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ABSTRACT: Solid-state molecular chain diffusion in linear high-density polyethylene (HDPE) is
established as the dominant mechanism for the crystalline *C longitudinal relaxation at 60 °C, confirming
previous work of Schmidt-Rohr and Spiess. A progressive saturation NMR experiment was undertaken
on several samples of HDPE, where different degrees of cross-linking were introduced by electron
irradiation. A decrease in the rate of recovery of the crystalline signal was observed with an increase in
cross-link density, as measured by gel fraction. As irradiation forms cross-links on the fold surfaces of
the lamellae, this behavior cannot be explained through a conventional dipolar spin—lattice mechanism
or 13C spin diffusion. Transport of magnetization via chain diffusion to the amorphous region, where it
experiences an efficient relaxation process, is consistent with the relaxation data and the Overhauser
enhancement. As the gel fraction increased from zero to 87%, the effective diffusion coefficients almost
halved from the nonirradiated sample (0.033 nm?-s71) to 0.018 nm?2-s~1,

Introduction

The earliest investigations of the 13C longitudinal
relaxation in polyethylene,!~* assumed that the origin
of the relaxation was a simple spin—lattice process,
where nuclei experienced the same mobility throughout
the bulk of the crystal. The initial part of the decay
was observed to be non-exponential, which was at-
tributed to a distribution of relaxation times® or the
possibility of spin-diffusion within the crystalline re-
gions.® The complete relaxation required a multiexpo-
nential model to satisfactorily represent the data.
However, it was then necessary to postulate the number
of components without either an adequate morphologi-
cal nor dynamical model.

Although the crystalline carbons experience the same
molecular environment, within the crystallites, the
single exponential fits to the longitudinal relaxation
associated with the crystal phase encompass a surpris-
ingly wide range of times. Lamellar thickness has been
identified as the principal structural variable in deter-
mining the time scale of the relaxation, the T, of the
crystal phase being proportional to the lamellar thick-
ness. A mechanism to account for this dependence has
been proposed,” namely transport of 13C magnetization
between the crystalline and amorphous regions. A self-
consistent pattern was established which indicated that
the 13C relaxation was influenced by the same factors
as the spin diffusion model for 'H T; relaxation.
However, doubts were raised concerning the validity of
natural abundance 13C spin diffusion, as the sole
transport mechanism.

More recently, a series of longitudinal relaxation
measurements in polyethylene has been interpreted by
Schmidt-Rohr and Spiess® as long distance solid-state
chain diffusion between the amorphous and crystalline
regions. Two-dimensional exchange NMR and nuclear
Overhauser enhancement measurements supported these
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conclusions. The proposed mechanism for this transport
was assigned to a chain jump process, first presented
as a mechanism for the relaxation observed by dynamic
mechanical spectroscopy.® This relationship between
the process and longitudinal relaxation was already well
established.® However, the employment of the multiple
component spin—Ilattice relaxation model in subsequent
publications'®!! indicates that the chain diffusion in-
terpretation is not yet universally accepted. The aim
of the present investigation is to clarify the origin of the
13C longitudinal relaxation and relate it to the structure
of polyethylene.

Topological constraints, e.g., entanglements, branch-
ing, and cross-linking, should hinder the diffusion
mechanism, while their effect on a classical dipolar
spin—Ilattice relaxation process should be negligible. It
has been established that electron beam irradiation of
solid polyethylene produces cross-links predominantly
on the crystal fold surfaces, while cross-links are virtu-
ally absent from the crystallite interior.*213 Under these
circumstances, the motion present in the crystal, which
is required for spin—lattice relaxation, should be largely
unaffected by the cross-links. However, if the origin of
the longitudinal relaxation is molecular chain diffusion,
an increase in the relaxation time scale should be
observed on cross-linking the polymer chains. In this
paper, the 13C longitudinal relaxation is measured for
polyethylene samples containing controlled amounts of
radiation-induced cross-linking.

Experimental Section

Sample Preparation. The polyethylene used was a slow-
cooled, high-density material which was processed from Rigi-
dex 006-60, of weight-average molecular weight 126 000. An
isotropic block was molded from a melt of the polymer
granules. Subsequently, the polyethylene was held in the mold
at 110 °C for 5 h and then allowed to cool to ambient
conditions.

