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ABSTRACT: The crystal structure of a low molecular weight polyethylene (M,, = 595) with low
polydispersity (1.11) was determined from electron diffraction intensity data collected from samples
epitaxially oriented on benzoic acid and subsequently annealed. A distribution of local microcrystalline
structures was observed, somewhat resembling orthorhombic n-paraffins: n-Cz;Hz to n-C44Hgo. However,
a quantitative structure determination based on the Okl single-crystal intensities reveals that the lamellae
are not totally separated in the microcrystalline array, apparently due to residual bridging molecules
that span adjacent chain layers. An atomic model for a frequently observed structure, comparable to
Nn-Ca1Hgs, packs in space group A2;am with a = 7.42, b = 4.96, and ¢ = 109.80 A and corresponds well to

the observed diffraction amplitudes (R = 0.21).

Introduction

Recently, electron crystallographic techniques have
been employed to determine the crystal structures of
n-paraffin solid solutions.»2 Samples oriented epitaxially
on substrates such as benzoic acid or naphthalene will
produce single-crystal electron diffraction patterns®+ to
reveal local variations of lamellar structure (lamellar
thickness and symmetry). From a concentration series
of two paraffin components, it has been shown® that the
average unit cell symmetries of stable solid solutions
do not necessarily obey the rules stipulated by Kitai-
gorodskii,® i.e., that the average space group should be
either lower or the same as those found for the pure
components. In fact, there is no such thing as continuity
of symmetry for a concentration series of the same two
components that form stable binary solid solutions, since
local microcrystalline domains can have their own
distinct crystal structures. In general, any intermediate
solid solution will have an orthorhombic structure in
space group Pcaz2s, if it mimics an even-chain paraffin,
or space group A2;am, if it mimics an odd-chain paraf-
fin. The lamellar spacings for the solid solutions also
lie very close to the values identified for the correspond-
ing pure orthorhombic paraffin polymorph.5

In two X-ray analyses of binary paraffin solid solu-
tions,”8 it was proposed that the mixed chain lamellar
surfaces could contain methyl group protrusions, leading
to a nonplanar limiting surface for each lamella. This
claim was tested in a three-dimensional electron dif-
fraction analysis of similar solid solutions,? yielding
results that were supported by surface decoration
experiments and atomic force microscopy.® These results
favored the opposite conclusion that the lamellar surface
would terminate as a plane that, on average, would be
nearly flat on an atomic scale. This model would require
conformational disorder at the ends of the longer chains,
a feature indicated by vibrational spectroscopic mea-
surements.0

Very little structural difference was experienced when
paraffin wax fractions from petroleum were analyzed
in the same way.'112 Again, the single-crystal electron
diffraction patterns from epitaxially oriented samples
resembled those from pure paraffins, except that the
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limited resolution of the low-angle reflections (found also
for the patterns from binary solid solutions) indicated
a distribution of chain lengths in a single lamella. The
perfection and high resolution of the diffraction patterns
from local microareas indicated that the stacking of
adjacent lamellae should be highly correlated, even
though the corresponding (001) crystallographic plane
is the least ordered in the whole structure. Recently,
the three-dimensional crystal structure of a paraffin
wax!? supported conclusions drawn from earlier two-
dimensional analyses, i.e., that polydispersity, in itself,
did not affect the crystallization of paraffin solid solu-
tions.

It is reasonable to expect that the crystallization of
low molecular weight linear polyethylene should closely
mimic the petroleum waxes, particularly if the constitu-
ent lamellae contain extended chains. If the polydis-
persity of the chain-length distribution is suitably low,
a well-resolved lamellar packing might be expected
again so that the designation “wax” or “polyethylene”
would only denote the synthetic or natural origin of a
paraffin chain mixture but otherwise be an artificial
distinction between very similar materials. As will be
shown in a quantitative crystal structure analysis of a
low molecular weight polyethylene, the distinction
between waxes and the low molecular weight polymer
may, in fact, be more important than mere nomencla-
ture.

