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ABSTRACT: The size of the folded segment of the alkane chain in the integer-folded F2 form of CyssHy404
has been measured directly by NMR and shown to contain an average of 8 £+ 2 carbon atoms at 293 K. This
tight fold is in contrast to the looser fold obtained indirectly for similar samples in earlier NMR work but in
good agreement with the picture provided by SAXS and LAM Raman spectroscopy studies. The recovery
after saturation of the carbon-13 magnetization associated with the all-trans carbon-13 peak has also been
measured for recovery times as long as 4000 s. The behavior as a function of recovery time has been compared
with simple simulations which model the combined effects of chain diffusion and spin—lattice relaxation.
These results suggest that at short times the mechanism for the magnetization recovery involves the alkane
chain diffusing around the fold with the methyl groups constrained from entering the crystal through the
opposite surface of the lamella. Hence, only small fluctuations in the length of the fold segment occur, and the
two linked stems move in a loosely co-operative fashion. Despite the tight fold, the rate of magnetization
recovery is compatible with a frequency for the underlying chain jump process similar to that responsible for

the a-relaxation in polyethylene.

1. Introduction

Kinetic factors drive flexible polymers to crystallize as lamellae
separated by disordered interlayers comprising folded chains.
However, changes in crystallization conditions result in signifi-
cant variations in the morphology of the interlayer, even for the
simplest polymers, such as polyethylene. For example, samples
which have been crystallized from solution exhibit tight chain
folds with re-entry at an adjacent position in the crystalline
lamella.! On the other hand, materials quenched from the melt
involve looser folds with random re-entry, forming a so-called
“switchboard” structure.” The morphology of the interlayer has a
significant impact on the molecular motion of the disordered
segments of the polymer chain and hence on the mechanical
properties of the material.

In addition to local motions in the folds, the polymer chains in
semicrystalline polymers diffuse between the crystalline lamella
and the disordered interlayer. This phenomenon was shown to be
responsible for the recovery of carbon-13 magnetization in solid-
state NMR studies™* of polyethylene. Transport over relatively
long distances allows large segments of each polymer chain to
sample the mobile interlayer environment where relaxation
processes are efficient. The local motion underlying the chain
diffusion was identified with the jump process responsible for the
a-relaxation® which consists of a translation of the crystalline
stem by one methylene unit combined with a 180° flip. Recently,
Yao et al.” have elucidated the correlation between segmental
motions in the mobile interlayer and the rate of chain diffusion.
The rapid and isotropic fluctuations expected for loose folds in
melt-crystallized polyethylene samples do not necessarily pro-
mote translational motion of the crystalline stem. In fact, the
more restricted dynamics observed in the tight folds of solution-
crystallized materials may enhance chain diffusion by lowering
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the entropy cost associated with moving from the disordered
interlayer into the crystalline lamella.

Studies of crystallization and morphology in semicrystalline
polymers are often complicated by polydispersity, and for this
reason monodisperse normal alkanes have often been used as
models for polyethylene.® This extrapolation is valid because the
orthorhombic subcell adopted by most crystalline alkanes is
identical to the unit cell of polyethylene. Monodisperse n-alkanes
which were long enough to exhibit chain folding were first
synthesized in 1985.”!° For mature crystals of these, grown from
supercooled melts or solution, the lamella thickness is an integer
fraction of the chain length, indicating the formation of so-called
“integer-folded” structures.'! For example, in the once-folded or
“F2” form of such alkanes small-angle X-ray scattering (SAXS)
and longitudinal acoustic mode (LAM) Raman spectroscopy
measurements show a lamella thickness of one-half of the
extended chain length. This suggests that each alkane molecule
contributes two crystalline stems which are linked by a fold at one
surface of the lamella. For a given alkane the number of folds
observed rises as the amount of supercooling increases with up to
four folds (the “F5” form) obtained for longest alkanes.