Crosslinking of the polyethylene was performed using
procedures developed at Leeds.’* A Van de Graaf generator
produced a 2.9 MeV continuous electron beam, which irradi-
ated the samples to various doses. All samples were irradiated
in an acetylene atmosphere, at atmospheric pressure, to
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Figure 1. Gel fraction vs irradiation dose.
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Table 1. Irradiation Dose—Gel Fraction Relationship

irradiation dose irradiation gel fraction
(Mrad) atm (interpolated)
0 0
591 CaoH> 0.78
22.94 CoH>2 0.87

enhance the efficiency of the cross-linking process. Acetylene
radicals diffuse into the amorphous and interfacial regions,
enhancing cross-linking and considerably reducing the amount
of chain scission.** Following the irradiation, the samples were
annealed at 100 °C for 1 h, to ensure complete reaction of the
radicals.

Polyethylene becomes insoluble as a consequence of cross-
links between chains, which results in the formation of an
insoluble network. As the technique to calculate the gel
fraction (weight fraction of insoluble material) is destructive,
the dependence of the gel fraction on the irradiation dose was
examined on a separate set of samples to those actually used
for the NMR study. The gel fraction was determined as the
weight fraction of insoluble material in refluxing decalin, using
standard methods.'®* Gel content initially increased rapidly
with dose, indicating the introduction of cross-links between
chains (Figure 1).

Subsequent irradiation produces cross-links between chains
which were already joined together and therefore had a less
pronounced affect on the gel fraction. As the gel fraction at
the highest irradiation doses continued to increase, the rate
of chain scission did not exceed that of cross-linking. Thus,
the increased irradiation leads directly to a higher cross-link
density.

Three polyethylene samples were then irradiated to differing
extents to examine the affect of cross-link density on the 13C
longitudinal relaxation behavior. Electron irradiation doses
were chosen to highlight the differences in cross-link density,
where the gel fraction was estimated through interpolation of
the existing data (Table 1). The nonirradiated sample was
annealed at 100 °C for 1 h in vacuum to ensure its identical
thermal history.

High-Resolution *C NMR. Spectra were recorded on a
Chemagnetics CMX-200, operating at 200 MHz for protons and
50.3 MHz for carbons. A progressive saturation experiment
was devised, incorporating a nuclear Overhauser enhanced
pulse sequence throughout the recycle delay (Figure 2). A
double resonance MAS probe was used, and samples were spun
at about 3.5 kHz. A 4 us 90° pulse was used in the *H and 13C
channels, with a decoupling field strength equivalent to 82 kHz
applied during the acquisition period. A series of FIDs were
recorded, with a variation in the recycle delay time, between
2 and 1200 s. All experiments were performed at 60 °C, as
this temperature was believed to represent the ideal conditions
for the observation of chain diffusion.8

The data lengths of the FIDs were doubled by zero filling®®
and then Fourier transformed into the frequency domain,
where there were baseline corrected to a third-order polyno-
mial.
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Wideline 'H NMR. The probe had a 5 mm coil, and a 90°
pulse width of 2 us was used. A standard 90,—7—90y solid echo
pulse sequence was used, with interpulse spacing, z, varying
between 7 and 30 us. The broad component of the spectrum
(representing the crystalline phase) obtained at each value of
7 was fitted to a modified Gaussian function, eq 1. Typical

y = a exp(—v/b)? (1)

values of b and g were 35 kHz and 3.7, respectively. The
narrow component of the spectrum, relating to the amorphous
phase, was eliminated from the fit. This was done by taking
the turning points in the derivative spectrum on each side of
the center, and rejecting the data between these points. The
fraction of the broad component as a function of decayed in a
Gaussian manner, and this was extrapolated back to zero to
obtain the crystallinity, which was calculated to be 77%.

Nuclear Overhauser Enhancement (NOE).}%Y The
NOE for both peaks was measured directly from the 3C
spectra, recorded with and without the *H pulse train during
the recycle delay. The crystal resonance was modeled by a
Lorentzian line shape with the extreme upfield part of the peak
excluded from the data, as this largely eliminated the influence
of the amorphous resonance on the crystal line shape. The
intensity of the amorphous resonance was then calculated from
the difference between the integrated area of the spectrum and
the area of the fitted crystal resonance.

