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The Interpretation of Quasi-kinematical Single-Crystal Electron Diffraction
Intensity Data from Paraffins
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Single-crystal AkO electron diffraction patterns from thin (<240 A) rhomboid n-hexatriacontane
(n-C;6H1,) crystals contain intensity data which are well fit by the commonly observed O, methylene
subcell phasing model but not by a true unit cell model which contains two mutually displaced mono-
layers. The apparent diffraction from a monolayer in these lamellar crystals is thought to be due to
bend distortions of the crystal plate. Intensity data conform to a kinematical interpretation as a first
approximation, thus allowing a priori structural elucidation, but eventually will require an n-beam

dynamical correction.

Introduction

The elucidation of molecular conformation in the solid
state for many biologically interesting long-chain lip-
ids has often been frustrated by the reluctance of such
compounds to give crystals of suitable size and quality
for conventional crystallographic structural determina-
tions. The veracity of this statement is underscored by
the fact that the first three-dimensional X-ray crystal
structure analysis of a phospholipid, for example, was
completed only recently using three-dimensional X-ray
diffraction data of poor quality (Hitchcock, Mason,
Thomas & Shipley, 1974).

With the encouragement of pioneering Russian struc-
tural work on organic materials, it is believed that the

crystal size criterion may be overcome by the use of
electron diffraction intensity data from readily available
thin microcrystals for the crystallographic analysis of
unknown lipid structures. The very small crystal thick-
ness (a hundred angstr6ms or less) for which one can
obtain high-resolution single-crystal diffraction pat-
terns is an expression of the very large scattering cross
section of matter for electrons (Vainshtein, 1964, p. 4).
This large scattering cross section in itself demands a
proof that a given diffraction data set adequately con-
forms to the kinematical diffraction assumption used
in X-ray crystallography and thus allows an a priori
determination of an unknown crystal structure. Much
of the Russian literature on electron diffraction deter-
mination of organic crystal structures described the
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use of polycrystalline samples, ostensibly to ensure
crystallite sizes small enough to satisfy this kinematical
criterion which states that no appreciable fraction of
the incident electron beam power must be attenuated
by the diffraction process (e.g. Gevers, 1970, p. 7). All
else being equal, single-crystal patterns are preferable
to texture patterns in that the latter introduce many
more barriers to the determination of unit-cell dimen-
sions and symmetry and also restrict the number of
obtainable intensity data (Vainshtein, 1964, pp. 89—
103).

For thin single crystals comprised of light atoms
there is reason to expect that single-crystal diffraction
data should mostly conform to the kinematical diffrac-
tion assumption (Cowley & Moodie, 1962) and thus,
given a suitable goniometer stage in the electron micro-
scope and adequate protection against radiation dam-
age, one conceivably should be able to obtain a three-
dimensional intensity data set from a single lipid crys-
tal suitable for crystallographic analysis. The efficacy
of the kinematical approximation for treatment of
single-crystal electron diffraction data from lipids has
already been demonstrated in the crystallographic anal-
yses of the hexagonal aliphatic chain packing in the
high-temperature crystalline forms of a 1,2-diglyceride
(Dorset, 1974) and three phospholipids (Dorset, 19754)
and the O, methylene packing in a pure ketonic wax
secreted by Prociphilus tessellatus (Dorset, 1975b).
Since we are currently engaged in a determination of
several other lipid structures using single-crystal elec-
tron diffraction data, a model study on paraffins was
carried out in order to assess rigorously what condi-
tions are optimal for obtaining kinematical single-
crystal diffraction data from these compounds and
what corrections must be applied to the best intensity
data set.

Materials and methods

Sample preparation

Orthorhombic microcrystals of n-hexatriacontane,
n-CysHos, (98 % pure, Aldrich Chemical Co., Mil-
waukee, Wisc.) were grown on carbon-Formvar cov-
ered Cu°® electron microscope grids by evaporation of
a dilute solution in light petroleum. Electron micro-
graphs of Au°-shadowed rhomboid crystals (Fig. 1) ob-
tained on a Siemens IA electron microscope (80 kV
accelerating voltage) revealed the spiral monomolecular
growth characteristic of this compound (Dawson &
Vand, 1951). Crystals giving diffraction patterns with-
out forbidden reflections were found to be <240 A
at their thickest point. This thickness estimate is based
on micrographs of crystals on a representative grid
(later gold-shadowed) used in diffraction experiments.