In this paper we describe the use of solid-state NMR to study
some of the longest monodisperse n-alkanes synthesized to date'?
in order to establish morphological details, such as the size and
conformation of the chain fold. Chain diffusion in long n-alkanes
has been studied previously by Klein and Driver,'? who measured
the recovery of carbon-13 magnetization at 333 K in samples
prepared by a rapid quench from the melt. However, as men-
tioned above, the rate and extent of supercooling are known to be
of importance in determining the number of folds, and careful
control of these parameters is required to produce uniformly
folded crystals. Hence, an uncontrolled quench is likely to
produce a mixture of randomly folded and noninteger folded
forms. It should be noted that careful attention to sample
preparation distinguishes the present work from that of Klein
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and Driver and that there are significant differences between their
results and those described here.

2. Materials and Methods

2.1. Long-Chain n-Alkanes. The monodisperse n-alkane
Cr46Hyo4 (~100 mg) was obtained from Dr. G. Brooke (Dur-
ham) and had been synthesized according to the procedures
outlined in ref 12. Before NMR measurements this alkane was
prepared by Prof. G. Ungar (Sheffield) in either the fully
extended (E) and the once-folded (F2) form, as described
previously.'" For the F2 form the samples were cooled from
the melt to 363 K at a rate of 3 K min~!, annealed for 8 h, and
subsequently cooled to room temperature at a rate of 1 K min ™.
The E form was obtained in the same fashion, except that the
initial cooling rate was 0.2 K min~ ' and the sample was annealed
for 8 hat 393 K. The nature of the samples was confirmed before
and after solid-state NMR measurements by DSC and X-ray
scattering.

2.2. Solid-State NMR Measurements. Carbon-13 magic angle
spinning (MAS) spectra were recorded at a Larmor frequency of
75.47 MHz and a spinning rate of 3—4 kHz using a saturation
recovery method. In this experiment the carbon-13 magnetiza-
tion was presaturated using 20 /2 pulses spaced by 3 ms
intervals. During the following delay 7 longitudinal carbon-13
magnetization recovers by a combination of chain diffusion and
spin—lattice relaxation. Subsequently, the carbon-13 FID was
acquired as normal using a s7/2 pulse of 4 us for excitation and
a proton decoupling field of 70 kHz. A relaxation delay of 15's
between experiments ensured that carbon-13 magnetization
enhancements due to a transient proton Overhauser effect were
eliminated. The duration of the delay 7 was varied between 0 and
4000 s in order that the recovery of carbon-13 magnetization
could be studied. The number of scans was reduced from 2048 to
12 as the relaxation delay was increased above 20 s in order to
avoid experiment times in excess of 12 h for a single spectrum.
Experiments were carried out at the ambient temperature of
293 K and at an elevated temperature of 333 K.

Intensities for the individual peaks were obtained by fitting
the spectra to several mixed Gaussian and Lorentzian lines and
scaling according to the number of scans. The resonance arising
from the two methyl carbons at the chain ends was observed
with reasonable signal-to-noise in spectra recorded with more
than 512 scans. The average intensity of this peak for all spectra
recorded with a recovery delay greater than 3 s and more than
512 scans was used to normalize the other peaks in the spectrum.
This allows the carbon-13 intensities to be quantified directly
without resorting to a fully relaxed carbon spectrum or a
separate measurement of the crystallinity for normalization.

2.3. Simulations. Simulations of carbon-13 magnetization
recovery were carried out using a simple Monte Carlo approach?
in which a collection of chain stems diffuse within a crystal
lamella. Connectivity between the carbon atoms of a given chain
is preserved, and there is no preferential direction for the
diffusion of a particular stem. Individual stems undergo random
translations to adjacent positions, while the connected fold
segments or chain ends increase or decrease commensurately,
subject to constraints describing their minimum allowable
length. Carbon-13 spin—lattice relaxation is taken into account
in a semiempirical fashion with individual nuclei undergoing a
relaxation event during each diffusion step with a probability
related to the corresponding 7 value. For carbon-13 nuclei in
disordered segments 7 was set to the experimental value
obtained from saturation recovery measurements, while slow
spin—lattice relaxation intrinsic to the crystalline regions was
also included were appropriate, usually with 7 in excess of
10000 s.