Materials and Methods

Polyethylene Crystallization. A low molecular weight
linear polyethylene standard, PE600, obtained from Scientific
Polymer Products, Inc. (Ontario, NY), was stated to have the
values: My, =595, M,, = 535, and M, = 565, corresponding to
a polydispersity of 1.11. Its DSC melting behavior, measured
on a Mettler TA 3300 instrument, was nearly enantiotropic
(Figure 1), with a broad endotherm peaking at 75.8 °C.
Consistent with the number average chain length, binary
solids of the linear polyethylene with n-Cs;H7s were shown to
form solid solutions by the linear continuity of the melting
temperature with concentration (Dorset, D. L., unpublished
results).

Dilute solutions of the polyethylene made up in various
solvents (p-xylene, light petroleum) were used to prepare
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Figure 1. DSC heating/cooling scans (5 °C/min) for PE600
(1.54 mg sample).
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Figure 2. Electron diffraction patterns from PE600:. (a) hkO
pattern from lamellae crystallized from dilute solution. (a* is
horizontal; b* is vertical); (b) Okl pattern from samples
epitaxially crystallized on benzoic acid (c* is horizontal; b* is
vertical) and annealed at 60 °C for 6 h. (Inset shows detail of
low-angle 00l row.)

microcrystals for electron diffraction experiments. When evapo-
rated onto a carbon-film-covered electron microscope grid, thin-
layer crystals were formed with a well-developed (001) face,
giving a characteristic hkO pattern (Figure 2a). These lamellae
had also been decorated with polyethylene vapors in an earlier
study.®

When evaporated onto a mica sheet, the polyethylene film
could be covered with benzoic acid crystals for epitaxial
orientation, using a modification of the procedure described
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Figure 3. Schematic view of Okl electron diffraction patterns
from epitaxially oriented polydisperse n-paraffin solid solution
(see also ref 21): (a) mostly “nematic” order of chains with
only beginnings of lamellar order; (b) ordered lamellar chain
packing but molecular bridges across lamellae force the
interlamellar gap to be 3(cs/2); (c) ordered lamellar packing
but with gap distance not an integral multiple of cs/2.

by Wittmann, Hodge, and Lotz.* The binary organic mixture
was melted between two mica sheets on a thermal gradient
to allow the liquid to flow initially over carbon-film-covered
electron microscope grids before cooling to recrystallize the
eutectic solid. When cooled, the sandwich could be split to
expose the organic solid, so that the benzoic acid could be
removed subsequently by sublimation in vacuo. Alternatively,
the organic material could be annealed on a Mettler FP82
microscope hot stage, controlled by an FP90 central processor.
After cooling the sandwich was opened as before for removal
of the benzoic acid. The annealing temperature selected was
60 °C for 6 h.

Electron Diffraction. Selected area electron diffraction
experiments were carried out at 100 kV with a JEOL JEM-
100CX 11 electron microscope, following usual low-dose pro-
cedures for the examination of organic materials.** Patterns
were recorded on CEA Reflex 25 screenless X-ray film,
developed with Industrex developer.

Relative positions of diffraction spots on the patterns were
measured with a Charles Supper (Natick, MA) circular film
reading device. As described before, and illustrated in Figure
3, the spacings of the low-angle 00l reflections were used to
determine the average lamellar thicknesses for local micro-
crystalline areas. These could be compared to the values
expected for the pure orthorhombic n-paraffins.’®> Ultimately
the diffraction spacings were calibrated against the (111)
spacing of a gold powder pattern used as an internal standard.
However, since the (020) spacing of n-paraffins in the ortho-
rhombic layer does not vary greatly (e.g., typically <1%) in
binary paraffin solids,’® the doxo = 2.48 A was used as a
secondary standard for these measurements without signifi-
cant error.

Intensities were measured by scans of the patterns on a
Joyce-Loebl MK.111C flat-bed microdensitometer. A triangular
approximation to the peak area was made on the resulting
plots to estimate the relative intensities. No Lorentz correction
was applied.'* Intensities in patterns from similar structures
were averaged over symmetry-related reflections and over
separate patterns to obtain an estimate of true integrated
values.t’
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Figure 4. Distribution of representative lamellar carbon
numbers in microareas of oriented PE600. For multiple
samples, the lamellar thicknesses are determined from the
diffraction patterns to be as follows: C39, 52.37 + 0.43 (51.52
A); C40, 53.77 + 0.12 (52.65 A); C41, 54.90 + 0.37 (54.07 A);
C42,55.92 + 0.28 (55.19 A); C43, 57.47 + 0.45 (56.61 A); C44,
58.34 + 0.27 (57.73 A). Parenthetic values are those predicted
by Nyburg and Potworowski®® for the corresponding pure
orthorhombic n-paraffin.