Electron diffraction

Electron diffraction experiments were initially car-
ried out at 80 kV (1=0-04177 A) in a Siemens IA elec-
tron microscope. Incident beam intensity to the sample
was minimized by use of a 20 um aperture at condenser
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lens 2. Diffraction patterns were formed in this case
by focusing the intermediate lens on the back focal
plane of the objective lens. Later experiments were
done at 100 kV (1=0-03702 A) in a JEOL JEM-100U
electron microscope equipped with a 30° tilt goniometer
stage. With this microscope the diffraction patterns
were obtained by operating in the selected-area diffrac-
tion mode after initial focusing of a representative crys-
tal image from the specimen grid and then searching
for diffraction patterns by movement of the translation
controls. Beam current at the sample was minimized
by use of a 20 um aperture at condenser lens 2 and by
spreading out the beam spot with condenser lens 1.
Radiation damage was further minimized by liquid
nitrogen cooling of the specimen stage. For all experi-
ments, diffraction patterns were recorded on Kodak
no-screen X-ray film which is 17-fold more sensitive
than electron image plates at 100 kV (Matricardi, Wray
& Parsons, 1972). Diffraction spacings were calibrated
by simultaneous recording of single-crystal paraffin
and Au® powder diffraction patterns from a region of
the specimen grid upon which a thin film of Au® had
been evaporated.

Intensity measurements from films

The intensities of the diffraction spots on the photo-
graphic films were measured using a Joyce-Loebl
MKIII C-S flat-bed microdensitometer. Intensity values
were obtained by integrating under peaks in the den-
sitometer traces. Typical widths of low-intensity spots
on the films are 200 to 300 xm. In the densitometer scan
a slit width ca 0-26 um and a slit height ca 1 mm (cor-
responding to the breadth of the darkest spot) were
used.

A large possible source of error is exceeding the
linear range of response of the photographic film. Care
must be taken to optimize the exposure time to eli-
minate this. This is done by comparing relative inten-
sities of spots on patterns from a given crystal taken
at different exposure times. With this condition satis-
fied, the error inherent in intensity data measurement
from films is given by Wooster (1964). For darkest
(200, 110) diffraction spots in these experiments, the
greatest error in the average density in a scan is esti-
mated to be around 10% — whereas the error in the
density of other spots is less than this. Greater accuracy
in the measurement of the darker spots could be ob-
tained by devising an integrating camera setup on the
electron microscope (Cowley, 1953) to spread out the
diffraction spots. Since the work described here was
performed on instruments in other laboratories, there
was no freedom to alter the equipment. Furthermore,
the use of integrating cameras also tends to convert
normally weak reflections into ones which are indis-
tinguishable from the background density on the film
(Stout & Jensen, 1968, p. 173).

A source of error not considered here is the effect
of inelastically scattered electrons. In this paper we
have considered inelastic and elastic scattering to be
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Fig. 1. Electron micrograph of Au°-shadowed orthorhombic
n-hexatriacontane single crystals showing spiral growth.
Graininess of micrographs is due to clustering of Au® par-
ticles. Measured values of the acute angle at the {110} faces
give y =68 + 2" in comparison to the 67 reported for ortho-
rhombic paraffin crystals (Amelinckx, 1956).

To face p. 208
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Fig. 2. Typical hkO diffraction pattern from thin n-hexatria-  Fig. 3. Diffraction pattern (hk0) from thicker n-hexatriacontane
contane crystal (<240 A), crystal showing forbidden reflections along reciprocal axes.
Evidence of crystal bending is also seen by violation of mm

symmetry for large angle spots.
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uncorrelated, which, strictly speaking, is an incorrect
assumption (e.g. Kuwabara, Uefuji & Takamatsu,
1974). 1t is possible to remove inelastically scattered
electrons by any of a number of energy filters (e.g.
Metherell, 1971) but such apparatus was not available
for our use.

Calculations

Structure factor calculations were done with the
computer program LINUS (Schlemper, Hamilton &
LaPlaca, 1971) on a CDC6400 computer using struc-
ture factor tables for carbon and hydrogen from
Vainshtein’s book* (1964, p. 402). Potential maps were
generated using phased |F,s| output from LINUS in
the computer program JIMDAP (Schlemper, Hamil-
ton & LaPlaca, 1971). Corrections for multiple scat-
tering and n-beam dynamical interactions utilized a
computer program for convolution of arrays of delta
functions written for a PDP 11/45 computer.