Note that these simple simulations do not include any details
of the mechanism of chain diffusion which is thought to be
associated with the passage of a localized defect along the
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crystalline stem. Currently, the nature of the defects involved
is a matter of some debate, with possibilities ranging from
interstitial-like conformational defects'* to smooth soliton-like
“twistons”.! In the former the required 180° turn is induced
by the presence of several gauche conformers over a segment
comprising some 6 or 7 carbon atoms, while in the latter it
involves a gradual variation across some 20 successive approxi-
mately trans sites along the chain. Zubova et al.'® have recently
described molecular dynamics simulations which model the
diffusion of interstitial-like conformational defects and soli-
ton-like “twistons” through a polyethylene crystal. These
authors conclude that the defect lifetimes measured in terms
of the time taken for the defect to cross the lamella, translat-
ing and rotating the crystalline stems as it goes, is less than 2 x
10~° s. Hence, on the time resolution of our simulations defect
passage through the lamella is expected to be instantaneous.

The simulations were tested against saturation recovery data
recorded as described above for a sample of ultrahigh molecular
weight polyethylene (UHMWPE) at 333 K with a crystallinity of
57% measured using wide-line proton NMR.* In this case a
single polyethylene chain containing 25000 all-trans carbon
atoms and sufficient disordered folds to account for the mea-
sured crystallinity was allowed to diffuse and relax. Setting the
smallest allowable fold to an average value of 130 carbons and
the frequency of diffusion events to 95 s~ ! gave a simulated
carbon-13 recovery curve in good agreement with the polyethy-
lene data. The value of the smallest allowable fold indicates that
in the polyethylene case the chain diffusion is constrained by
entanglements in the disordered interlayer, while the frequency
obtained corresponds to that expected for the a-process at this
temperature.® Hence, the simulations can provide quantitative
information about the frequency of the chain jumps responsible
for diffusion as well as an alternative estimate of the length of the
fold segment in integer-folded alkanes. For the F2 form of
Cos6Hyos4 100 alkane chains each containing two crystalline
stems linked by a disordered fold were allowed to diffuse and
relax. The minimum fold length was constrained to be not less
than six carbon atoms, but there was no limit on its maximum
value. Other constraints were incorporated into the simulations
where appropriate, as described below.

3. Results and Discussion

3.1. Size and Morphology of Folds in Integer-Folded
n-Alkanes. The carbon-13 NMR spectra at 293 K of (a) the
E and (b) the F2 forms of C,4¢Hy494 are shown in Figure 1.
These were recorded using the saturation recovery pulse
sequence described above with a recovery delay 7 of 15 s.
The dominant feature in both spectra is a relatively narrow
peak at 0 = 33.5 ppm which results from carbon atoms in the
crystalline lamellae in which the alkane chains adopt an all-
trans conformation. In addition, there is a broader peak at
approximately 6 = 31.5 ppm which can be assigned to
carbon atoms in segments of the alkane chains which are
disordered, containing a significant population of gauche
conformers. The lower 6 value observed is an example of the
well-known “y-gauche effect”'” which arises when a carbon
atom experiences a gauche bond at the y position. Finally,
peaks due to the three terminal carbon atoms are also
observed, and these can be assigned as follows. The methyl
carbon at the end of the alkane chain appears at 6 =
15.4 ppm, while the adjacent methylene carbon is observed
at o = 25.3 ppm. The next methylene carbon away from the
terminal methyl contributes a shoulder on the downfield side
of the main all-trans peak at 6 = 34.8 ppm. For these
terminal carbon atoms the main contribution to ¢ arises
from their position in the chain end rather than the con-
formation of neighboring bonds. The observed values are in
good agreement with the carbon-13 chemical shifts reported
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Figure 1. Carbon-13 MAS spectra of (a) the E form and (b) the F2 form
of CoygHyo4 recorded at 293 K using the saturation recovery experiment
described in the text with a recovery delay 7 of 15s. The narrow peak at
0 = 33.5 ppm results from segments of the alkane chains which adopt
an all-trans conformation. In addition, there is a broader peak at
approximately 0 = 31.5 ppm which can be assigned to carbon atoms
in disordered segments of the alkane chains which contain a significant
population of gauche conformers. Normalizing with respect to the
methyl carbon which appearsat 0 = 15.4 ppm allows the quantification
of the number of carbon atoms in disordered environments as well as the
recovery of the all-trans carbon-13 magnetization. An expansion of the
region between 27 and 37 ppm from the spectrum of the F2 form is
shown in (c) (wide dashed line), along with the four mixed Lorentzian
and Gaussian lines which fit the spectrum in this region and their sum
(thin solid lines). Note the good agreement with experiment. The broad
peak at 31.5 ppm fits to two lines, suggesting the presence of a range of
different conformations in the disordered segments of the chain.

