therefore, a CSA
recoupling scheme has been applied to obtain the static CSA
pattern for the noncrystalline regions separated from the static
line shape of crystalline PE. The CSA patterns of the two
samples recorded at 7 = 320 K are shown in Figure 2. The
patterns of the crystalline components (Figure 2a) are very
similar for the two samples, whereas significant differences are
observed for the noncrystalline components (Figure 2b). The
CSA powder line shape of the noncrystalline region in the
solution crystallized sample shows features of an axially
symmetric CSA tensor, whereas the CSA pattern of the
noncrystalline region of the melt crystallized sample is lacking
the typical features of a tensorial powder line shape. It rather
resembles a broadened isotropic line. These results indicate that
the chains in the noncrystalline regions of the solution crystal-
lized sample undergo a more restricted anisotropic motion close
to a locally axial rotation around the chain backbone, whereas
the chains in the melt crystallized sample show a more isotropic
motion. Note that the CSA in the noncrystalline regions of the
solution crystallized sample has a oy & 033, whereas og ~ (011
+ 022)/2 (see below). The CSA line shape recorded for different
slices within the broad resonance did not show significant
variation.

In the literature, the presence of an interphase of intermediate
order between the noncrystalline and the crystalline phases has
been proposed on the basis of both theoretical and experimental
considerations. In solid-state NMR, this aspect can be addressed
varying the initial source of polarization for the CSA recoupling
experiment. If the experiment is started with an initial cross-
polarization (CP) step using a short contact time, the acquired
signal results predominantly from sites with a stronger hetero-
nuclear dipole—dipole coupling. In the case of PE, such rather
immobile sites are in close proximity to crystalline areas. In
contrast, the signals in single pulse experiments with short
relaxation delay (2 s) result from more mobile areas of the
sample due to the long '3C T; relaxation time of crystalline
polyethylene (77 > 1000 s).>” The powder line shapes of the
noncrystalline areas of the solution crystallized sample acquired
with both experimental approaches match very well, indicating
that the observed restricted anisotropic dynamics of the non-
crystalline areas in the solution crystallized sample is charac-
teristic of these regions as a whole. In the case of the melt
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crystallized sample, the Lorenzian line shape obtained from the
CP method is somewhat broader than that obtained from single
pulse excitation; however, the line shape stays Lorenzian and
does not show any features of a powder line shape resulting
from an axial-symmetric averaged CSA tensor as observed in
the case of the solution crystallized sample. Combining the
results from heteronuclear dipole—dipole and CSA recoupling
experiments, we conclude that at ambient temperature the con-
formational exchange in the noncrystalline areas of the solution
crystallized sample is highly restricted whereas the polymer
chain in the melt crystallized sample can explore a much larger
fraction of the conformational space, leading to a more isotropic
segmental dynamics.

Chain Diffusion between Noncrystalline and Crystalline
Regions in PE. To investigate the influence of the local chain
mobility on the cooperative chain motion between the crystalline
and the noncrystalline regions, i.e., the chain diffusion, 1D *C
exchange spectra have been recorded for both samples.

The very long '3C T relaxation times in the crystalline
regions37 and the much shorter 13C T relaxation time in the
noncrystalline regions of PE (~0.6 s) facilitate the observation
of chain translation motion between the crystalline and the
noncrystalline regions by exchange NMR.* If the time window
chosen in the experiment is significantly shorter than the T
relaxation times in the crystalline regions of PE, the increase
of polarization in crystalline regions cannot originate from
simple 7' relaxation of the crystalline chain units but has to be
attributed to the chain translational motion, which transfers
polarized noncrystalline chain units into crystalline regions of
the sample. These chain units then adopt the all-trans conforma-
tion and thus the chemical shift of the crystalline area and finally
contribute to the crystalline signal in the spectrum.”® The
experimental scheme for the 1*C exchange NMR method used
in this work is similar to the saturation recovery method, often
used in NMR to determine 7 relaxation times. As long as the
exchange or relaxation delay is significantly shorter that the 7
relaxation time of crystalline polyethylene, the chain diffusion
between crystalline and noncrystalline regions can be monitored
via observing the increase of polarization in the crystalline
regions. Figure 3a shows a series of NMR spectra varying with
different exchange time. These spectra were recorded with the
ID BC exchange experiment at 7 = 320 K, where the
mechanical a-relaxation indicates hopping rates of the crystalline
stems around 20 Hz.'*?

