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ABSTRACT: 13C NMR progressive saturation measurements were used to investigate longitudinal
relaxation in the crystal phase of semicrystalline alkanes. Novel monodisperse, ultralong n-alkanes were
melt crystallized in such a way that they comprised crystals containing extended chains or once-folded
chains. The crystalline morphology was confirmed using DSC, SAXS, and WAXS. Quantifying the
longitudinal relaxation is critically dependent on an accurate measure of the crystallinity of the sample.
Crystallinities were measured using X-ray scattering, calorimetric, and 1H broadline NMR techniques.
The longitudinal relaxation is interpreted via a solid-state chain diffusion process. Very high crystallinity
was shown to suppress the diffusion. A one-dimensional diffusion model with a single reptation time
was shown to represent successfully the relaxation of crystals comprising extended chains. The addition
of chain folds was shown to result in a decrease in the diffusion coefficient, although the addition of
branches at the fold surface did not represent a further constraint to diffusion. A dual reptation time
diffusion model was developed and shown to describe successfully the relaxations of the crystals comprising
folded chains. The diffusion coefficients were consistent with those previously measured for polyethylene,
as was an estimate of the thickness of the interfacial region yielded by the diffusion model. The results
were also analyzed using a conventional, multicomponent T1 model, which suggested the crystalline T1

may make a significant contribution at longer times. This explained the 100% relaxation seen for some
samples.

Introduction

Polyethylene is semicrystalline in the solid state, and
the nature of the crystalline morphology exerts a large
influence on its material properties.1 For example, as
crystallinity is increased, polyethylene becomes less
sensitive to wide variations of stiffness with tempera-
ture.2,3 The crystal regions are also much stiffer than
the amorphous regions and are mechanically anisotro-
pic,1 making the orientation of the crystallites critically
important. Correspondingly, commercial polyethylenes
often undergo processing which tries to optimize the
crystalline morphology to yield the desired character-
istics.1 Controlling the efficacy of these processes are
the molecular dynamics which influence crystallization,
lamellar thickening, and the enhancement of orienta-
tion. The purpose of this work is to investigate one such
dynamic process: the exchange of material between the
crystalline and amorphous phases as a result of crystal-
line chain diffusion. We shall do this by studying the
13C longitudinal relaxation in a series of monodisperse
n-alkanes, of various chain lengths, where the crystals
are demonstrated to comprise fully extended or once-
folded chains. The longitudinal relaxation is measured
over a time period of 1200 s. After this time, most
samples exhibited between 60 and 100% magnetization
recovery, although extended chain samples only recov-
ered to 20%. The results will be interpreted via a
diffusion model and, for comparative purposes, a con-
ventional T1 model, where T1 values are obtained from
a double-exponential fit to the partially recovered
magnetization.

Although the experimental observation of solid-state
chain diffusion in polyethylene is not new, it is still a
matter of some contention, especially regarding the
extent of diffusion, and it is worthwhile reviewing the
literature in this area. Crystalline chain diffusion was

first observed in the seminal work of Ungar and Keller,4
who observed intermixing of separate macroscopic
crystals of long-chain paraffin molecules between 26 and
36 carbons in length. This mixing led to a new crystal-
line phase detectable by WAXS and calorimetry. Mixing
of chains of the same lengths was demonstrated by
deuterium labeling some of the alkanes, such that
mixing of isotopically different chains changed the local
molecular environment and hence could be detected
with IR spectroscopy. Importantly, this work demon-
strated that (a) chains within crystals diffuse in the solid
state well below the melt and below the rotator phase;
(b) the diffusion is long-range, covering distances (mi-
crometers) far greater than the lengths of the diffusing
chains (nanometers); (c) chains can gain access to, and
diffuse into, solid macroscopic crystals; and (d) the
driving force of the diffusion is not solely a result of the
chains trying to increase their stem length within a
crystal, as these alkanes were fully crystalline before
the start of the experiment. Radiotracer, serial section-
ing studies of self-diffusion5 in C20 crystals showed long-
range crystalline chain diffusion both parallel and
perpendicular to the basal planes of the crystallites,
which indicates that it is not necessary to have alkanes
of different lengths for diffusion to occur. Annealing a
purely mechanical mixture of microcrystals of two
alkanes of slightly different lengths was shown to
produce a mixed crystal.6 This mixed crystal had the
same properties as those obtained by co-crystallization
of the two alkanes from solution. Here, a mechanism
for the diffusion was proposed whereby molecules
migrate substantially as all-trans rigid bodies. The
authors also suggest that the chains move longitudinally
along their axes, probably by rototranslational jumps.
Yamamoto et al.7,8 observed long-range crystalline dif-
fusion in situ by optical microscopy. Diffusion was
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detected both transverse and longitudinal to the chain
axis. Transverse diffusion shows the distance covered
to be proportional to t1/2, supporting a simple diffusional
process. Longitudinal diffusion was more difficult to
measure, since the molecules tended to diffuse into deep
layers and then undergo transverse diffusion. Computer
simulations9 have demonstrated that torsional motions
can couple with lattice vibrations to produce short-range
twists in the chains (twist defects). These defects can
move coherently toward the end of the crystal, thereby
causing a chain diffusion process. Shorter alkanes
diffuse via a collective twisting of the chains, which is
not so strongly influenced by conformational defects.
The alkanes used in the present work have been studied
by a number of research groups. One such study10

involving electron microscopy suggests that isothermal
thickening of folded chains occurs through a solid-state
diffusion process.

The evidence for chain diffusion from NMR experi-
ments, based mainly on 13C longitudinal relaxation, is
more controversial, as it is hard to separate the contri-
butions from physical diffusion of the chains and spin-
lattice relaxation effects. Schmidt-Rohr and Spiess11

used 2D exchange and 13C experiments to clearly
demonstrate that there is chain diffusion between
crystalline and amorphous phases of polyethylene. The
2D experiments only lasted for a second or two for
practical reasons, but they do show that chain diffusion
does occur and provide no evidence to suggest that this
diffusion should come to a halt after a particular time
interval or diffused distance. NOE measurements also
showed that the enhancement factors for the crystalline
and amorphous phases are the same over the complete
range of the 13C relaxation, which indicates that the
motions leading to these relaxations are the same for
each phase. The frequency of these motions was calcu-
lated and shown to correspond to the amorphous phase.
Hence, the magnetization in the crystalline phase is not
generated by 13C relaxation, but rather has been
transported in from the amorphous phase. Similar 13C
relaxation measurements were carried out by Robertson
et al.12 on polyethylene samples subjected to controlled
cross-linking by electron irradiation. A systematic de-
crease in the rate of recovery was observed with
increasing amorphous phase cross-link density, which
could not be explained through a conventional T1
process, but was satisfactorily explained via a decrease
in crystalline chain diffusion coefficient as a result of
the hindrance to diffusion caused by cross-linking.
Similar effects have been observed by Klein et al.13

where the entanglement density has been varied via
different annealing conditions. More recently, magic-
angle turning and separated local field experiments14

have shown that the principal values of the chemical
shift tensor, and the local 1H field of the tensor, for the
all-trans crystalline structures with long and short T1
are essentially the same. Thus, the local electronic and
dipolar environments are the same, so different spin-
lattice interactions cannot be the cause of the different
T1’s. This supports the suggestion that chain diffusion
between the amorphous and crystalline regions in poly-
ethylene is the primary reason for the multiexponential
crystalline T1 relaxations.