previously by Moller et al.'® for shorter n-alkanes. It should
be noted that those authors observed an additional methyl
resonance at 16.1 ppm for highly crystalline extended
Ci6sH33g which they assigned to a fraction of “crystalline”
methyl groups fixed in an all-trans conformation. There is no
distinct peak with a similarly increased d value in the carbon-
13 MAS spectrum for either form of C,4sHy94, suggesting
that the bulk of the chain ends are in conformationally
disordered environments. This implies that a significant
degree of premelting occurs at the lamella surface and that
the majority of the methyl end groups do not enter the crystal
lamella.

Normalization with respect to the methyl intensity which
arises from exactly 2 out of the 246 carbon atoms in each
alkane chain allows a quantitative analysis of the carbon-13
magnetization. For this relatively short recovery delay the
observed intensity of the saturated all-trans peak at 6 =
33.5 ppm represents just 2% and 5% of the carbon sites in the
E and F2 forms of Cy46H 404, respectively. On the other hand,
the conformationally disordered peak at & = 31.5 ppm is
fully relaxed for recovery delays greater than 3 s. Because the
jump process is slow compared to the NMR time scale, the
normalized average intensity of this peak when fully relaxed
is a quantitative measure of the number of carbon atoms in
disordered segments of the alkane chain. At 293 K for the E
form this was found to correspond to 2.2 4- 0.3 carbon atoms
per alkane chain, suggesting that a disordered interlayer

Macromolecules, Vol. 42, No. 12, 2009 4177

100 T T T T T —
A
.r” 1
-~ >
S 80 P i
A 94'
® c T ]
N g Lo
i .
O G 60F Pad 4
S+
s 8 P i
.

Se .
= 40 - R
e 8 R
o ® "’ _
£ e
S 20 e b

0 1 1 1 1 1 1

0 10 20 30 40 50 60 70

2 [ g2

Figure 2. Recovery after saturation of the carbon-13 magnetization
(open triangles) associated with the all-trans peak at 6 = 33.5 ppm for
the F2 form of C,ysHyo4 at 293 K. The vertical scale measures the
recovery of carbon-13 magnetization in terms of the number of carbon
atoms per alkane chain after normalization with respect to the methyl
group intensity, as described in the text. Also, the result of a simulation
(dashed line) which combines chain diffusion of the two crystalline
stems around the fold in a loosely co-operative fashion with spin—lattice
relaxation. The rate of the chain jump process was set to 255!, and an
average fold segment contained 13 carbon atoms. The spin—lattice
relaxation times were 0.4 and 12 000 s for sites in the disordered fold and
the interior of the crystalline lamella, respectively. A mobile interphase
containing 18% of the all-trans carbon atoms was also included, and the
corresponding spin—lattice relaxation time was 300 s.