Crystal Structure Analysis. A qualitative appraisal of the
average layer structure could be obtained from the relative
indices of intense 011 and 00l reflections related to the strong
Okl peaks from polyethylene (Figure 3). In principle, these
indices are directly related to the analogous carbon number
m (i.e., Nn-CnHom+2, abbreviated Cm) of the average lamella.®
Its theoretical spacing,?® e.g., 1.27m + 1.85 A, should be very
close to the measured value. Also, the extinction rules for
indices of these reflections will indicate the space group of the
unit cell.*8

Atomic positions in the unit cell were initially determined
by computing a one-dimensional Fourier transform with the
00l reflections. A crystallographic phase envelope for an
analogous pure paraffin structure (which can be determined
by direct methods'®) was used to provide approximately
centrosymmetric values (0, ) to these reflections, however,
testing the phase for the strongest 00l “polyethylene” reflec-
tion. This analysis provided z/c positions for the carbons in
the lamella, and (x/a or) y/b positions were inferred from the
values of analogous orthorhombic n-paraffins. The heights of
the peaks from the one-dimensional transform assisted in the
determination of an average occupancy model for the outer
chain positions.

Results

Before annealing, diffraction patterns from epitaxially
crystallized samples initially revealed that the polymer
could be oriented on benzoic acid in lamellar arrays.
However, only 1 or 2 orders of the low-angle lamellar
repeat were observed in these patterns, and these were
often streaked along c¢*. Annealing produced much more
highly ordered samples (Figure 2b) in which 3 or 4
orders of the lamellar spacing were commonly observed
in the rectangular Okl diffraction patterns. In addition,
the remaining “polyethylene” reflections were observed
as sharp spots instead of arcs and to high resolution.
Consistent with the molecular weight range given by
the manufacturer, the distribution of lamellar spacings,
and hence comparable parent crystal structure (Figure
4), was expressed by carbon numbers from C37 to C44,
and the measured spacings were very close to values
predicted by Nyburg and Potworowski® for the ortho-
rhombic paraffins.

Closer examination of the Okl patterns, on the other
hand, revealed a feature not observed previously for
simple binary paraffin solid solutions®® or for the refined
petroleum waxes.'112 As is depicted in Figure 3b, there
was only single strong “polyethylene” reflections ob-
served, instead of doublets, and these were generally
flanked by two weaker satellite peaks on the 00l or 01l
rows. The indices of the strong peaks followed the rules
m + 2 for the 01l row and 2m + 4 for the 00l row for a
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Figure 5. Schema of possible chain packing arrays for linear
chains in solid solutions (where paraffinic chains are repre-
sented as straight lines): (a) “Nematic’-type order, where there
are no average lamellae. (b) Nascent lamellae but also a
fraction of bridging molecules spanning them. The value of
Az is constrained by the polymethylene repeat. (c) Stable
lamellae, no bridging chains. The Az value is no longer related
to the polymethylene repeat and is determined only by the
van der Waals interactions across the lamellar interfaces.

carbon number n-CyHzm+2, indicated by the correspond-
ing lamellar spacing. Nevertheless, the extinction rules
for the reflections® were consistent still with space
group Pca2; or A2;am if the carbon numbers were
respectively even or odd. This behavior had been
observed before during the annealing of polymethylene
chains that had been deposited from the vapor phase
onto an epitaxial substrate.?® As shown schematically
in Figure 5a, the initial “nematic”’-like chain packing
produced a diffraction pattern similar to Figure 3a,
except that no lamellar reflections were observed; i.e.,
the pattern strongly resembles those from chain-folded
polyethylene.?! With annealing in the presence of the
nucleating substrate, a nascent lamellar packing was
found (Figure 5b), producing patterns first resembling
Figure 3a and then more like Figure 3b. The strong Okl
“polyethylene” reflections were not split because a
certain fraction of chains bridging these lamellae con-
strained the interlamellar gap spacing.?® After all
bridging chains reptated to respective lamellae (Figure
5c), the pattern in Figure 3c was observed. The strong
reflections were split when the interlamellar gap was
not simply related to the chain methylene repeat.