In the melt crystallized sample the initial buildup of the signal
arises with the relaxation process of the noncrystalline region
in the magnetic field of the spectrometer. In the solution
crystallized sample, however, with increasing waiting time two
peaks are observed. The peak positions match with those of
the noncrystalline and the crystalline regions. The intensity of
the crystalline peak increases rapidly with the exchange time.
Considering the long relaxation times of the crystalline com-
ponent, the buildup of the crystalline signal has to be attributed
to the translation motion of the chain segments from the
noncrystalline to the crystalline regions. The same phenomenon,
though very weak, is also observed in the melt crystallized
samples at the largest exchange time of 40 s.

When combined with the data reported above, it can be
conclusively stated that though local chain dynamics in the
noncrystalline region of the solution crystallized sample is
restricted, the motional anisotropy present in the noncrystalline
region favors the chain diffusion between crystalline and
noncrystalline regions.?”> On the contrary, for the melt crystal-
lized sample though local chain dynamics is high, hardly any
chain diffusion between the crystal and the noncrystalline region
is observed under the same conditions. These observations at
ambient temperatures appear counterintuitive at first sight.
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Figure 3. 1*C MAS exchange spectra of the solution crystallized sample (SC-PE) and the melt crystallized sample (MC-PE): (a) measured at 6 kHz
MAS, T = 320 K with different exchange times; (b) measured at 6 kHz MAS, a fixed exchange time (5 s), and with different experimental

temperatures.

The exchange process in linear melt crystallized polyethylenes
has been reported earlier by Schmidt-Rohr and Spiess.>* Figure
3b shows the exchange process at different temperatures at fixed
exchange time of 5 s. With increasing temperature, the exchange
process starts appearing in the melt crystallized sample, but it
is much more pronounced in the solution crystallized sample
at all temperatures. As shown in our own recent Communica-
tion,? the chain diffusion coefficient for the solution crystallized
sample is 20 times larger than that of the melt crystallized one
in the entire temperature range studied. This was attributed to
an entropic difference of the transition state. Therefore, we now
consider the temperature dependence of the local chain dynamics
in the noncrystalline regions of the two samples.

Temperature Dependence of the Local Chain Dynamics
in the Noncrystalline Regions. Figure 4 shows the ReREDOR
sideband patterns for the noncrystalline regions of the samples
at different temperatures. The corresponding 'H—'3C dipole—
dipole couplings are listed in Table 1. The most remarkable
observation from these ReREDOR experiments is that for the
solution crystallized sample the residual "H—!3C dipole—dipole
coupling hardly changes with increasing temperature, indicating
that the motional anisotropy in the noncrystalline regions of
the solution crystallized sample is maintained even at relatively
high temperatures although the molecular dynamics is acceler-
ated. In contrast, in the melt crystallized sample the residual
'H—13C dipole—dipole coupling decreases with increasing tem-
perature, as expected for the increased molecular mobility at
elevated temperatures and found previously in 2H NMR studies
of such samples."®

A similar phenomenon is observed in the '3C CSA patterns
of the noncrystalline regions at different temperatures, which
are shown in Figure 5. The line shape of the 3C CSA pattern
of the solution crystallized sample always shows features of an
axially symmetric CSA tensor at all temperatures, whereas the
width of the resonance line in the melt crystallized sample
decreases with increasing temperature, but the line shape always
keeps the isotropic feature. This phenomenon further confirms
that the motional anisotropy in the noncrystalline regions of
the solution crystallized sample is maintained at relatively high
temperatures.
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Figure 4. Temperature-dependent ReREDOR sideband patterns due
to '"H—"3C couplings in noncrystalline regions of the samples. SC-PE
and MC-PE refer to the solution and the melt crystallized samples,
respectively.