containing on average the terminal 4 carbon atoms in the
alkane chains is present at the surface of the crystalline
lamellae. For the F2 form the corresponding average value
was 10 & 2 carbon atoms per alkane chain, suggesting that on
average there are 8§ &+ 2 carbon atoms in conformationally
disordered environments in the fold at 293 K. Similar
measurements at 333 K showed that the thickness of the
interlayer in the E form does not increase significantly.
However, the number of extra carbon atoms in disordered
environments in the F2 form rises to 18 £ 3 carbon atoms.
Asan indication of the quality of the line shape fits, Figure 1c
shows an expanded region (wide dashed lines) from the spec-
trum of the F2 form. Four mixed Lorentzian and Gaussian
lines (thin solid lines) are required to fit the spectrum in this
region, and their sum (thin solid line) is in good agreement
with the data. It should be noted that the broad peak at
31.5 ppm fits to two lines, suggesting the presence of a range
of different conformations in the disordered segments of the
chain.

To our knowledge this is the first time that the size of the
chain fold in either polyethylene or a model n-alkane has
been directly quantified by NMR. These results show that
Cy46H404 chains form tight folds which comprise a surpris-
ingly small segment of the alkane chain, an observation
which agrees with data obtained from other experimental
techniques. For example, SAXS measurements of the elec-
tron density profile normal to the lamella surface'® show that
the width of the disordered interlayer increases only slightly
between the E and F2 forms of CyysHyo4. Similarly, infrared
spectra of Ci9gHzog recorded at 110 K suggest a tight fold
containing a significant proportion of gzg defects. Finally,
the measured number of carbon atoms with gauche bonds in
the F2 Cy46Huo4 fold is similar to that observed in calculated
structures of grggg*g™* folds on the {110} surface of orthor-
hombic polyethylene crystals.?!

3.2. Chain Diffusion in Long n-Alkanes. Figure 2 shows the
recovery after saturation of the carbon-13 magnetization
(triangles) associated with the all-trans peak at 6 = 33.5 ppm
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Figure 3. Carbon-13 MAS spectra of the F2 form of C,46H494 recorded
at 293 K using the saturation recovery experiment described in the text
with recovery delays 7 between 0 and 7.04 s.

for the F2 form of Cy4Hu494 at 293 K. The vertical scale
measures the recovery of carbon-13 magnetization in terms
of the number of carbon atoms per alkane chain after
normalization with respect to the methyl group intensity
as described above. Two magnetization recovery regimes
can be clearly discerned with a rapid initial growth which
involves fewer than 15 of the all-trans carbon atoms super-
imposed on a more moderate recovery of the bulk. The latter
is so inefficient that even for a recovery delay as long as 4000 s
less than 50% of the all-trans carbon atoms in the alkane
chain relax. In contrast, magnetization at 6 = 31.5 ppm
which arises from the 10 carbon atoms in conformationally
disordered environments (see above) recovers rapidly
according to a single exponential with a time constant of
0.4 s. In order to further demonstrate this efficient relaxa-
tion, Figure 3 shows a series of carbon-13 NMR spectra of
the F2 form at 20 °C recorded with recovery delays 7 of
between 0 and 7.04 s. The chain ends and the broad peak at
31.5 ppm which arises from the remainder of the disordered
interlayer are fully relaxed after ~2 s. This efficient spin—
lattice relaxation arises from the enhanced mobility in the
disordered regions and suggests that there is a significant
degree of conformational flexibility in the fold despite its
tightness. By analogy with polyethylene, the whole of the
observed all-trans magnetization recovery might be ascribed
to chain diffusion which constantly transports segments of
the alkane chain into the mobile fold region where spin—
lattice relaxation is efficient. This hyPothesis is supported by
the linear recovery with respect to 7'/?, while the observation
of two regimes suggests the chain diffusion becomes con-
strained as the folds become progressively tighter. This is
essentially the conclusion of Klein and Driver'® from car-
bon-13 magnetization recovery measurements on samples of
long n-alkanes prepared by a rapid quench from the melt.
To obtain a clearer picture of the processes underlying the
carbon-13 magnetization recovery, it is necessary to compare
data recorded for both forms of C,ysHy4o4 and at different
temperatures. Figure 4 shows an expansion of Figure 2 for 7
up to about 200 s (open up triangles) together with similar
magnetization recovery data for the E form (filled up trian-
gles) at 293 K. The initial regime of rapid recovery observed
for the F2 sample is absent for the E form which even at short
times exhibits only a slow linear growth reminiscent of the
behavior observed at long times in Figure 2. Figure 4 also
shows magnetization recovery data recorded at an elevated
temperature of 333 K for both the F2 sample (open down
triangles) and the E form (filled down triangles). A compar-
ison with the 293 K data suggests that both the rate and
extent of the initial F2 recovery increase as the temperature is
raised, while the behavior of the E from is apparently
unaffected. This suggests that the initial recovery is a prop-
erty of the fold segment itself and that the underlying process
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Figure 4. An expansion of the data in Figure 2 (open up triangles),
together with similar magnetization recovery data for the same F2
sample at an elevated temperature of 333 K (open down triangles), the E
form at 293 K (filled up triangles), and the E form at 333 K (filled down
triangles).