The one-dimensional Fourier transforms of 00l rows
calculated for averaged similar diffraction patterns from
local microcrystalline domains, representing C40 to C44
lamellae, each indicated that a continuous carbon chain
should run through the crystal structure. In the one-
dimensional potential maps, the principal indicator of
a nascent lamellar structure was the clustered fractional
occupancies of some carbon positions.

A data set was formed by averaging intensities in Okl
patterns from a number of C41-like layers. An atomic
model was constructed in space group Aa, placing the
middle carbon at z/c = 0.25. (This is equivalent to
constructing a A2;am layer packing since the chain
carbon is on a defined mirror position.18) The chain atom
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Table 1. Carbon Chain Model for the PE600 Most
Resembling n-Cs1Hgs
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Table 2. Final Observed and Calculated Structure
Factors for PE600

xla y/b zlc occ x/a y/b zlc occ

0.119 0.309 0.017 0.89 0.037 0.190 0.262 1.00
0.037 0.190 0.029 090 0.119 0.309 0.273 1.00
0.119 0.309 0.041 091 0.037 0.190 0.285 1.00
0.037 0.190 0.052 092 0.119 0.309 0.297 1.00
0.119 0.309 0.064 095 0.037 0.190 0.308 1.00
0.037 0.190 0.076 0.98 0.119 0.309 0.320 1.00
0.119 0.309 0.087 1.00 0.037 0.190 0.331 1.00
0.037 0.190 0.099 1.00 0.119 0.309 0.343 1.00
0.119 0.309 0.110 1.00 0.037 0.190 0.355 1.00
0.037 0.190 0.122 1.00 0.119 0.309 0.366 1.00
0.119 0.309 0.134 1.00 0.037 0.190 0.378 1.00
0.037 0.190 0.145 100 0.119 0.309 0.390 1.00
0.119 0.309 0.157 1.00 0.037 0.190 0.401 1.00
0.037 0.190 0.169 1.00 0.119 0.309 0.413 1.00
0.119 0.309 0.180 1.00 0.037 0.190 0.424 0.98
0.037 0.190 0.192 100 0.119 0.309 0.436 0.95
0.119 0.309 0.203 1.00 0.037 0.190 0.448 0.92
0.037 0.190 0.215 1.00 0.119 0.309 0.459 0.91
0.119 0.309 0.227 100 0.037 0.190 0.471 0.90
0.037 0.190 0.238 1.00 0.119 0.309 0.483 0.89
0.119 0.309 0.250 1.00

model was then extended along c by increments of c/2
= 1.275 A to construct a 41-carbon layer. (Here, ¢s =
2.55 A is the chain zigzag repeat of high molecular
weight polyethylene or the chain axis of the Og meth-
ylene subcell.?!) However, the gaps between layers was
defined to be 3(cs/2) = 3.82 A, i.e., an integral number
of methylene repeats. For this example, the resultant
layer repeat would be 54.82 A vs a measured value of
54.90(37) A. The orthorhombic unit cell constants would
therefore be a = 7.42, b = 4.96, and ¢ = 109.65 A.
Fractional carbon positions of the molecular model are
listed in Table 1 along with partial occupancies near
the chain ends at positions indicated by the one-
dimensional transform. ldealized hydrogen atom posi-
tions were added.

For 20 observed Okl reflections from this local lamellar
packing, a structure factor calculation based on the layer
model (Bc = 4.0, By = 6.0 A?) gives a very good fit (R =
0.21). These values are compared in Table 2. Although
the model in Table 1 is a discontinuous layer structure,
the potential maps made from the phased structure
factors (Figure 6) indicate a small population of con-
tinuous carbon chains extending across the lamellar
interface. (It should be emphasized that the chain model
was an idealized rigid body so that an fractional atomic
occupancy envelope and overall temperature factors for
the two atom types were the only variables in this
determination. The model, therefore, was not over-
parametrized.)