To gain a better understanding of the factors influ-
encing crystalline chain diffusion in commercial poly-
ethylenes, it would be ideal to study a system with an
extremely well-characterized crystalline morphology

which was comparable to the morphology in such
materials. The short chain n-alkanes which have been
previously studied4-9 did not form folded chain crystals
and were essentially single-phase systems with no
amorphous component. Conversely, the studies of
polyethylene11-13 suffered from problems arising from
their polydispersity. Since the materials contained
chains of a range of different lengths, it was impossible
to characterize fully the number of folds in each chain,
the nature and tightness of those folds, or the amount
of cilia and tie molecules present. The unique op-
portunity of studying crystalline chain diffusion in an
exceptionally well-characterized, chain-folded two-phase
system has now been made possible by the synthesis of
ultralong monodisperse n-alkanes.

These materials were first produced in the mid-1980s
following the research work of Wegner15 and that of
Whiting16 in an investigation aimed at the elucidation
of the chain-folding crystallization process. Subse-
quently, Brooke and co-workers17 at the University of
Durham improved the method of Whiting and synthe-
sized larger amounts of the linear alkanes C198H398,
C246H494, and C294H590 and also produced the branched
alkanes C96H193CHRC94H189 where R ) CH3 and C4H9,
among other materials.

The monodispersity of these alkanes allows the
crystals formed to be exceptionally well characterized.
The alkane chains are long enough to crystallize by
chain folding and comprise both crystalline and amor-
phous moieties.18,19 The use of alkanes of differing
molecular weight allows the study of crystals of different
lamellar thicknesses with identical surrounding mor-
phologies. Recent work on polyethylene studied materi-
als of different lamellar thickness from 15 to 60 nm
formed by pressure annealing,13 but this could not be
done without changing other aspects of the morphology,
such as the fold surfaces and the entanglement density
in the amorphous phase.20 In the present work, precise
control over the morphology of the alkane crystals
provides a unique insight into the basic mechanism by
which crystalline chain diffusion progresses.

Experimental Section

High-Resolution 13C NMR. Spectra were recorded on a
Chemagnetics CMX-200, operating at 200 MHz for protons and
50.3 MHz for carbons. A progressive saturation pulse sequence
was employed (Figure 1). A double-resonance MAS probe was
used, and samples were spun at about 3.5 kHz. A 4 µs 90°
pulse was used in the1H and 13C channels, with a decoupling
field strength equivalent to 82 kHz applied during the acquisi-
tion period. A series of FIDs were recorded, with a variation
in the recycle delay time, τrd, 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.11

Figure 1. Progressive saturation pulse sequence used to
measure the 13C longitudinal relaxation.
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The data lengths of the FIDs were doubled by zero filling,
and the signal-to-noise was improved by multiplication of the
FIDs by matched exponential filters.21 The FIDs were then
Fourier transformed into the frequency domain, where they
were baseline corrected to a third-order polynomial.

Wide-Line 1H NMR. The probe had a 5 mm coil, and a 90°
pulse width of 2 µs was used. A standard 90x-τ-90y solid echo
pulse sequence was used, with interpulse spacing, τ, varying
between 8 and 30 µs. The broad component of the spectrum,
representing the crystalline phase, obtained at each value of
τ was fitted to a modified Gaussian function.12 The narrow
component, representing the mobile amorphous phase, was
fitted to a Lorentzian function. Each of these components
decayed in a Gaussian manner as a function of τ and was
extrapolated back to zero τ, where the crystallinity was
calculated as the fraction of the total signal associated with
the modified Gaussian function.

Differential Scanning Calorimetry (DSC). DSC scans
were carried out using a Perkin-Elmer DSC7, heating at 10
°C/min. The calorimeter was calibrated for temperature and
energy from the melting behavior of two standards, indium
and zinc, at 10 °C/min. The fractional crystallinity was
measured by dividing the area of the melting endotherm, in
J/g, by the 100% crystalline value, which for polyethylene is
widely cited as 290 J/g.22

Simultaneous Small- and Wide-Angle X-ray Scattering
(SAXS and WAXS). The X-ray scattering experiments re-
ported in this paper were carried out at Station 8.2 of the
Daresbury Synchrotron Radiation Source. The beamline was
configured with an X-ray wavelength, λ, of 1.52 Å and a
bandwidth ∆λ/λ e 4 × 10-3. In the focal plane the beam size
was 3 × 0.3 mm2. Details of the storage ring, radiation, camera
geometry, and data collection electronics can be found else-
where.23 The samples were placed in DSC pans containing 4
mm diameter windows made from 5 µm thick mica.

Small-angle scattered X-ray photons were detected on a
quadrant multiwire position-sensitive detector24 located 3.0 m
from the sample. The calibration of the q scale of the detector
(q ) 4π sin θ/λ, where the scattering angle is defined as 2θ)
was performed using the first 25 orders of diffraction from wet
rat tail collagen. A sixth-order polynomial was fitted to the
inverse collagen spacings over the detector range. This corrects
for the positional nonlinearity of the detector. All diffraction
intensities were normalized by the beam flux which was
monitored by an ionization chamber located behind the sample.
Each of the SAXS scattering patterns was Lorentz corrected.25

Wide-angle X-ray scattered photons were detected utilizing
a curved linear Inel delay line detector.26 The detector was
positioned such that its center of curvature coincided with the
sample and such that it would not be an obstacle to the small-
angle pattern. The scattering pattern of high-density polyeth-
ylene was used for the positional calibration of the detector.
The experimental data were corrected for background scatter
using the scatter from an empty sample holder and for
nonuniform detector sensitivity using the response to a 58Fe
X-ray source.

Results and Discussion

Sample Preparation and Characterization. (i)
DSC Analysis. Previous work by other authors on
monodisperse alkanes has revealed that they show a
preference for crystallizing with quantized fold length,18,19

the crystals comprising either extended chains or chains
completing almost exactly one, two, three, or four folds
up to the longest chain examined, C390H782. This quan-
tization leads to discontinuities in the dissolution tem-
perature. Figure 2 shows typical DSC thermographs of
the three linear and two branched alkanes here studied.
The thermographs of each of the linear alkanes show
two distinct melting endotherms. This is indicative of
the linear alkanes comprising two distinct crystal
populations of differing lamellar thickness. Comparisons

of the melting onsets (Table 1) with those in the
literature19,27 suggest that these populations are of
crystals comprising fully extended (E) chains and ex-
actly once-folded (F1) chains. Another interesting fea-
ture of the DSC thermographs of the linear alkanes is
the appearance of an exotherm between the two melting
endotherms. This is a result of crystal thickening. The
crystals comprising folded chains have a significantly
lower melting temperature than those comprising ex-
tended chains. There is therefore a temperature range
where crystals comprising extended chains are stable
and those comprising folded chains are not. In this
temperature range the folded chain crystals melt and
recrystallize as extended chain crystals. The exotherm
observed is the crystallization exotherm for these newly
formed extended chain crystals. A thickening exotherm
is not observed in the thermograph of C294H590 (Figure
2c). This does not imply that no thickening occurs; the
exotherm is merely hidden through superposition with
the melting endotherms.

The thermographs of the branched alkanes show only
one melting endotherm. The melting onset here is
consistent with crystals comprising once-folded chains
with the branches at the fold surface. It has been
shown28 that both methyl and butyl branches can be
incorporated into the polyethylene crystal lattice, but
in these materials the branches preclude the formation
of extended chain crystals because they are all at exactly
the same point on the chain. This would produce an
intolerable crystal strain at the center of an extended
chain crystal. The folded chain crystal is therefore
preferred.