Results and Discussion

Nuclear Overhauser Enhancement. Compara-
tively low values for the NOE were recorded for all
samples at the shortest recycle delay times (Figure 3).
However, this behavior was a consequence of a transient
nuclear Overhauser enhancement created by the satu-
ration of the protons during the decoupling pulse, and
is therefore present in the experiment without the
saturating H pulse train.

The enhancement reaches an asymptotic limit at
longer times. The NOE generated was approximately
2.2, which was found to be invariant of the cross-link
density and equal for both the crystal and amorphous
resonances. The fact that the enhancements are equiva-
lent strongly indicates that the mechanism for the
longitudinal relaxation is not only similar for both
phases, but independent of the cross-linking between
the polyethylene chains. When the present Overhauser
enhancements are compared to previous measurements®
at Bp = 7.05 T, where the NOE was measured as 2.0
(in both crystalline and amorphous phases, also), it
demonstrates a dependence on the static magnetic field.
It is therefore doubtful that the motion creating the
Overhauser enhancement is in the extreme narrowing
limit. Although unlikely, other relaxation mechanisms
might contribute to the enhancement, and lower its
efficiency. If asingle correlation time for the molecular
reorientation is assumed, a maximum correlation time
can be determined as 7gr < 7.6 x 10710 s. In actuality
multiple independent motions described through dis-
tinct correlation times probably most accurately model
the reorientation for a molecule with a highly anisotro-
pic molecular structure, such as a macromolecule.
However, deviation from the isotropic enhancement was
shown to only occur when the correlation times for these
other types of reorientation approach the extreme
narrowing limit.18

Origin of 3C Longitudinal Relaxation. The ab-
sorption intensity of the amorphous resonance, at 31.5
ppm, remains approximately constant, for the complete
range of recycle delay times (Figure 4). This demon-
strates that the amorphous magnetization is fully
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Figure 2. Progressive saturation pulse sequence developed to measure the '3C longitudinal relaxation. Presaturation was
performed on the 13C channel before the experiment was repeated to provide a satisfactory signal to noise ratio. A nuclear
Overhauser enhancement was created during the recycle delay, through saturation on the *H channel.
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Figure 3. NOE, for all samples, as a function of the recycle
delay, showing a quick convergence to an asymptotic value.
Data are presented as a t*? plot, which allows a clear
presentation of the complete data set.
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Figure 4. 13C NMR spectra, at various recycle delays, as
indicated, for the unirradiated sample. The enhancement with
time of the crystalline resonance, at 33 ppm, occurs over
several hundred seconds, while the amorphous resonance is
fully relaxed within 2 s.

relaxed within two seconds (the shortest recycle delay
time, 7). In contrast the crystalline signal, at 33 ppm,
increases in intensity over the complete range of recycle
times. This slow growth in intensity indicates that the

crystal phase takes a prolonged time to recover its
equilibrium magnetization.

The invariance of the amorphous signal in the 13C
NMR spectrum is used as a reference to calculate the
growth in the intensity of the crystalline resonance. The
evolution of magnetization can be represented as a
fraction of the maximum crystal signal:

M(@) _ 1) _ fe@ J S, 7) do
Mo 1) (o) [ S(0, ) do

()

Here, M(7) is the longitudinal magnetization at time 7,
My is the equilibrium magnetization, I(7) is the intensity
of the crystal resonance, fc(z) is the fraction of the
crystal resonance in the 13C spectrum, and S(w,7) is the
line shape of the total spectrum recorded at time 7.

As the amorphous resonance demonstrates complete
longitudinal relaxation at the shortest recycle delay
time, 7, the absolute intensity of this signal is equivalent
to the signal measured at infinite time. The fraction of
the crystal resonance, in the 13C spectrum at infinite
time, was assumed to be equivalent to the crystallinity,
FcM, as measured by a deconvolution of the *H wide line
spectrum. Figure 5 shows the wide line 'H spectra for
two samples, one unirradiated and the other irradiated
with the maximum dose of 23 Mrad. The two spectra
are virtually identical, showing that the crystallinity is
unaffected by electron irradiation of these doses. The
signal from the crystal phase has been fitted in Figure
5 to a modified Gaussian,® using the data in the wings
of the spectrum, and eliminating the narrow, amorphous
peak. Again, it can be seen that the area under the
modified Gaussian is the same in both cases, indicating
constant crystallinity. By back-extrapolation of the
modified Gaussian area (see Experimental Section), this
crystallinity has been calculated at 77%.