is an activated one, as expected for chain diffusion. However,
the slow growth common to both forms observed at longer
times is essentially independent of temperature.

In order to focus on the initial recovery, Figure 5 shows
plots of the difference between the recovered carbon-13
magnetization for the F2 form and that for the E form
at both 293 K (up triangles) and 333 K (down triangles).
Superimposed are the results of simulations of chain diffu-
sion and spin—lattice relaxation carried out as described
above. For these simulations diffusion was constrained so
that the methyl groups were prevented from entering the
crystal, since this produces an energetically unfavorable
defect in the lamellae surface. The freedom of the alkane
chain to slide around the fold is therefore fairly restricted,
and the two crystalline stems are forced to move in a loosely
co-operative fashion in order to simultaneously maintain the
minimum fold length and a constant overall fraction of
disordered sites. Inefficient spin—lattice relaxation intrinsic
to the crystalline regions was not included in this simulation.
Hence, the simulated curves rise to a plateau which is a
measure of the number of all-trans carbon atoms which can
sample the mobile fold segment while this limited diffusion
occurs. For the 293 K simulation (solid line), the rate of the
chain jump process was set to 25 s ' and the average length
of the fold segment was 13 carbon atoms, while at 333 K
these parameters were 30 s~ and 20, respectively. The good
agreement between the data and the simulations suggests
that limited chain diffusion around the fold with the methyl
groups prevented from entering the crystal at the opposite
surface of the lamella is responsible for the initial carbon-13
magnetization recovery in the F2 sample. We note that the
average length of the folded segment is slightly larger than
the number of carbons in disordered environments measured
directly from the carbon-13 MAS spectrum, but this dis-
crepancy might be explained by the presence in the fold itself
of some carbon atoms in all-trans environments.

The simulations suggest that both the frequency and
activation energy of the chain jumps are lower than those
for the a-process in melt-crystallized polyethylene.” How-
ever, this is also observed in atypical polyethylene samples
which contain a similarly small fraction of disordered seg-
ments, such as fibers or single crystals.>> Zubova et al.'® have
associated chain diffusion in these atypical samples with
conformational defects, rather than soliton-like twistons,
on the grounds of the lower activation energy calculated
for the injection of the former into the crystal. The formation
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Figure 5. Difference between the recovered all-trans carbon-13 magne-
tization for the F2 form of C,46H494 and that for the E form, recorded at
293 K (open up triangles) and at 333 K (open down triangles). Also the
results of Monte Carlo simulations which combine chain diffusion
of the two crystalline stems around the fold in a loosely co-operative
fashion with spin—lattice relaxation in the disordered fold segments
only. For the 293 K simulation (solid line) the rate of the chain jump
process was set to 25 s~ and an average fold segment contained 13
carbon atoms, while at 333 K (dashed line) these parameters were 30 s~
and 20, respectively.