Figure 2. DSC thermographs for (a) C198H398, (b) C246H494,
(c) C294H590, (d) C96H193CH(CH3)C94H189, and (e) C96H193CH-
(C4H9)C94H189.
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It is possible to calculate explicitly the lamellar
thickness of a crystallite from the position of the melting
peak, Tm, using eq 129

where l is the lamellar thickness, Tm
0 is the equilibrium

melting temperature of a crystal of infinitely large l, ∆hf
is the heat of fusion per unit volume of crystal, and σe

is the fold surface interfacial free energy. Tm
0 is com-

monly quoted29 as 145.8 °C, ∆hf as 2.8 × 108 J m-3, and
σe as (93 ( 8) × 10-3 J m-2.

Although interfacial free energy, σe, is a quantity
applicable to normal molecular crystals, it is conceptu-
ally different in the case of chain-folded crystals. In
chain-folded crystals σe includes contributions from the
energy per unit area required to form a chain fold and
is independent of molecular weight.29 A fold requires a
number of repeat units in the higher energy gauche
conformation, with a corresponding increase in the
energy stored in the chain. Clearly, the interpretation
of σe is different for a crystal comprising extended
chains, as is manifest in the observed dependence of σe
on molecular weight in the regime of chain-extended
crystallization.30 It is possible to calculate σe for chains
of a given length, but the calculation is cumbersome and
the results are unreliable. Instead, the lamellar thick-
ness of a chain-extended crystallite with disordered end
sequences can be calculated from eq 231

where x is the number of units in a chain, l is the length
of the crystallite, ∆Hu is the enthalpy of fusion per
repeat unit, equal to 4.10 kJ/mol,30 and R is the
universal gas constant.

The results of the lamellar thickness calculations for
each of the melting peaks are shown in Table 1.
Equation 1 has been used for all peaks and eq 2 only
for those crystals assigned through the literature to
comprise extended chains. The lamellar thicknesses
labeled “ideal” are those calculated from purely geo-
metrical considerations using a bond angle of 109.5° and
a bond length of 1.54 Å and assuming 100% chain
participation in the crystal and a tilt angle32 of 35°.

The lamellar thicknesses determined from eq 1 agree
well with the ideal thicknesses in the case of chain-
folded crystals. This demonstrates that those peaks
were correctly assigned to crystals comprising once-
folded chains. The agreement is not as good in the case
of extended chain crystals, as would be expected, since
the value of σe used is not necessarily applicable to
crystals comprising extended chains. Equation 2, how-
ever, shows good agreement with the ideal value,

demonstrating that these melting peaks are correctly
assigned to extended chain crystals. Any discrepancies
are most likely due to the assumption of 100% chain
participation. The crystalline morphologies observed are
depicted schematically in Figure 3.

(ii) Preparation of Extended Chain Crystals. The
distinct melting temperatures of the populations of E
and F1 crystals allow the morphology produced to be
controlled through careful control of the crystallization
conditions. For example, annealing a linear alkane at
a temperature above the melting temperature of the F1
crystals but below that of the E crystals should result
in the production of a sample that exclusively comprises
E crystals. This strategy was here employed to produce
bulk samples for NMR study which exclusively com-
prised extended chains crystals. Figure 4 shows the DSC
thermographs of the so-prepared linear alkanes. The
ideal annealing times and temperatures found are
shown in Table 2. As a result of their monodispersity,
the alkanes are very highly crystalline, and this crystal-

Table 1. Lamellar Thicknesses Determined from DSC Melting Peak Positions, Tm, Using Eqs 1 and 2

alkane
melting onset

(( 0.5 °C)
melting peak

(( 1 °C)
lamellar thickness

from eq 1 (nm)
lamellar thickness

from eq 2 (nm)
“ideal” lamellar
thickness (nm)

C198H398 118 119 11 ( 1 10.3
C198H398 126 129 17 ( 2 18 ( 1 20.6
C246H494 122 125 13 ( 1 12.7
C246H494 128 132 20 ( 1 23 ( 2 25.6
C294H590 124 128 16 ( 1 15.3
C294H590 130 134 24 ( 2 28 ( 2 30.6
C96H193CH(CH3)-C94H189 114 118 10 ( 1 9.8
C96H193CH(C4H9)-C94H189 114 118 10 ( 1 9.8

Figure 3. Schematic representation of the observed crystal-
line morphologies: (a) linear, extended chain crystals; (b)
linear, once-folded chain crystals; (c) branched, once-folded
chain crystals.

Figure 4. DSC thermographs of annealed linear alkanes: (a)
C198H398, (b) C246H494, (c) C294H590.

Tm ) Tm
0 (1 -

2σe

∆hf l) (1)

1
Tm

- 1
Tm

0
) ( R

∆Hu
){1

x
+ 1

x - l + 1} (2)
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linity increases with annealing, as would be expected.
Postannealing, the thermographs of C198H398 and of
C246H494 show only the endotherm corresponding to E
crystals. This demonstrates that these samples com-
prised exclusively E crystals. In C294H590, although the
endotherm corresponding to E crystals is much the
larger, indicating that the vast majority of crystals
formed comprised extended chains, the F1 endotherm
is still clearly visible. Ideally, there should be no F1
material present, but, despite the use of a wide range
of annealing times, temperatures, and cooling rates, this
was not achieved. It is most likely that the F1 crystals
formed as the sample was cooled from the annealing
temperature.10 The annealing procedures outlined in
Table 2 were used to provide bulk samples for NMR
study which comprised exclusively, or almost exclu-
sively, extended chain crystals.

(iii) Preparation of Folded Chain Crystals. Crys-
tals comprising folded chains are more likely to be
formed the greater the supercooling.33 Supercooling is
defined as Tm - Tc, where Tm is the melting tempera-
ture and Tc the crystallization temperature. Although
the extended chain crystal is the crystal of maximum
stability, the probability of chains extending themselves
fully in primary nucleation is low at large supercoolings.
Chain-folded fluctuations which involve lower free
energy barriers are preferred. Even if an extended chain
substrate is available, the folded chain crystal growth
is still greater due to the large number of possible folded
molecular conformations and the large number of pos-
sible attachment positions along the extended chain
sites.

Accordingly, to prepare bulk samples of alkane ex-
clusively comprising F1 crystals, the samples were
quenched to a large supercooling for crystallization. This
was carried out for each of the linear alkanes. It was
assumed that the branched alkane crystals already
exclusively comprised once-folded chains. The alkanes
were placed inside DSC pans and heated to 150 °C on
a digitally controlled hot plate. When melted, the
samples were plunged into liquid nitrogen where they
were held submerged for 2 min. Subsequent DSC scans
show that at least some F1 crystal had been produced
by this method for each of the linear alkanes. However,
since the alkane crystals thicken during the DSC
experiment (Figure 2), it was impossible to tell from the
thermographs whether they had exclusively contained
F1 crystals. The folding habit was therefore investigated
using X-ray scattering.

SAXS patterns were recorded at room temperature
for alkane samples prepared as described above either
to comprise exclusively F1 crystals or exclusively E
crystals (Figure 5a-c). In each of the scattering patterns
only one set of peaks is visible, suggesting that one
lamellar thickness was predominant in each case. The
position of the peaks in the quenched and annealed
samples of the same alkanes is distinctly different in
all cases. In the analysis of the patterns a stacked

lamellar morphology was assumed. The long spacings,
d, were calculated from the peak positions using

The results are shown in Table 3. The long spacings of
the annealed alkanes show excellent agreement with

Table 2. Optimum Annealing Times and Temperatures of
the Linear Alkanes, with Their Crystallinities before and

after Annealing As Measured by DSC

alkane
annealing
temp (°C)

annealing
time
(min)

crystallinity
((2%) (pre-
annealing)

crystallinity
((2%) (post-
annealing)

C198H398 119 5 92 99
C246H494 124 5 90 95
C294H590 125 30 89 98

Figure 5. SAXS patterns recorded at room temperature for
linear alkane samples either quenched to comprise exclusively
F1 crystals or annealed to comprise exclusively E crystals: (a)
C198H398, (b) C246H494, (c) C294H590.

q ) 2π
d

(3)
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the “ideal” lamellar thickness in each case. This con-
firms that the annealed samples exclusively comprise
E crystals. The similarity between the long spacings and
the lamellar thicknesses is also indicative of extremely
high crystallinity; the amorphous interlayers are ex-
ceptionally thin. The long spacings of the quenched
linear and branched alkanes tend to be larger than the
“ideal” lamellar thicknesses. These materials are less
highly crystalline, and the interlamellar amorphous
regions push the crystalline layers apart. Taking this
into account, the results are consistent with the quenched
linear and branched alkanes exclusively comprising F1
crystals.

