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anomalous scatterers is known, a somewhat less-
accurate result is obtained from use of the simple
system of equations despite the fact that the number
of unknown quantities remains the same. The reason
for this is the need to use a quadratic equation in
addition to the linear ones, giving a twofold ambiguity
which is accurately resolved by isomorphous-replace-
ment data, but somewhat less accurately so with use
of the known structure of the anomalous scatterers.

Another question concerning the system of alge-
braic equations concerns whether greater accuracy is
obtained in the calculation of the phase differences
when exact values of the structure factors for the
anomalous scatterers are used, as obtained from their
known structure, rather than the statistical values
defined in (13). As seen in Table 4, it is better to use
the statistical values of the structure-factor magni-
tudes when significant errors are present in the data.

Finally, the question concerning whether (20) and
(21) could be used with rather accurate statistical
estimates of |Fj| from (23) to give more accurate
values for phase differences than alternative algebraic
calculations is answered in Table 'S. The accuracy of
the values is about the same as that obtained in
alternative systems of equations. It is also obvious
from Table 5 that more-accurate values of | Fy| would
lead to potentially accurate values for phase differen-
ces. More-accurate values for |F;| would come from
experiments that included shorter wavelengths.

This article has been devoted, for the most part, to
one-wavelength anomalous-dispersion data. It has
revealed some further characteristics of the informa-
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tion available which imply that, for some systems, a
one-wavelength experiment may suffice to yield a
solution. This is already known to be true from
experience. It would seem, however, that unless it is
quite expedient to work with one-wavelength data,
the addition of isomorphous-replacement and
multiple-wavelength information would be quite
beneficial.

I thank Mr Stephen Brenner for writing the pro-
grams and making the computations reported here.

This work was supported in part by the Office of
Naval Research and by USPHS grant GM 30902.
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Abstract

Continuous diffuse scattering is noted in electron
diffraction patterns from polymethylene compounds
such as n-paraffins and polyethylene. In a projection
down the chain axes, experimentally produced by
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solution crystallization, the diffuse scatter in hk0 pat-
terns disappears at low temperature, in accord with
a thermal-diffuse-scattering model, which explains
the intensity distribution and its temperature depen-
dence. For a projection onto the chain axes, experi-
mentally achieved by epitaxic orientation on benzoic
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acid crystals, the 0kl, as well as 3D projections, con-
tain diffuse scatter which does not disappear at low
temperature. Its origin appears to be due to frozen-in
longitudinal chain static displacements, perhaps as
much as 0-25 A, as indicated by a model for this
disorder.

Introduction

Although the atomic positions in perfect crystals of
polymethylene chain compounds are important for
understanding preferred crystallization modes, and
hence the phenomenon of polymorphism (e.g.
Abrahamsson, Dahlén, Lofgren & Pascher, 1978),
many of the important physical properties of
molecular compounds containing an alkane chain
moiety actually depend on the aggregation and
dynamics of disordered atomic positions within the
conformational constraints allowed for these zig-zag
segments. The structure of liquid crystals is an
extreme example where various kinds of chain disor-
der are accommodated, even though the average
chain axis can have (more or less) a common
orientation.

When a paraffin crystal is heated to the temperature
where the solid-solid transition from orthorhombic
to hexagonal ‘rotator’ phase occurs, the smaller
dimensional scale for chain-packing disorder may,
nevertheless, furnish some clues about liquid-crystal-
line phases. Powder X-ray crystallographic experi-
ments (Asbach, Geiger & Wilke, 1979; Craievich,
Doucet & Denicolo, 1984) have shown us that the
major influence on the Bragg scattering is an attenu-
ation of ‘lamellar’ intensity resolution due to the
imperfection of the layer repeat. From electron-
diffraction measurements on epitaxically oriented
single microcrystals, it is seen that the implied per-
turbations at the lamellar interface do not appreciably
affect the scattering from the polymethylene sublattice
(Dorset, Moss, Wittmann & Lotz, 1984). Unfortu-
nately, because of the small number of measurements,
it was not possible to determine a model for the
chain-packing defects solely from the Bragg intensity
data. Vibrational spectroscopy has been a more valu-
able tool for this purpose. Using selectively deuter-
ated short odd-chain alkanes which undergo the
‘rotator’ transition, Maroncelli and co-workers
(Maroncelli, Qi, Strauss & Snyder, 1982; Maroncelli,
Strauss & Snyder, 1985) were able to determine that
most ‘kink’ defects in the heated alkane molecules
were concentrated near the chain ends. A model based
on the Dill-Flory (1980, 1981) lattice representation
of lipid chain defects was found to fit the experimental
data very well if an additional longitudinal transla-
tional disorder were included (Maroncelli, Strauss &
Snyder, 1985). Later, similar types of kink popula-
tions were found for the higher n-paraffins which do
not undergo a ‘rotator’ phase transition before the
melt (Kim, Strauss & Snyder, 1989).