The evolution of the longitudinal magnetization can
now be represented as

M(z) fe(o) 1_FCH
My 1-Tc@ F

®3)

Differences in the time scale of the longitudinal
relaxation are shown between polyethylene samples
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Figure 5. Wide-line *H NMR spectra, for the unirradiated
sample (a), and the sample irradiated with 23 Mrad (87% gel),
(b). A solid-echo pulse sequence was used, with an interpulse
delay of 12 us. The solid line is a fit to a modified Gaussian,
giving a crystallinity of 70% in each case.
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Figure 6. Fractional recovery of the crystalline peak, against
t¥2, for various samples, as indicated. The lines through the
data are fits to the diffusion model, eq 4.

(Figure 6). The relaxation shows an explicit dependence
on the cross-link density, which was established from
the electron irradiation dose. The nonirradiated poly-
ethylene exhibits the fastest longitudinal relaxation,
while the sample with the highest irradiation dose
shows the slowest recovery toward equilibrium.

It is not obvious how a decrease in the mobility of the
amorphous or interfacial regions, by cross-linking be-
tween chains, should manifest itself in a significant
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Figure 7. 13C relaxation data for the unirradiated sample,
fitted to a conventional two-component T; mechanism. The
crystal region is described by a long time component, while
the interfacial region is modeled with a much shorter T; value.

Table 2. Time Constants (T1) and Intensities (lp) from
the Fitting of the Relaxation Data to a Double
Exponential®

gel fraction lo' (%) T1' (s) 1o (%) T:€(s)
0 10 7.7 90 1045
0.78 9 6.2 91 1323
0.87 9 6.2 91 1724

aThe superscripts | and C represent the intermediate and
crystalline components respectively.

increase in the time scale for the crystalline spin—Ilattice
relaxation. However, the dependence of the data can
be explained if the origin of the longitudinal relaxation
is molecular chain diffusion.

However, the extent to which the results can be
interpreted using the classical spin—lattice relaxation
model should be investigated before being rejected. As
the 13C longitudinal relaxation does not exhibit a single
dipolar spin—Ilattice relaxation, the analysis has fre-
guently involved a multiexponential model,'%1 with the
longest component empirically attributed to the major
part of the crystalline lamellae. The origin of the
shorter T is typically associated with relaxation in the
interface. To investigate whether a multiexponential
model adequately represents the observed data, the
approach of Cheng et al.l® has been adopted. The
relaxation was modeled by a double exponential, with
the components assigned to the crystal and interfacial
regions. The results of this fitting can be seen in Figure
7. The two-domain model, each domain with a distinct
spin—lattice relaxation, provides a satisfactory model
for the observed longitudinal relaxation of crystalline
signal. An intermediate phase, approximately 9% of the
13C crystalline signal, has a short T; measured in
seconds. However, the dominant relaxation is an
extremely long T3, typically larger than 1000 s, which
is designated as the crystalline signal.

Although the observed relaxation is adequately rep-
resented, the resultant time constants require careful
consideration (Table 2). Values determined for the
crystalline phase demonstrate an increase for their
time scale with irradiation dose. The principal affect
of electron irradiation, however, is to place cross-
links between chains in the amorphous or interfacial
regions of the polymer, which should not affect the
mobility within the crystal. Thus, the T; values should
remain constant, which contradicts the observed be-
havior.
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Introduction of cross-links in the interfacial region
should significantly hinder the mobility of this region,
with a corresponding increase in the T, value. However,
the T; time constant is observed to decrease slightly
with a larger irradiation dose. So, although a multiex-
ponential model adequately represents the relaxation
data, the resultant T; values do not conform to the
physical description of cross-linking.