(iv) Folded to Extended Chain Transition Ob-
served by SAXS. For each of the alkanes a series of
SAXS patterns were recorded as the temperature was
increased (Figure 6a-e). In each of the linear alkanes
(Figure 6a-c) the patterns observed at lower temper-
ature correspond to folded chain crystals. In C294H590
(Figure 6c) the lower temperature patterns show only
the peaks resulting from once-folded chain crystals
which are exactly half the thickness of the crystals
comprising extended chains (F1 crystals). In C198H398
and C246H494 (Figure 6a,b) the lower temperature SAXS
patterns are superpositions of the scattering patterns
from two distinct crystal populations. These populations
are F1 crystals and folded chain crystals whose lamellar
thicknesses are a noninteger fraction of the extended
chain crystal thickness. These noninteger fraction, or
NIF, crystals have a length between that of the E and
F1 crystals. Although integer folding is preferred,18

transient NIF forms are often produced as the result of
the much higher attachment probability of noninteger
fractions.33 These transient NIF forms can be frozen in
at room temperature if the sample is quenched.32 Here,
to improve the amount of sample placed in the beam,
the virgin alkane powders were melted on a hot plate
and allowed to cool to room temperature prior to the
beginning of each SAXS experiment. This cooling was
fast enough to quench in some NIF crystal forms.

Each of the linear alkanes undergoes a lamellar
thickening transition at a temperature corresponding
to that measured by DSC (Table 1). Following this
transition, the patterns for each of the linear alkanes
contain peaks corresponding to E crystals. The SAXS
patterns of the branched alkanes (Figure 6d,e) show the
peaks corresponding to F1 crystals. No evidence of
thickening was observed. This is consistent with the
DSC measurements and with the assumption that the
branches prevent the formation of E crystals.

The alkanes all show increases in intensity as the
melting or thickening transitions are approached. This
is an effect both of increased scattering contrast and of

the partial melting of the crystallites. These factors are
related to the scattered intensity for a two-phase
structure of volume crystallinity æ through34

where Fc and Fa are the electron densities in the
crystalline and amorphous phase, respectively, and i is
the scattered intensity. As temperature is increased, the
expansion of the amorphous phase and the reduction
in crystallinity toward 50% both tend to increase the
scattered intensity. Crystallinity can be calculated from
the ratios of the integrated intensities of the hth-order
reflection to that of the first order using34

where Ih and I1 are the integrated intensities of the
hth and first orders, respectively. For C294H590 this
yields a reduction in crystallinity from 70% to 64% in
the temperature range 110-120 °C, which is in good
agreement with measurements of the change in crys-
tallinity with temperature made from 1H broadline
NMR.35

(v) Alkane Crystallinity. Table 3 shows the results
of the crystallinity measurements made on the well-
characterized E and F1 crystals with three tech-
niques: SAXS, DSC, and NMR. The results show good
agreement, especially when the different physical prop-
erties probed by the different techniques are con-
sidered. The lamellar thickness has been calculated
from the product of the long spacing and the crystal-
linity as measured by 1H NMR. These are the values of
lamellar thickness carried on into the following 13C
NMR analysis.

(vi) WAXS Analysis. A series of WAXS patterns
were recorded for each of the alkanes as the tempera-
ture was increased. The patterns were similar for each
alkane, and a typical example is shown in Figure 7. The
110 and 200 peaks of orthorhombic polyethylene were
observed for each sample. The unit cell showed no
distortion in the branched samples, further confirming
the branches’ exclusion28 from the F1 crystals. At the
thickening transition the scattered intensity passed
through a minimum. This is the result of large-scale
melting and recrystallization. The thickening transition
was observed to cause no change in the unit cell
dimensions.

NMR Results. 13C MAS NMR spectra were obtained
for each of the alkanes. A typical spectrum is shown in
Figure 8. Four distinct peaks are visible: the crystalline

Table 3. Crystallinities of the Various Alkanes Measured by DSC, NMR, and SAXS and Their SAXS Long Spacinga

alkane and preparation

SAXS
crystallinityb

((4%)

DSC
crystallinity

((2%)

NMR
crystallinityc

((2%)
long spacing

(nm)
lamellar

thickness (nm)

ideal lamellar
thickness

(nm)

C198H398 (quenched) 75 76 12.9 ( 0.3 9.8 (( 0.3 10.3
C198H398 (annealed) 87 99 98 20.8 ( 0.4 20.4 ( 0.4 20.6
C246H494 (quenched) 80 81 14.9 ( 0.3 12.2 ( 0.4 12.7
C246H494 (annealed) 92 95 98 25.8 ( 0.3 25.5 ( 0.6 25.6
C294H590 (quenched) 76 79 16.2 ( 0.2 12.8 ( 0.4 15.3
C294H590 (annealed) 99 98 98 29.2 ( 0.4 28.7 ( 0.7 30.6
C96H193CH(CH3)-C94H189 78 82 10.3 ( 0.2 8.5 ( 0.3 9.8
C96H193CH(C4H9)-C94H189 83 82 10.3 ( 0.2 8.5 ( 0.3 9.8

a Lamellar thickness is calculated from the product of SAXS long spacing and NMR crystallinity. b Recorded at room temperature.
c Recorded at 60 °C.

4π∫0

∞
q2i(q) dq ) æ(1 - æ)(Fc - Fa)

2 (4)

(I)h

(I)1
)

sin2(hπæ)

h2 sin 2(πæ)
(5)
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peak at 32.5 ppm, the amorphous peak at 31 ppm, the
end methyl carbon at 13.5 ppm, and the penultimate
carbon at 24 ppm.36 Figure 9 shows a typical set of
spectra taken at various recycle delays, ranging from 2
to 1200 s. It can be seen that the amorphous peak, and
those of the end groups, have constant intensity, indi-
cating that they are fully relaxed within 2 s. This is a
consequence of the relatively high mobility of the
noncrystalline phase leading to a T1 of about 0.5 s.37 In
contrast, the crystalline signal shows an increase in
intensity over the whole range of recycle delays. This
slow growth in intensity indicates that the crystal phase
takes a prolonged time to recover its equilibrium
magnetization. It is this recovery which has tra-
ditionally been analyzed in terms of a classical T1
relaxation but which we are now attributing predomi-
nantly to crystalline chain diffusion.11-13 A section of
chain within the crystal diffuses into the amorphous
phase, where it can experience efficient relaxation, and
back into the crystal, during the recycle delay. The

fractional growth in the intensity of the crystalline peak,
M(t)/M0, can be found as12

where fc(t) is the fraction contributed by the crystalline
peak in the 13C spectrum at any time and ø the
crystallinty measured from the broadline proton spec-
trum. We assume in the analysis that for most samples
the intrinsic T1 of the crystalline carbons is very long
by comparison to the diffusional process.11,12,38

Effect of Crystallinity on Chain Diffusion. Figure
10 shows the recovery of the crystalline magnetization
as a function of the square root of the recycle delay,
normalized by the lamellar thickness, for the E and F1
samples of C246H494 and C294H590. The relaxations of the
different alkanes overlap each other, illustrating that
the relaxation scales with lamellar thickness in exactly

Figure 6. Variable temperature SAXS scans for (a) C198H398 heated at 5 °C/min, (b) C246H494 heated at 1 °C/min, (c) C294H590
heated at 1 °C/min, (d) C96H193CH(CH3)C94H189 heated at 5 °C/min, and (e) C96H193CH(C4H9)C94H189 heated at 5 °C/min. SAXS
scans for the linear alkanes show the change from folded to extended chain crystals. Those for the branches alkanes show only
folded chain crystals.