CONTINUOUS DIFFUSE SCATTERING FROM POLYMETHYLENE CHAINS

It is clear that the best diffraction probe of chain
disorder is not the Bragg scattering but the continuous
diffuse scatter which connects these diffraction peaks
(Guinier, 1963). In order to account for the rather
intense continuous diffraction from epitaxically crys-
tallized polymethylene chain compounds (Dorset,
Moss, Wittmann & Lotz, 1984), an attempt was made
to construct a defect model which would explain both
the location and intensity of this diffuse signal. The
analysis (Dorset, Moss & Zemlin, 1985-1986) was
partially successful by matching the reciprocal-space
locations for the diffuse intensity, although kink
defects produced the same qualitative result as ther-
mal motion. It was decided that the former origin
would be preferred since this defect scattering persists
to very low temperatures (e.g. 10 K). Nevertheless,
the match to the observed scattering-intensity distri-
bution was not satisfactory in that both models resul-
ted in a reversed order of its distribution.

This paper is a more complete description of the
disordered packing of polymethylene chains, show-
ing, first of all, which modes are most important for
explaining the continuous diffuse scatter and,
secondly, which is most dependent upon temperature.
For these studies we use data from epitaxically and
solution-crystallized materials, thus affording
orthogonal views of the chain packing.

Materials and methods

Solution crystallization of the n-paraffins n-C;;Hgg
and n-C,;,H,, (Fluka AG, Buchs, Switzerland) was
carried out by evaporation of a dilute solution in light
petroleum onto a carbon-covered electron-micro-
scope grid. For epitaxic orientation, the light-
petroleum solution was first evaporated to dryness
onto a cleaved mica sheet. After placing carbon-
covered electron-microscope grids face down over
areas containing the paraffin, an excess of benzoic
acid crystals was added at their perimeters and a
physical sandwich made with another mica sheet.
This sandwich is first heated to solubilize the n-
paraffin in the molten benzoic acid and then cooled
to freeze out the eutectic solid. The procedure is
basically the same as described by Wittmann, Hodge
& Lotz (1983) and the epitaxic orientation is under-
stood in the context of the binary phase diagram
(Dorset, Hanlon & Karet, 1989). A sample of poly-
ethylene was epitaxically oriented in a similar fashion
except that the microcrystals were annealed at 353 K
in the presence of the benzoic acid substrate for
30 min to improve the polymer crystallinity (Hu &
Dorset, 1989). (Nevertheless, there is still some poly-
crystalline disorder as evidenced by the arc-like
appearance of some diffraction spots.)
Transmission electron-diffraction experiments
were carried out at 100 kV, taking extreme care that
beam dosages were low enough to minimize radiation
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damage to the specimen. This is a very important
consideration since the change in Bragg scattering
due to beam damage is quite similar to the thermally
induced changes (Dorset, Holland & Fryer, 1984). In
Buffalo, a JEOL-JEM-100B electron microscope was
used and diffraction patterns recorded on Kodak
DEF-5 X-ray film. With a Gatan 626 liquid-nitrogen
cooling stage, it is possible to observe diffraction
patterns at temperatures from ambient down to 100 K.
In Berlin, either the Deeko 250 or Suleika electron
microscopes were used which can cool specimens,
respectively, to 40 or 4 K. In these instruments, pat-
terns were recorded on Agfa 23DS6 at a shorter
camera length than used in Buffalo (since the film
grain is finer).

Theory

In order to account for the diffuse-scattering signals
in the recorded electron-diffraction pattern, several
possible contributions have to be considered which
may be due to either thermal excitation of the space
lattice or static disorder. Although we rely largely
upon expressions given in previously published
works, certain specific derivations were necessary for
some cases which will be treated by one of us (HH)
in a separate publication.

Thermal scattering

Thermal diffuse scatter (TDS) is an interaction of
the incident beam with lattice phonons. Although, in
principle, it is an inelastic process, the amount
of energy exchanged is generally very small.
Heidenreich (1964), for example, states that the
largest phonon energy for aluminium is 0-03 V com-
pared to the 10° V acceleration potential of the elec-
tron source used in our experiments. One is thus
justified in regarding the phenomenon as approxi-
mately elastic and modeled by Gaussian disorder of
the first kind (Vainshtein, 1966).