Analysis of the classic spin—lattice model can be
extended by calculating the correlation time, g, for the
motion responsible for the relaxation.'® It is assumed
in this analysis that the full 23C—1H dipolar coupling is
modulated by the motion described through the correla-
tion time. Additional motion to this molecular reori-
entation, e.g., a libration of the CH; group about the
molecular axis, would correspond to an increase in the
T, value. Thus, the correlation time, estimated in the
fast motion limit, represents the minimum allowable
value, while that in the slow motion regime represents
the maximum. Hence, for a T1 & 1000 s, the correlation
times can be estimated for both regimes, i.e. 7r < 1.4 x
10*sortr = 2.4 x 1071*s. Taken in conjunction with
the limiting tr determined from the NOE measurements
(zr = 7.6 x 10719), this suggest that motions with rates
exceeding 1 GHz are required to account for a conven-
tional spin—lattice relaxation time constant. Obviously,
motion with these rates is unrealistic for molecular
reorientation in the crystallites. This would strongly
indicate that the crystal magnetization is not generated
through the crystalline dipolar spin—lattice relaxation.
In conjunction with the fact that the observed NOE is
the same for both the crystalline and amorphous
resonances, a dipolar spin—lattice mechanism can be
discounted as the origin of the longitudinal relaxation.
However, the hypothesis that the magnetization is
transported from the crystal to the amorphous regions,
where it experiences an efficient relaxation process, is
consistent with the data.

Although the low natural abundance of 13C isotopes
suggests that the direct spin diffusion mechanism would
be inefficient, the diffusion might proceed through the
tightly coupled 1H spin system. Spin diffusion in a
dilute spin system can be modulated through an abun-
dant spin species.?® However, the creation of a more
rigid system by cross-linking, especially at the interface,
should intuitively either not affect or possibly enhance
the spin diffusion, dipolar interactions being more
efficient in a rigid system. However, as this is in
contradiction to the data, the mechanism of magnetiza-
tion transport is assigned to the solid-state diffusion of
polymer chains.

Molecular Chain Diffusion. Diffusion of chain
stems within the crystallites cannot be entirely inde-
pendent of each other. However, a Fick’s law diffusion
was used with the initial and boundary conditions
representing the polymer structure and its magneti-
zation. Diffusion into a slab of thickness 2I, where
effectively all the diffusing material enters through the
plane faces and a negligible amount enters through the
edges was used as a model to fit the experimental data.?!
This was considered equivalent to the one-dimensional
longitudinal diffusion into a crystal lamella.

The surfaces are maintained at constant concentra-
tion Cp, with initially zero concentration of diffusing
substance throughout the slab. This represents the
initial condition of the system, where the magnetization
in the amorphous domain is fully relaxed, while the
magnetization in the crystal is saturated. Diffusion of
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Table 3. Diffusion Coefficients Obtained from the Fits to
Eq 5, for the Complete Range of Data and the Shortened

Period
D (nm2-s71)
gel fraction 1<20s 7<1200s
0 0.0421 0.0330
0.78 0.0377 0.0247
0.87 0.0350 0.0183

the relaxed magnetization into the slab, as polymer
chains enter and leave the crystallites, is given by eq 4,

M 1 S 2C ot 4)
—=1- expl— —
Mo = C, 2

where C, = 4/2n + 1)272 and D is the diffusion
coefficient.

A nonlinear iterative algorithm was used to model the
data to eq 4. The procedure, based on the Levenberg-
Marquardt algorithm,?2 gradually modifies the search
for the minimization of %2, the merit function, from a
steepest descent approach to a quadratic procedure. An
accuracy to four significant figures for the diffusion
coefficient was established by using only the first 10
terms of the sum, and the appropriate limiting step. The
results of the fitting are shown in Figure 6.

Unconstrained diffusion of the magnetization from the
amorphous phase into the crystal satisfactorily repre-
sents the relaxation behavior of the nonirradiated
polyethylene, at 60 °C. Perhaps surprisingly, the
polyethylene sample irradiated at the highest dose and,
hence, with the greatest number of cross-links was also
adequately modeled by the equation.

Even at the highest irradiation dose the relaxation
cannot be modeled by a single exponential. The in-
ability to abstract an intrinsic dipolar spin—Ilattice
relaxation from the highly cross-linked samples does not
indicate its absence. As the diffusion equation is
essentially a sum of exponentials, the conventional
dipolar mechanism for relaxation of the crystal magne-
tization is contained within that sum. Therefore, the
diffusion coefficients obtained, although reflecting the
longitudinal relaxation, may not accurately represent
the actual displacement of the polymer chains.