M(t)
M0

)
fc(t)

1 - fc(t)
1 - ø

ø
(6)
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the way one would expect for a diffusional process.
Distinct differences were observed in the time scales of
the relaxations of the samples comprising E and F1
crystals. The extended chain crystals relaxed signifi-
cantly more slowly than the folded chain crystals for
each alkane, and the maximum recovery observed was
only about 20% at the longest time studied (1200 s).
Initially, this might seem counterintuitive, as a chain

fold would be expected to suppress the diffusion process,
leading to a slower recovery in the F1 crystals. The
explanation proposed here for the observed behavior is
that the exceptionally high crystallinity of the extended
chain samples causes them to relax extremely slowly.
Since the crystallinity of the samples does not change
with time, this implies that the vacancy left by a chain
stem exiting a lamella will be filled by a chain entering
from the interface on the other side. The diffusion rate,
then, is determined to some extent by the probability
of amorphous cilia entering vacancies in the basal plane,
which will be greater for a longer section of amorphous
chain. It is therefore not unreasonable to suggest that
the transport process should become progressively more
difficult as the crystalline fraction increases. Such a
trend has recently been observed in 1H NMR T1 relax-
ations of polyethylene.39 The exceptionally high crys-
tallinities (∼95%) of extended chain C246H494 and C294H590
produce slower diffusion than any obstacle to chain
diffusion presented by the addition of chain folds,
resulting in the slower recovery of the E crystals. The
F1 crystals have significantly lower crystallinities of
about 80%, and we consider the constraints to diffusion
to be largely due to the chain folds, as will be discussed
later.

Crystal Morphology of C198H398 and Effect of
Chain Folding. Figure 11 shows the relaxations of all
the quenched linear alkanes. The relaxation of C198H398
differs significantly from that of the others. To explain
this quicker relaxation, it is necessary to consider the
crystal morphology formed. C198H398 is the shortest
alkane investigated and therefore the most difficult with
which to prepare samples exclusively comprising F1
crystals. The shortest chain in which folding has been
observed17 is C150H302. Although SAXS measurements
demonstrated that the lamellar thickness corresponded
to F1 crystals, this does not necessarily show that the
crystals are of the desired type; crystals comprising a
mixture of F1 and E chains could still have a lamellar
thickness consistent with F1 crystals (Figure 12). The
likelihood of the formation of this type of morphology
is increased for a quenched sample. X-ray studies of
similar linear alkanes have shown that it is possible for
some chains to be folded and fully crystalline while
others are only half crystallized in the initial stages of
crystallization.32 The partially crystallized chains are

Figure 7. A typical variable temperature WAXS pattern for
a linear alkane. The pattern shown is for C294H590 heated at 1
°C/min. The 110 and 200 peaks of orthorhombic polyethylene
are visible.

Figure 8. A typical alkane 13C NMR spectrum. The spectrum
shown is for C294H590 recorded at 60 °C using a progressive
saturation pulse sequence with a recycle delay of 2 s. The
peaks are assigned according to ref 36.

Figure 9. 13C NMR spectra at various recycle delays between
2 and 1200 s. The enhancement with time of the crystalline
resonance, at 32.5 ppm, occurs over several hundred seconds,
while the noncrystalline resonances are fully relaxed within
2 s.

Figure 10. Fractional recovery of the crystalline magnetiza-
tion, against the square root of the recycle delay, normalized
by the lamellar thickness, for the E and F1 samples of C246H494
and C294H590.
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not folded, and each traverses the lamella once (Figure
12). By rapid melt quenching it is possible to freeze this
crystal form at room temperature.

If it is assumed that chain folds do represent some
form of obstacle to the diffusion process, then the
formation of the type of crystals shown in Figure 12
explains the faster recovery of the quenched C198H398.
Since we are assuming that this sample did not exclu-
sively comprise F1 crystals, but rather a mixture of
folded and partially crystallized extended chains, per-
haps even a majority of extended chains, there were
fewer restraints to chain diffusion than in the true F1
samples, leading to the observed rapid recovery of
magnetization. C198H398 also has a slightly lower crys-
tallinity than the other two quenched alkanes, which
is consistent with the morphology proposed. These levels
of crystallinity would not suppress the diffusion of the
partially crystallized extended chains in the way sug-
gested for the very high crystallinity E chains discussed
earlier. Furthermore, the magnetization in this sample
recovers to 100%. Considering purely diffusion, this
implies that an entire chain stem can escape from the
lamella on a time scale of 1200 s. This is unlikely,
especially for the fraction of the sample comprising
folded chains, where the amorphous part of the chain
represented by the loose chain fold would not be able
to recrystallize by entering an adjacent lamella. An
alternative explanation for the recovery approaching
100% at long times is a contribution from the intrinsic
T1 of the crystal. This may be relatively short due to
the disordered fold surface increasing the lattice spacing

near the edge of the lamellae and is discussed in more
detail below.

Effect of Branching. Figure 13 shows the recovery
of magnetization for the branched alkane samples,
C96H193CH(CH3)-C94H189 and C96H193CH(C4H9)-C94H189,
referred to as the methyl- and butyl-branched samples,
respectively. It has been demonstrated that these
materials form F1 crystals with the branches at the fold
surface. The recoveries are the same for each of the
branched samples. This is unsurprising since we know
that, in these materials, branches of differing lengths
are equally excluded from the crystals. Figure 13 also
shows the recoveries of the F1 linear crystals. Remark-
ably, there is no significant difference between the
recoveries of the F1 linear and the F1 branched samples.
This result leads to the surprising conclusion that the
addition of a branch at the fold surface does not make
a significant difference to the constraint posed by the
fold itself. This will be discussed further in the following
section. It is also worth noting that the similarity of the
relaxations of the F1 branched and linear samples
supports the assumption that quenched C246H494 and
C294H590 form true F1 crystals rather than the mixed
crystals discussed in the preceding section. We again
see recoveries approaching 100% for the branched
samples, similar to C198H398. Since all the chains in
these samples are once-folded, this again suggests a
significant T1 contribution to the relaxation.

Modeling the Recovery of Magnetization as a
Conventional T1 Process. Before we provide a full
analysis of the magnetization recovery based upon chain
diffusion, it is necessary to consider an interpretation
based upon multicomponent T1’s. A number of ap-
proaches can be adopted; the data can be fitted to two
components after Cheng et al.,40 whereby the longer
component is associated with the crystalline core and
the shorter one predominantly, but perhaps not exclu-
sively, with the interface. Second, a three-component
crystalline T1, as proposed by Kitamaru et al.,41 where
all of these components are assigned to the crystalline
phase, as the interfacial component is considered to
contribute to the peak at 31.1 ppm. Each of these
methods provides a perfectly good fit to the data, and
Table 4 shows the results from the two-parameter fit
as an illustration. Here, the lamellar thicknesses are
taken from Table 3, and the interfacial fraction and the

Figure 11. 13C relaxation data for the quenched, linear
alkanes. C198H398 relaxes significantly more quickly than the
other quenched alkanes.