Discussion

Morphological Effects on the Local Chain Dynamics. The
local chain dynamics is probed here via the 3C CSA and the
'H—"3C dipole—dipole coupling. For extended trans-conforma-
tions the z-principal axes of these anisotropic interactions are
perpendicular to each other, as shown in Figure 6.3*° Motional
narrowing of these interactions then provides particularly
detailed information about the geometry of the local dynamics.*’



2518 Yao et al.

Table 1. "TH—13C Dipole-Dipole Coupling Constant Dys/2r (kHz)
in the Noncrystalline Regions of PEs at Different Temperatures®

Dis/27 [kHz] of SC-PE  Dis/27 [kHz] of MC-PE

temperature [K]

300 9.1 6.9
320 9.1 6.3
340 8.9 5.6
350 8.9 53
360 8.8 5.0

“ These constants are from the simulations of the experimental spin
sideband patterns.
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Figure 5. 3C CSA static powder line shapes of signals from
noncrystalline regions acquired at different temperatures, recorded as
described for Figure 2.

local rotation

180° helical jumps

Figure 6. 180° jump motion vs rotation around the local chain axis
probed by *C CSA and '*C—'H dipole—dipole coupling.

Rotations by 180° of the all-trans stems in the crystalline regions
do not change the CSA tensor or the 'H—'3C dipole~dipole
coupling. Effectively axial motion of extended all-trans segments
around their local chain axis, however, leads to an average
axially symmetric CSA tensor, where 033 does not change while
o011 and 0y are averaged.41 Precisely this kind of motional
averaging is indeed observed for the noncrystalline regions of
the solution crystallized sample (see Figures 2 and 5). It should
be noted, however, that the anisotropy 0 = oy — op of the
recorded axially symmetric CSA tensor is reduced by ~20%
compared to the value obtained for a simple rotational motion
around the z-axis of the CSA tensor.

The same type of axial motion results in an axially symmetric
'H—13C dipole-dipole coupling tensor with the unique axis
along the local chain axis and reduced in strength by a factor
of 2,24 corresponding to a local dynamic order parameter of
S = 0.5. The experimental value determined from the ReREDOR
sideband pattern for the noncrystalline regions in the solution
crystallized sample (see Figure 4a) at 7 = 320 K is § = 0.43,
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Figure 7. Illustration of chain motions in PE. The individual helical
jump generates the translation of chain stem by one CH, unit. These
initial translation steps evolve in the course of time into a diffusive
motion between crystalline and noncrystalline regions, which is
observed in the NMR experiments. The tubes represent spatial and
dynamic restrictions of the PE chain due to its local environment.

i.e., lower by 14% than expected for a simple rotational motion
around the local chain axis. Thus, both the motionally averaged
CSA and dipole—dipole coupling indicate additional mobility
with angular excursions around +20°.2%4! Thus, rotation of
locally extended trans conformers seems to be the main possible
chain motion of the chains in the noncrystalline regions of the
solution crystallized sample. This model is further supported
by the finding that additional reductions of the averaged tensorial
coupling values, attributed to minor fluctuations of the local
rotation axis, are consistent for both CSA and dipole—dipole
coupling tensor. It should be noted, however, that the effectively
axial motion deduced from the CSA line shapes and the
dipole—dipole sideband patterns does not require complete rotation
about the local chain axis. Large-amplitude rocking motions
and occasional 180° flips will lead to similar spectra.***
Note, however, that the 3C-MAS NMR spectrum of the
solution crystallized sample exhibits a broad inhomogeneous
line shape, indicating a significant distribution of folds rather
than well-defined conformations as found in the cyclic alkanes.*
For the melt crystallized sample, the lower dynamic local
order parameter (0.30 at 320 K) and even lower values at higher
temperatures (see Figure 4b) indicate that the local fluctuations
have larger amplitudes and involve more conformations leading
to a more isotropic chain dynamics (see also ref 19). This
consists well with the observation in the CSA pattern, where
the static CSA powder line shape indicates an almost isotropic
motion. For the investigated average molar mass above 1 million
g/mol the predominant structure present in the noncrystalline
regions of the melt crystallized sample, therefore, will be more
random as described by the switchboard-like morphology, with
comparatively low restrictions on the local chain dynamics.