Discussion

From the analyses of diffraction data from oriented
low molecular weight linear polyethylene, it is clear that
its crystal structure is quite distinct from that found
for the refined petroleum wax fractions,>12 which are
characterized by a Gaussian distribution of chain lengths
in the polydisperse solid solution.?2 This polyethylene
structure is more akin to the chain packing observed
when very long chain-extended paraffins, crystallized
from the vapor phase, are annealed toward a final stable
lamellar structure.?° Its intrinsically lamellar nature
had been indicated before by electron micrographs from
chain-extended samples, as well as by Raman LAM
measurements.23 However, this structure analysis re-
veals that there must be a population of very long chain

hki |F0bs| |Fcalcl hkl |Fobs‘ |Fcalc|
00 2 0.52 0.51 022 0.23 0.13
00 4 0.40 0.45 024 0.15 0.11
006 0.24 0.36 02 84 0.09 0.03
00 84 0.11 0.08 02 86 0.54 0.36
00 86 0.80 0.92 02 88 0.09 0.02
00 88 0.11 0.05 0341 0.11 0.06
0141 0.18 0.11 0343 0.77 0.73
0143 1.03 1.34 03 45 0.08 0.04
0145 0.14 0.08 040 0.25 0.22
020 2.01 1.87 0543 0.47 0.20

Az

Figure 6. Potential map for the C41-like layers in PE60O,
emphasizing the lamellar interface. The gap Az between
lamellae is indicated. Although only 41 carbons were used in
the crystal structure model (Table 1), the map obtained with
calculated crystallographic phases and experimental ampli-
tudes indicates two additional methylene units (CPE) bridging
the gap. This is taken to signify the presence of longer chain
components spanning nascent lamellae. The positions of the
first five carbons (Cm) in unique chains of each lamella are
also indicated (see Table 1 for coordinates). The number of
contours for each carbon would be roughly proportional to its
atomic occupancy factor.

components that prevent the total separation of a
lamellar structure.?° The bridging molecules impose a
gap of 3.82 A between the nascent lamellae, which is
an integral multiple of the chain carbon repeat along
the c-axis. The usual dimension for this gap in n-
paraffins is about 3.16 A, differing enough from the
other value to cause the most intense polyethylene
reflections to split into two intense peaks, due to the
scattering interference between two off-set carbon chain
gratings.

The postulated longer chain components can, in fact,
be found for the natural waxes, e.g., those from bee
honeycomb. Do they, in fact, also exist for the chain-
extended polyethylenes? In an earlier paper, Prasad and
Mandelkern?* analyzed the same polyethylene product
used for this study. In a separate analysis of the
number-average molecular weight by 'H or 13C NMR,
they determined values of 560 and 530, respectively.
However, they were also able to isolate a separate
fraction from this polyethylene with a number-average
molecular weight of 800. This would correspond to a
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chain length of about 57 carbons. Since the largest
average lamellar thickness observed in this work was
about 44 carbons, there must be enough longer (un-
folded, linear) chains that bridge the emergent lamellae
to prevent them from fully separating. A broad range
of chain distributions in a skewed Gaussian distribution
is also found in Raman LAM measurements on other
extended chain linear low molecular weight polyethyl-
enes with similarly low polydispersity.?3

A compact lamellar structure with longer chains
protruding into adjacent lamellae is consistent with
earlier interpretations?® of 3C NMR measurements
from PE740. However, the presence of these bridging
molecular chain ties between lamellae raises other
questions. For example, when this chain length fraction
is crystallized from solution and then decorated with
polyethylene vapors, there seems to be enough crystal-
line perfection in the (001) surface to epitaxially nucle-
ate the deposited chains.® Are the longer chain cilia then
sequestered laterally to separate domains? Such crys-
tallites are often conceived to be “fringed” lamellae
containing a compact crystalline core and two amor-
phous surface layers.26 Electron microscopy of some
chain-extended polyethylene samples reveals the sepa-
ration of some individual lamellae grown from solu-
tion,23 but there are also more ordered lamellar stacks.
Is the disorder in the longer chain ends, therefore,
dependent on the mode of crystallization (solution or
melt)? These questions, as well as a more quantitative
assessment of chain composition in these polyethylenes,
will be addressed in future studies.
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