of the correct sequence of conformations in the tight fold to
create such a defect might be expected to be so rare as to
suppress diffusion altogether, as suggested by Klein and
Driver.'? However, the rapid recovery of the carbon-13
magnetization associated with the fold itself as demonstrated
in Figure 3 suggests a large degree of conformational
exchange. In addition, as mentioned above, Yao et al.%’
have recently demonstrated that tight folds in solution-
crystallized polyethylene enhance chain diffusion by lower-
ing the entropy cost associated with entering the crystalline
lamella. Their conclusions are supported by our results
which suggest that even the short fold segment in the F2
form of Cyy6Hy94 can apparently promote diffusion at a rate
which corresponds to an appreciable chain jump frequency.

With a tight fold and the chain ends constrained at the
lamella surface only a small fraction of the alkane chain can
sample the mobile interlayer environment by sliding around
the fold in this way. While this mechanism can explain the
rapid initial regime observed for the F2 form, it cannot be
responsible for the slow magnetization recovery common
to both forms which dominates at long times. The linear
recovery with 7'/ observed for the latter strongly suggests
the presence of a second diffusive process. This operates at a
significantly slower rate but nevertheless ensures that in time
a substantial fraction of the alkane chain samples the mobile
environment of the interlayer. Many possibilities for this
process can be envisioned. For example, it has been shown??
that short n-alkanes initially from separate macroscopic
crystals can intermix completely on a time scale of days,
even at temperatures well below the melting point. Hence, a
further mechanism is the diffusion of alkane chains into
neighboring lamellae via defects in the surface. Note that this
would result in an all-trans methyl resonance at 6 = 16.1
ppm in the carbon-13 MAS spectrum of Figure 1b which
is not observed. However, only a small proportion of
alkane molecules need to be involved in order to signifi-
cantly increase the extent of magnetization recovery because
the whole chain samples the mobile environment of the
disordered interlayer while swapping between lamellae.
For the F2 form of C,46H 494 a similar effect can be achieved
by a cyclic arrangement of the molecule with a fold at
each surface produced when one chain end enters the
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lamella though a defect generated by the prior entry of the
other end.

Another possibility is a contribution to the magnetization
recovery from spin—lattice relaxation intrinsic to sites in the
crystalline lamella, assuming a distribution of 7} values in
order to reproduce the linear 7'/ increase in magnetization.
Figure 2 shows a simulation (dashed line) which includes a
layer of more mobile all-trans carbon environments on the
surface of the crystalline lamellae. For this simulation the
mobile region contained 18% of the all-trans carbon atoms
and the associated spin—lattice relaxation constant was
300 s, while the intrinsic 7 for the interior of the lamella
was 12000 s. Hence, a contribution to the recovery at long
times from T relaxation intrinsic to the crystalline regions
cannot be discounted. Many studies of polyethylene give
evidence for an interphase occurring just below the lamella
surface which separates the rigid crystalline regions from the
disordered interlayer.?* ° This region contains chains in the
all-trans conformation expected for the crystalline regions,
but with enhanced mobility which in turn results in a sub-
stantially shorter 7' value. A similar situation might arise if a
proportion of the defects responsible for chain diffusion do
not cross the lamella but are annihilated after a short
distance. In this case the local motions associated with defect
passage might cause more efficient 7' relaxation at sites
closer to the lamella surface.

Note that in common with the conclusions of earlier
workers'? our experimental data do not allow the separation
of contributions from spin—Ilattice relaxation intrinsic to the
crystalline regions and chain diffusion at long times. While
the linear recovery with 7'/> suggests an underlying diffusive
process, a distribution of crystalline 74 values can also
describe the data in the slow recovery regime. It is likely that
both effects contribute to the magnetization recovery at long
times.