Morphological Effects on the Chain Diffusion. For the
medium range chain diffusion, our experimental results show
that the solution crystallized sample exhibits much faster chain
diffusion than the melt crystallized one.>® This observation is
rationalized in a cartoon picture of the chain dynamics shown
in Figure 7. In this picture, a chain stem is moving between the
noncrystalline region (right side) and the crystalline region (left
side). The tube represents spatial and dynamic restrictions of
the PE chain due to its environment, and the diameter of tube
indicates the degree of restriction. In this model the chain
diffusion is achieved by sliding of the chain stem in the tube.
Because of the chain connectivity, the motion of the noncrystal-
line chain portion is connected to that of the chain portion in
the crystallite. Taking into account that the chain diffusion in
the crystal is always along the chain backbone, it is easy to
imagine that motions in the noncrystalline regions involving
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extended trans segments as indicated by CSA and 'H—'3C
dipole—dipole coupling in the solution crystallized sample are
very effective for the chain diffusion, whereas random motions
such as almost isotropic fluctuations of chain segments are not
compatible with and may even be an obstacle for chain diffusion.
Following this idea, reducing the motional degree of freedom
of the noncrystalline chain motion, i.e., from random motion
to the motion along the extended chain conformations, can favor
chain diffusion. In thermodynamics terms, the reduction of the
motional degrees of freedom of the chain motion in fact is
lowering the entropy change involved in the translational motion
from the crystalline to the noncrystalline environment. Hence,
besides the activation enthalpy which relates to the change of
chain conformation involved in the motion, apparently the
entropy change in the chain diffusive motion also plays an
important role.>> This gives a plausible explanation why in the
solution crystallized sample locally restricted chain mobility can
be in accord with efficient chain diffusion on a much longer
time scale. Further experimental confirmation of these conjec-
tures as well as a study of the influence of chain branches is
the subject of ongoing studies in our laboratory.

One can also imagine that the differences of the chain
diffusivity might be due to differences in the motions occurring
in the crystallites. In the literature, defect-driven mechanisms
have been proposed to explain the translation of an extended
all-trans chain through a PE crystallite.** In this scenario, a
defect is created, e.g., at one side of the crystal, and the
translational motion is accomplished, when the defect has moved
to the other side and left the crystallite. If, however, the defect
only travels inside the crystallite, is reflected back, or annihilated,
it will not lead to translational motion of the stem but will still
cause local reorientation of the CH; units. Thus, local jump rates
may differ from the effective jump rate responsible for chain
diffusion. As shown in ref 25, this is indeed the case, especially
at elevated temperatures, where the jump rates are in the range
of tens of kilohertz. It would be elucidating to compare the local
and the effective jump rates in the same solution crystallized
and melt crystallized samples. Unfortunately, however, such data
are not available, as doubly *C-labeled samples are required.>'**

Conclusions

The above observations when combined together clearly
demonstrate that the restricted local chain mobility present in
the noncrystalline region of solution crystallized PE plays a
crucial role for the chain diffusion between noncrystalline and
crystalline regions. The absence of such restrictions in the melt
crystallized sample of the chemically identical polymer shows
suppressed cooperative motion from noncrystalline to crystalline
regions. This has important implications for our understanding
of crystal thickening. For example, the solution crystallized sam-
ple shows enhanced chain mobility along the crystallographic
c-axis, which when combined with the regular stacking of
crystals ultimately leads to the doubling of the initial crystal
thickness.'* In contrast, crystals in melt crystallized samples of
the same material hardly thicken. Moreover, the motional aniso-
tropy present in the noncrystalline regions of the solution crystal-
lized sample is suggestive of the observed easy mechanical
deformation of the crystals in the solid state,'® which is indica-
tive for the adjacent re-entry structure. Melting kinetics observed
in the solution crystallized samples also support these observa-
tions.'®

Finally, we would like to state that the observations reported
in this paper on a specific polymer, ultrahigh molecular weight
PE, may have much more general implications. The reported
differences in the dynamic behavior of noncrystalline regions
in semicrystalline polymers and the resulting entropic contribu-
tion controlling the chain translation motion in crystalline areas
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might be crucial for the mechanical performance and the long-
term stability of semicrystalline polymers in general.
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