Figure 12. Schematic diagram of the crystalline morphology
of quenched C198H398. Although the crystal comprises a mixture
of folded and extended chains, the lamellar thickness is
indistinguishable from that of an F1 crystal.

Figure 13. 13C relaxation data for F1 crystals of linear and
branched alkanes. There is no significant difference between
the relaxation rates of the linear and branched alkanes.
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two T1 values are obtained from the biexponential
fitting. One must exercise caution in assigning the
parameters exclusively to interface and crystal core, as
variations in T1 are probably continuous rather than
discrete; however, the following observations can be
made. The calculated interfacial fraction is much lower
in the annealed samples, consistent with their higher
crystallinity, and is highest in the branched samples,
where the branches are clustered at the fold surfaces.
The interfacial T1 is also highest in the annealed
samples, which might be expected on the grounds of
restricted mobility. The variation in the interfacial T1’s
of the other samples is not easy to interpret. We now
consider the variations in the magnitude of the T1
values of the crystalline core. The annealed samples
have the same crystallinity and the same morphology,
and yet the T1 of C294H590 is more than twice as long as
for C246H494. There is also a big difference between
quenched and annealed samples and an order of mag-
nitude difference between quenched C198H398 and the
other quenched samples. The intrinsic T1 within the
crystal is considered to be due mainly to small-
amplitude torsional oscillations,42 and so any interpre-
tation of these differences based upon a conventional
T1 process must explain why torsional oscillations vary
with morphology. It might be argued that quenching,
annealing, and different lamellar thicknesses all pro-
duce variations in the lattice packing (due to distance
from the fold surfaces and changing looseness/tightness
of the folds) and therefore variations in the amplitude
of the torsional oscillations, and this is indeed consistent
with the observed changes in T1 for quenched and
annealed C246 H494 and C294 H590. The branched samples,
where the branch would be expected to cause a greater
disruption to the lattice packing, also follow this trend,
with the more bulky butyl branch leading to a shorter
T1 than the methyl branch. However, the T1’s of these
samples are far higher than for quenched C198H398,
which is counterintuitive. Furthermore, there is no
evidence from any of the other techniques (DSC, WAXS,
SAXS, broadline NMR) for a change in the lattice
spacings. It is worthwhile mentioning here a previous
study by one of the authors12 on radiation-cross-linked
polyethylene. When the longitudinal relaxation was
interpreted via a T1 analysis as above, it was found that
the long T1 increased with irradiation dose and gel
fraction. Since the effect of cross-links at the fold
surfaces would be to increase the lattice spacing, it
would be expected, from the foregoing arguments, that
T1 should decrease. The results were, however, entirely
consistent with a chain diffusion analysis, with the
diffusion coefficients decreasing by a factor of 2 from
the un-cross-linked sample to one containing 87% gel
fraction. We therefore consider that a more convincing
explanation for the recovery of longitudinal magnetiza-
tion is that of chain diffusion, especially at short times.

However, the intrinsic T1 of the crystalline phase will
contribute to a greater or lesser extent, especially at
longer times. We consider this to be the reason for the
recovery to approach 100% in some cases, for example
the quenched C198H398 (Figure 11) and the branched
samples (Figure 13), where the crystalline T1 may be
relatively short, for the reasons mentioned above. The
alternative explanation for the 100% recovery would be
that the entire chain escapes from the lamella via a
diffusional process, which is perhaps unrealistic on
thermodynamic grounds.

Modeling the Recovery of Magnetization as a
Physical Transport Process. Previous workers12 have
interpreted 13C relaxation data via an analysis based
upon classical diffusion.43 They considered the lamella
to be a slab of thickness 2l with magnetization diffusing
in from infinite wells in the interfacial/amorphous
regions at either end. The initial concentration of
magnetization within the lamella was zero and would
grow with time as

where Cn ) 4/[(2n + 1)2π2] and D is the diffusion
coefficient. A more illustrative description of crystalline
chain diffusion can be developed through analogy with
reptation. An alkane chain within a lamellar crystal
undergoes a one-dimensional random walk along its
own axis. Each time a carbon nucleus moves out of the
crystal it relaxes its magnetization via a classical T1
mechanism. The fraction of crystalline magnetization
that has relaxed is, therefore, the fraction of the chain
that has left the crystal. This situation is exactly
analogous to that of a reptating chain in a fixed
network.44 In the tube model for reptation the situation
is reduced to a one-dimensional diffusion process. Only
the diffusion of the primitive chain, a coarse grain
representation of the real chain, is considered, and it is
restricted to move only back and forth along its axis.
The fraction of the chain remaining in the tube and
therefore unrelaxed, ψ, at some time, t, is given by

where τD is the reptation time, the time taken for the
primitive chain to disengage from the tube in which it
was confined at t ) 0. The 13C relaxation can therefore
be modeled as

It should be noted that eqs 7 and 9 are in fact exactly
equivalent, although the reptation analogy provides a
better insight into the crystal chain diffusion process.
Figure 14 shows fits of eq 9 to relaxation data from F1
and E C246H494 and from quenched C198H398. The only
fitting parameter is the reptation time, τD. From Figure
14 it can be seen that the reptation model satisfactorily
represents the relaxations where the crystals comprise
exclusively, or almost exclusively, E chains. This is
further evidence for the morphology of quenched C198H398
discussed above. The reptation model provides a much

Table 4. Lamellar Thicknesses and Parameters Obtained
from T1 Fitting Using the Method of Cheng et al.40

material

lamellar
thickness

(nm)
interfacial

fraction
interfacial

T1 (s)
crystalline

T1 (s)

quenched C198 9.8 0.18 3.73 125
quenched C246 12.2 0.16 5.13 1019
quenched C294 12.8 0.17 10.5 1589
annealed C246 25.5 0.02 17.2 6500
annealed C294 28.7 0.03 21.5 15500
methyl branch 8.5 0.25 6.9 729
butyl branch 8.5 0.20 6.0 528

M(t)

M0

) 1 - ∑
n)0

∞

2Cn exp[-
Dt

Cnl2] (7)

ψ ) ∑
p;odd

8

p2π2
exp[-

p2t

τD
] (8)

M(t)

M0

) 1 - ∑
p;odd

8

p2π2
exp[-

p2t

τD
] (9)
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less satisfactory representation of the relaxations in the
case of F1 crystals. This is because eq 9 does not take
into account the effects of any constraints to the
diffusion process, such as chain folds.

The relaxation rates of the F1 linear and branched
samples are the same (Figure 13). It does not seem
possible that a branched alkane could diffuse through
a crystal, dragging a group as large as a butyl group
with it, distorting each unit cell it comes to. It is
certainly extremely unlikely that dragging a branch
through a crystal would not affect the rate of diffusion.
Therefore, within the context of a diffusional model for
the relaxation of magnetization, the alkanes must relax
by a motional process which does not require the
transport of branches through the crystal. Rather than
sliding around the chain fold, which would require
drawing a branch into a crystal, branched alkanes can
diffuse out of the crystal by partially withdrawing one
or both stems from the crystal, fluctuating the length
of the chain fold (Figure 15). Such motion allows
exchange of material between the crystalline and amor-
phous phases without requiring that the branch be
drawn into the crystal. A similar chain dynamic has
been recently proposed in a study concerning crystal-
lization and subsequent structural rearrangement in
these branched alkanes.32 If sliding around a tight chain
fold in F1 linear alkanes was similarly prohibitive, the
preferred mechanism being the fold length fluctuations
described above, then the addition of a branch at the

fold surface would not represent an additional con-
straint to the diffusion process. This would lead to the
relaxation time in both the F1 linear and F1 branched
samples being the same, as is observed experimentally.