3.3. Comparison with Previous NMR Studies of Folded
n-Alkanes. As mentioned above, our carbon-13 NMR
results differ significantly from those described previously
by Klein and Driver'? for quenched samples of CoycHyo4.
Superficially, the data presented by these authors for the
recovery of carbon-13 magnetization in the E and F2 forms
of Cyy6H 404 resemble those shown in Figures 2 and 4 of the
current work. For example, in the F2 form two diffusion
regimes are observed with an initial rapid rise in the magne-
tization occurring for recovery times 7 less than ~16 s.
However, there are significant differences in the extent of
the recovery which in ref 13 reaches over 33% for folded
Ca46Hao4 at a recovery time of 160 s, while the correspond-
ing value taken from Figure 4 is only 20% even at 333 K.
These differences are presumably related to the nature of
the folded samples under investigation. The samples of
Klein and Driver were prepared by a rapid and uncontrolled
quench from the melt, a procedure which is likely to pro-
duce a mixture of randomly folded and noninteger folded
forms. Such randomly folded materials would exhibit lower
crystallinity than the uniformly F2 samples prepared for
our work. Indeed, the crystallinity measured by proton
NMR in ref 13 for quenched Cy46Hy94 is only 80%, while
for our uniformly folded F2 samples the corresponding
value is 94 + 1% at ambient temperature, falling to 90 +
2% at 333 K. Hence, it seems likely that Klein and Driver’s
quenched Cy46H404 contains significant disordered chain
segments which are outside the fold. Finally, the progressive
saturation pulse sequence they use to measure the magneti-
zation recovery can result in nuclear Overhauser enhance-
ments which preclude quantification of the carbon-13
signals.
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Given these differences, it is not surprising that some of
our conclusions contrast with those of Klein and Driver.
These authors consider that the folds themselves represent a
significant obstacle to chain diffusion, in contrast to the
results of Yao et al. for solution-crystallized polyethylene
mentioned above.®’ Klein and Driver analyze the magneti-
zation recovery in terms of a “dual reptation” model which
produces two diffusion coefficients. In their picture the
larger coefficient is associated with the independent and
unconstrained chain diffusion possible for two crystalline
stems linked by a fairly loose fold, while the smaller coeffi-
cient is ascribed to a more constrained diffusion regime
which dominates at longer times. In this regime the two
connected stems move in and out of the lamella in a
co-operative fashion causing fluctuations in the length of
the fold. The conclusions of Klein and Driver are incompa-
tible with our results, since significant growth in individual
folds is precluded by the need to maintain an average length
of only eight carbon atoms. In addition, our tight fold does
not allow for an initial regime of unconstrained chain dif-
fusion. Instead, our simulations suggest that the initial rapid
recovery can be explained by the alkane chains sliding
around the fold, a possibility which Klein and Driver dis-
count on the basis of a comparison with branched alkanes.

4. Conclusion

The size of the folded segment of the alkane chain in the F2
form of integer-folded C,46Hy494 has been measured directly by
NMR and shown to contain an average of § + 2 carbon atoms at
293 K. To our knowledge this s the first time that the length of the
chain fold in either polyethylene or a model n-alkane has been
directly quantified by NMR. The tight fold is in good agreement
with previous SAXS and LAM Raman spectroscopy studies. The
recovery of the carbon-13 magnetization associated with the all-
trans peak has also been measured to times as long as 4000 s and
compared with simulations that model the combined effects of
chain diffusion and spin—lattice relaxation. These suggest that at
short times the mechanism for the magnetization recovery in the
F2 form involves the alkane chain sliding around the fold, while
the methyl groups are constrained at the opposite lamella surface.
Hence, only small fluctuations in the length of the fold seg-
ment occur, forcing the two linked stems to move in a loosely
co-operative fashion. Despite the tight fold, the rate of magne-
tization recovery is compatible with a frequency for the under-
lying chain jump process similar to that responsible for the
o-relaxation in polyethylene. This result is in line with the
surprising conclusions of Yao et al.®’ who demonstrated
recently that tight folds in solution-crystallized polyethylene

Grasso and Titman

enhance chain diffusion. This is thought to be caused by a
reduction in the entropy cost associated with entering the crystal-
line lamella relative to that for longer, more disordered folds.
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