If it is assumed that the introduction of a single cross-
link inferred insolubility upon the polymer, then the gel
fraction may be interpreted as the fraction of chains
with at least a single cross-link to another chain.2® A
high gel fraction may be obtained with a relatively small
number of cross-links, especially as cross-links were
formed on the crystal fold surfaces. If these cross-links
connect chains between loose fold surfaces, the chain
stems may still exhibit a relatively large displacement
into the crystal before the cross-links impede its further
progress.

Table 3 gives the diffusion coefficients calculated from
the fits to eq 4. Analysis of the diffusion coefficients
infers important information about the molecular dif-
fusion process. Comparison of D measured over the
period of the chains initial displacement, i.e., 7 < 20 s,
and over the longer time, i.e., r < 1200 s, demonstrate
a dependence on the distance the chains have diffused.

In the initial stages of diffusion, it is unlikely that
many of the constraints are important, as the longitu-
dinal relaxation is dominated by the free diffusion of
the polymer chains. Constraints, including chain order-
ing, entanglements, and cross-links, become more sig-
nificant as the diffusion continues. At the long times,
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the constraints severely hinder the molecular chain
diffusion, as the portion of chains, which were closest
to the core of the crystal, become virtually locked within
the crystallite.

The diffusion coefficients demonstrate a systematic
reduction in value with increased irradiation dose. This
behavior is seen for D, when measured over the full
range of experimental times but also over the initial
period of chain diffusion. As the only difference between
samples was the introduction of more topological con-
straints, in the form of cross-links, molecular chain
diffusion becomes more impeded with irradiation dose.
It is worth noting that the diffusion coefficients we
obtain are consistent with those of Schmidt-Rohr and
Spiess,® who used an entirely different (Monte Carlo)
analytical approach. Also, it is interesting to note that
Colguhoun and Packer,” in a study of branched poly-
ethylenes, also invoked the idea of molecular chain
diffusion contributing to the 13C relaxation process.
Their diffusion coefficients are also broadly comparable
to this work, allowing for the differences in polymer
morphology and method of data analysis.

Conclusions

A progressive saturation pulse sequence has been
used to investigate the 13C longitudinal relaxation on a
series of polyethylene samples which had experienced
various electron irradiation treatments. The samples
were shown to exhibit various degrees of cross-linking,
through measurement of the gel fraction.

Although the relaxation data were adequately mod-
eled by a multicomponent spin—lattice relaxation, the
resultant T; values did not conform to the physical
model of a cross-linked polymer. An increase in the T;
value of the crystalline signal was observed with an
increase in cross-link density, while the short Ty,
associated with the interface, decreased. As irradiation
forms cross-links at the fold surface of the lamellae, a
conventional dipolar spin—lattice relaxation model was
contradicted by the physical interpretation of its mobil-
ity. A molecular diffusion model, however, is consistent
with the data.

Previous experimental evidence has demonstrated the
possibility for the displacement of chains within n-
alkane crystals. On a macroscopic scale, the transverse
and longitudinal migration of paraffin chains in the
crystal state has been observed by direct optical obser-
vation?4 and X-ray diffraction.?> However, whether this
movement could result in the principal mechanism for
the 13C longitudinal relaxation was not apparent.

Isolated polyethylene chains in organic inclusion
compounds strongly indicated the possibility for the
displacement of chains in polymer crystals.?6 2H NMR
line shapes and relaxation experiments demonstrated
that the principal motion was a high-frequency libration
of the C—C bond. This motion, equivalent to the chain
jump mechanism previously observed in polyethyl-
ene,%2728 caused a fluctuation in the position of the
chain relative to its long axis.

Whereas existing 13C longitudinal relaxation data has
largely been interpreted through a conventional dipolar
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spin—lattice model, the relaxation was established as
the transport of magnetization, through molecular chain
diffusion, into the amorphous phase. Consequently a
re-evaluation of theories which draw on such data may
be required, with the measurement of molecular chain
diffusion stimulating new investigations in the field of
ordering, structure and dynamics in semicrystalline
polymers. A future publication will consider the effect
of lamellar thickness and morphology on the chain
diffusion.
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