Figure 16 shows eq 9 fitted to the initial stages of the
relaxation in the linear and branched F1 crystals. In
this range, the reptation model provides a quite accept-
able representation of the data. This is a result of the
reduced effect of constraints in this region. At short
times the longitudinal relaxation is dominated by the
free diffusion of chains. Initially, a chain stem sliding
out of a crystal undergoes diffusion similar to that
experienced by an extended chain. Constraints become
more significant as the diffusion continues. Similar
effects have been noticed for polyethylene crystals with
cross-links added at the fold surface.12 This can also be
thought of in terms of fluctuating lengths of chain folds.
If a fold is loose, it presents little or no constraint to
the diffusion process, each of the stems being able to
diffuse independently, like extended chains. The initial
relaxation is due to the diffusion of this unconstrained,
loose fold material. The remaining part of the relaxation
is due to diffusion of tight, constrained chain folds and
proceeds more slowly. This can be further illustrated
by comparing the diffusion coefficients obtained from
the initial stages of the relaxation (τrd e30 s) with those
obtained over the full range of recycle delay (Table 5).
Diffusion coefficients can be easily obtained from eq 9
using

where l is the lamellar thickness. In the case of the F1,

Figure 14. 13C relaxation data for F1 and E C246H494 and for
quenched C198H398. The lines through the data are fits to a
one-dimensional diffusion equation with a single reptation
time, eq 9.

Figure 15. Schematic representation of diffusion through
fluctuation of fold length. A section of the chain (X) close to 0
cannot diffuse into the amorphous phase at the nearest edge
(0). Instead, it must diffuse out at +L through fluctuation of
the fold length.

Figure 16. 13C relaxation data for the initial stages of the
relaxations of F1 C294H590 and C96H193CH(CH3)C94H189. The line
through the data is a fit to eq 9.

Table 5. Diffusion Coefficents from Fits of Eq 9 to the
Initial Stages (τrd e 30 s) of the Relaxation and from Fits

over the Full Range of the Relaxation

sample
D: initial stages

(nm2 s-1)
D: full range

(nm2 s-1)

folded C246H494 0.047 0.013
folded C294H590 0.049 0.011
methyl branch 0.053 0.013
butyl branch 0.033 0.016
quenched C198H398 0.092 0.085
extended C246H494 0.0013 0.0018
extended C294H590 0.0013 0.00093

τD ) l2

πD
(10)
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constrained crystals there is a large difference between
the diffusion coefficients obtained over the full range of
data and those obtained from the short time data. This
is consistent with constraints becoming increasingly
more significant at longer times. With the E chain
samples the diffusion coefficients are very similar over
the two ranges. This reflects the satisfactory represen-
tation of these data by eq 9. E crystals have no
constraints to suppress the diffusion at longer times.
In the case of the annealed samples, the exceptionally
high crystallinity clearly suppresses diffusion even on
very short time scales.

The existence of two distinct regimes of diffusion,
constrained and unconstrained, suggests that the 13C
relaxation of the F1 samples might be better described
by a modified version of eq 9 which includes two
different reptation times, τD1 and τD2. The shorter
reptation time, τD1, corresponding to the larger diffusion
coefficient, would dominate in the initial stages of the
relaxation. The larger reptation time, τD2, corresponding
to the lower diffusion coefficient, would dominate in the
later stages of the relaxation. Such a dual reptation time
diffusion model is

where τL is a parameter which indicates the time scale

over which diffusion characterized by τD1 becomes
negligible and that characterized by τD2 dominant. This
can be thought of as the time scale over which chains
begin to “feel” their constraints and no longer diffuse
freely. This parameter is not optimized in the fitting
procedure but is set to 30 s by inspection of the data
(Figure 13). There are therefore just two adjustable
parameters, τD1 and τD2. Fits of eq 11 to the F1 crystals’
relaxations are shown in Figure 17a-d. Equation 11
provides an excellent representation of the data, per-
forming much better than the single reptation time
equation. We have, however, increased the number of
fitting parameters, and it is important to carefully
consider the values of τD1 and τD2 obtained to test the
validity of a dual reptation time model.

Diffusion coefficients calculated from τD1 and τD2, D1
and D2, respectively, are displayed in Table 6. D1 is the
diffusion coefficient corresponding to the initial, uncon-
strained diffusion of chains. This can be compared to
the diffusion coefficient obtained from quenched C198H398,
an alkane of comparable crystallinity which has been
demonstrated to comprise, to a large extent, extended
chain crystals. The mean D1 of the F1 samples is 0.078
( 0.01 nm2 s-1. The diffusion coefficient for the largely

Figure 17. 13C relaxation data for F1 crystals of (a) C246H494, (b) C294H590, (c) C96H193CH(CH3)C94H189, and (d) C96H193CH(C4H9)-
C94H189. The lines through the data are fits to a dual reptation time one-dimensional diffusion equation, eq 11.

M(t)

M0

) exp(-
t

τL
)[1 - ∑

p;odd

∞ 8

p2π2
exp(-

p2t

τD1
)] +

{1 - exp(-
t

τL
)}[1 - ∑

p;odd

∞ 8

p2π2
exp(-

p2t

τD2
)] (11)

Table 6. Diffusion Coefficients Obtained from Fits to the
Dual Reptation Model, Eq 11

sample D1 (nm2 s-1) D2 (nm2 s-1)

C246H494 folded 0.089 0.0069
C294H590 folded 0.081 0.0056
methyl branch 0.093 0.0047
butyl branch 0.050 0.0093
mean 0.078 ( 0.01 0.0067 ( 0.001
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freely diffusing C198H398 is 0.085 nm2 s-1 (Table 5). The
agreement between these two diffusion coefficients is a
very strong piece of evidence to support the proposal
that the initial part of the diffusion is the diffusion of
free chains before any constraints are felt.

The D2 values, corresponding to constrained diffusion,
are considerably smaller than the D1 values, as would
be expected. This is consistent with the suppression of
diffusion by constraints in the later stages of the
relaxation, as is the observed reduction in the diffusion
coefficient of approximately 1 order of magnitude. At
this point, we should address the fact that recovery at
longer times is also influenced by T1 relaxation, espe-
cially for C198H398 quenched and the branched samples,
and this will affect the value of D2. Since the diffusion
model involves a summation of exponentials (eqs 9 and
11), the T1 contribution will merely be included as a
term in this sum. In a simple view of diffusion through
fold length fluctuations, the chain folds act to restrict
the diffusion in two ways. First, loosening or tightening
a chain fold requires both chain stems to move in or
out of a lamella, respectively. One stem moving out
while the other moved in would lead to sliding around
the fold. In the freely diffusing case ((b) in Figure 15)
this sliding is allowed, but where folding is tight and
constraints are felt ((a) in Figure 15) it is not. Progress-
ing from (a) to (b) in Figure 15 would require both stems
to move out of the crystal. This does not imply that the
two stems have to jump at the same time or that the
stems must withdraw from the crystal at the same rate.
It is the direction in which the stems can move which
is restricted. Requiring cooperative motion of the chain
stems in this sense would result in a reduction in the
diffusion coefficient by a factor of 2.