The TDS model employed here is taken from
Amords & Amorods (1968), ie.

Irps(r) = ¥ I (*){1—exp[-3B(r*)'l}. (1)

Here we assume that I, (r*) is the intensity transform
of a molecule or coherently scattering unit at rest,
where B is the isotropic temperature factor.

Defect scattering

Three sources of chain defects are considered, i.e.
kinks, torsional distortions and longitudinal chain
shifts. For kinks we employ Cochran’s (1956) model
for this defect which assumes that the kinks are iso-
lated from one another. (Since they are located near
the chain ends, this can be justified.) The diffuse
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intensity is therefore a variation of the Laue equation,
viz

Liok(r*) = n| X {1 exp [i271), . r*¥]

~fm exp [i27r,, . F¥]}2]. 2)

Here n is the number of kink segments in the disor-
dered crystal. The atomic scattering factors f’, f,
respectively, represent atoms at displaced r;, or undis-
placed r,, positions. Kink coordinates were obtained
from either of two crystal structures (Craven &
Guerina, 1979; Dorset, Holland & Fryer, 1984,
Dorset, Moss, Wittmann & Lotz, 1984), in which the
defect geometries are similar to one another, or from
a theoretical model (Boyd, 1975).

Torsional distortions are considered to involve C-
atom positions perpendicular to the chain direction
and it is assumed that adjacent chains may or may
not have coupled motions. For uncorrelated torsional
distortion, the result is very similar in form to (1).

Longitudinal displacements are modeled by a
Gaussian static displacement model for the chains.
Hence, similar to (1),

Ilongiludinal(r*) = |F|2{1 —exXp [—4772120'%.]}, (3)

where g, is the average molecular shift and !/ refers
to the methylene subcell index along the ¢, =2-54 A
axis. This model assumes that the chain displacements
are uncorrelated.

Results

Electron-diffraction patterns from epitaxically orien-
ted n-paraffins and polyethylene are shown in Fig. 1.
Although the three compounds have different crystal
structures, the diffuse diffraction lies at similar loca-
tions in reciprocal space with a consistent intensity
distribution. It is obvious, therefore, that its origin is
due to the polymethylene chain packing which is
identical for all three structures. Using the methylene
subcell indices (0kl),, the bands of diffuse scattering
are projections of integral reciprocal planes, with the
most intense bands at /=2 and the band at I=0
almost absent. Low-temperature experiments (Figs.
1d,e) indicate, as shown previously (Dorset, Moss &
Zemlin, 1985-1986), that the continuous scatter is not
appreciably affected by cooling of the specimen,
except that the contribution to /=0 is weaker.
Although TDS is obviously not the principal cause
of this diffuse signal, a calculation based on isotropic
thermal motion [(1)] was carried out (Fig. 2a) to
show that the intensity distribution is the reverse of
the observed data in Fig. 1. The same discrepancy
can be found if a kink model is used (Fig. 2b) as in
(2), regardless of the atomic coordinates used for the
defect site. Torsional disorder produces a similar
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distinction. Thus, the longitudinal chain translation,
favored at higher temperatures, can be frozen into
the lattice as a distribution of static displacements.
A small number of chain-end link defects, moreover,
will guarantee that the lamellar interface will not, on
average, deviate from a planar geometry.

Research was supported by a grant from the
National Science Foundation (DMR8610783). The
authors thank Dr Friedrich Zemlin for results
obtained from the Suleika electron microscope.
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Abstract

This paper, the third of a series devoted to crystal-
lography in five-dimensional space E°, deals with
the di-incommensurate structures. Physical consider-
ations on the vectors of modulation have enabled the
definition and listing of the di-incommensurate point
symmetry operations, the di-incommensurate point
symmetry groups and the di-incommensurate crystal
families of the space E°.

Introduction

A crystal lattice is said to be di-incommensurate (DI
for short) if the vectors describing the main and

0108-7673/91/050549-05$03.00

satellite reflections may be labelled with five Miller
indices as follows:

H = ha* + kb*+ Ic* + m,qF + m.q¥ (1)
where h, k, I, m; and m, are integers and
qF = aa*+ B b*+ y,c*
(2)

Q3 = @a* + Bob* + ypc*.

One at least of the three entries, «,, B, and 7v,, is
irrational, and also for the entries a,, 8, and vy,. Then
we can describe a reciprocal lattice in a (3+2)-
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