The inability of the chain to slide around the chain
fold also restricts the diffusion in a second way. Material
close to the edge of the lamella at the opposite side from
the fold cannot diffuse into the amorphous phase at the
nearest edge (Figure 15). Instead, this material must
diffuse out at the edge of the crystal where the fold is.
This condition that the chain section must diffuse out
at the same edge of the crystal is analogous to the
situation of an extended chain crystal of twice the
lamellar thickness. This effect would reduce the diffu-
sion coefficient by a further factor of 4. The overall effect
of constraints upon the fold length fluctuation diffusion
mechanism would then be predicted to be approximately
the 1 order of magnitude (2 × 4) observed experimen-
tally. This strongly supports both the proposed diffusion
mechanism and the dual reptation time equation.

It is also instructive to compare the diffusion coef-
ficient within the crystal to the diffusion coefficient of
the same length of chain within the melt at the same
temperature. The self-diffusion coefficient of the center
of mass of a chain in the melt, DG, is given by44 eq 12.

where N is the number of Rouse units in the chain, b
the length of the fundamental Rouse unit, and τ its
relaxation time. NMR has been used45 to determine τ
at 149 °C as 1.5 × 10-8 s. Applying a WLF shift to 60
°C, the same temperature as the crystalline diffusion,
gives τ at 60 °C as 3.9 × 10-5 s. There are nine ethylene
units in the fundamental Rouse unit,45 so in a chain
length typically equivalent to the alkanes, say C250, N

will be equal to 13.9. A simple calculation involving the
C-C bond length gives b2 to be about 4 × 10-19 m2.
Hence, DG is about 2.5 × 10-17 m2 s-1. This compares
with the diffusion coefficients within the crystal at the
same temperature of 7 × 10-21 and 8 × 10-20 m2 s-1

(Table 6). This is physically reasonable, as one would
expect diffusion within a crystal to be much slower than
in the melt.

The diffusion coefficients can also be compared with
literature values for diffusion coefficients in polyethyl-
ene measured by the same NMR technique. Table 7
displays diffusion coefficients obtained by Robertson and
co-workers12 in a slow cooled, high-density polyethylene,
some samples of which had been electron irradiated to
form cross-links at the fold surface of the crystallites.
They are the results of fits of eq 7 over the whole range
of the relaxation. The crystallinity of each of these
materials was measured, prior to irradiation, to be
76.9%. The diffusion coefficient for the unirradiated
sample is less than that for quenched C198H398 (Table
5), a result of the presence of chain folds in the
polyethylene. This coefficient is larger than that for the
F1 alkanes (Table 5), a result of the exceptionally tight
chain folding in the alkanes,18 relative to that in
polyethylene, representing a greater obstacle to the
diffusion. As cross-links are added, they suppress the
diffusion and the diffusion coefficients decrease to a
value comparable with the F1 alkanes. This is consistent
with cross-links being restricted from access to the
crystals, forcing the onset of fold length fluctuating
diffusion, as is here observed in the alkanes.

Estimation of Tightness of Chain Folds. The
initial diffusion of chains has been ascribed to free
diffusion before any constraints are “felt”. Knowledge
of the diffusion coefficient in this regime and of the time
scale over which constraints become significant, τL,
allows the distance traveled by a chain before it
encounters a constraint to be calculated. This distance
corresponds to the length of a chain fold.

From Fick’s Diffusion equation,43 the displacement,
x, of any chain can be found via

Using a diffusion coefficient of 0.08 nm2 s-1 and a t )
τL value of 30 s, this yields a displacement of 1.5 nm
before constraints are “felt”. Since this implies each stem
can move by 1.5 nm, the fold would comprise some 24
bonds.

The more mobile, partially disordered material in the
region of the chain folds is commonly described as the
interphase between the crystalline and amorphous
moieties.39,41,46-48 The thickness of the interfacial phase
predicted here, 1.5 nm, agrees well with literature
values for interphase thicknesses in various polyethyl-
enes. These values range between 341,47 and 5 nm.39 The
observation that alkane chain folds are somewhat
tighter that those found in polyethylene is consistent
with previous measurements suggesting tight and ad-
jacently reeentrant folds in the alkanes.18,19,27 An inter-

DG ) b2

3π2τN
(12)

Table 7. Diffusion Coefficients for Polyethylenes of
Various Gel Fractions Obtained by Robertson et al.12

from Fits to Eq 7

gel fraction diffusion coefficient (nm2 s-1)

0 0.033
0.78 0.0247
0.87 0.0183

x ) xDt (13)
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phase thickness of 1.5 nm is also consistent with a
theoretical prediction49 of 2.4 nm and a value of 1.2 nm
derived from computer simulation.50

Twenty-four bonds represents some 8-12% of the
chain for the various folded alkanes. Since the inter-
phase is mobile enough to partially average the dipolar
interaction,39,48 it would have been interpreted as
amorphous material from the 1H broadline NMR crys-
tallinity measurements. It can be concluded from this
that a large fraction of the 20% noncrystalline phase in
the F1 alkanes was material associated with chain
folding.

Conclusions
13C NMR progressive saturation measurements have

been used to investigate longitudinal relaxation in the
crystal phase of semicrystalline alkanes. Novel mono-
disperse, ultralong n-alkanes17 were melt crystallized
in such a way that they comprised crystals containing
predominantly extended chains or exactly once-folded
chains. The successful preparation of such bulk samples
is ideal for an investigation of chain diffusion, allowing
the constraints presented to chain diffusion to be
identified precisely. The position, number, and lengths
of the branches were precisely known. The lamellar
thickness was uniform across any particular sample and
could be varied by using alkanes of different molecular
weights with confidence that the morphology was
otherwise identical.

Following the work of Schmidt-Rohr and Spiess,11 the
longitudinal relaxation was not interpreted by a con-
ventional T1 process but rather with a solid-state chain
diffusion process. Very high crystallinity was observed
to impede the diffusion. Relaxations were measured
from samples containing extended chain crystals and
those containing folded chain crystals. It was found that
chain folds represented a significant obstacle to the
chain diffusion process, resulting in longer relaxation
times. Surprisingly, the addition of a branch at the fold
surface did not represent a further constraint to that
posed by the fold itself. Since it was very unlikely that
a branch could be dragged through a crystal, it was
proposed that in all alkanes, linear and branched,
material exchanges between the crystalline and amor-
phous phases not by sliding around the chain fold but
rather by fluctuating the length of the chain fold. Taking
this into account, a dual reptation time diffusion model
was developed and shown to provide an excellent
representation of the data over the full range of the
relaxation. The diffusion coefficients produced were
consistent both with previous measurements on poly-
ethylene12 and with the proposed mechanism of diffu-
sion. The C198H398 and the branched samples displayed
relaxation of 100% at long times. This is not attributed
to entire chain stems escaping from the lamellae, which
is unfeasible on thermodynamic grounds. We interpret
this as a contribution from the intrinsic T1 spin-lattice
relaxation within the crystal.

The diffusion of polymer chains between the crystal-
line and amorphous phases of semicrystalline systems
is an important process with respect to crystallization,
lamellar thickening, and orienting phenomena. It could
even be important for creep and crack propagation.
However, this work has also revealed the insight into
crystalline morphology which chain diffusion can pro-
vide. The fast relaxation of quenched C198H398 and the
single reptation time nature of this relaxation showed

that the crystal morphology comprised many, perhaps
even largely, extended chains. Scattering and calorim-
etry both failed to reveal this. Further, the dual repta-
tion time model provides a new method of measuring
the thickness of the crystalline/amorphous interphase.
Whereas much previous 13C longitudinal relaxation data
have been interpreted through the conventional dipolar
spin-lattice model, the establishment of physical trans-
port of chains as the dominant relaxation mechanism
can lead to stimulating new investigations in the field
of ordering, structure, and dynamics in semicrystalline
polymers.
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