Results and discussion

Diffraction patterns

As shown in Fig. 2, when the crystal thickness is
of the order of 240 A (or less) a characteristic single
crystal O, methylene hkO electron diffraction pattern
is obtained which is similar to those published else-
where (Vainshtein, 1964, p. 18; Cowley, Rees & Spink,
1951). The systematic absences along the reciprocal
axes indicating plane group pgg are particularly strik-
ing. The unit-cell spacings calibrated from the inter-
nal Au® powder diffraction standard are found to be
a=737, =495 A and are comparable to previous
electron diffraction measurements on n-hexatriacon-
tane (Dawson & Vand, 1951), viz. a=7-38 and b=
4-94 A. An X-ray structural investigation of this com-
pound by Teare (1959) gave for the orthorhombic
form: a=7-42, b=4-96, c=95-14 A.

As the crystal thickness increases, forbidden reflec-
tions appear in the diffraction pattern which are
ascribed to multiple scattering (Cowley, Rees & Spink,
1951). An extreme case of this is shown in Fig. 3.
Whereas patterns without forbidden reflections are ob-
served to contain data out to sin §/A<0-62 A~!at 100
kV, those with forbidden reflections from thicker crys-
tals have been seen to give data out to sin §/4=0-83
A~1. Patterns from similar compounds (such as poly-
ethylene) exhibiting dramatic effects of multiple scat-
tering have been published (Kobayashi & Sakaoku,
1965; Kobayashi, Uyeda & Kawaguchi, 1972) and have
been used in structural analysis (Kobayashi, Uyeda &
Kawaguchi, 1972).

* As was pointed out by a reviewer, it is preferable to use
the more accurate atomic scattering factor tables calculated by
Doyle & Turner (1968) and tabulated in Volume 4 of Inter-
national Tables for X-Ray Crystallography (p. 155). The
greatest error introduced in this present study is <4 % in the
carbon scattering contribution to the 110 reflection, however,
and will not significantly affect the results.

AC32A-3
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Derivation of observed structure factor magnitudes

In the derivation of structure factor magnitudes from
observed intensities, it is of particular importance to
determine what ‘Lorentz correction’ must be applied
to the diffraction data. For electron diffraction from
single plate crystals, this is merely an assessment of
how much the shape transform of the crystal plate is
smeared by mosaicity and what correction must then
be made to (higher-angle) data to compensate for an
Ewald sphere of finite radius intersecting ‘reciprocal
lattice rods’ away from the position of maximum in-
tensity. Vainshtein (1956) prescribed a multiplication
of the intensity by the reciprocal vector length d,%, for
a given reflection in the case of mosaic crystals, i.e.

|FRilP =i . dye -

As will be discussed in greater detail below, the ap-
parent mosaicity in the paraffin crystals is much more
marked in distribution around axes in the plane of the
plate than around an axis normal to the plate surface.
Theiefore, the smearing of the shape transform is so
severe that there is no appreciable attenuation of the
diffraction intensity as one moves away from the re-
ciprocal lattice point to a reciprocal distance corre-
sponding to a particular deviation parameter s, for
the Ewald sphere at 4k0. This is demonstrated in a
plot of observed intensities for several diffraction spots
in a tilt diffraction series on a single n-hexatriacontane
microcrystal (Fig. 4). The relevant deviation param-
eters for 100 kV electrons are given in Table 1.

Table 1. Deviation parameters for 100 KV electrons

hkQ dmo (A7 s (x10° A1)
110 0-2433 1-08
310 0-4545 3-74
200 0-2714 1-33
020 0-4040 298
220 0-4866 4-32

Allowing that there is some scatter in the observed
intensities due to the sampling of different parts of
the crystal plate for successive diffraction patterns in
the tilt series, it is still apparent from Fig. 4 that the
use of d,;, as a Lorentz factor, in this case, is an over-
correction of high-angle data. Indeed, it appears that
very little error will result from the assumption: |Fil|?
=I5} for these crystals.

Crystal structure analysis

For reasons which will be discussed below, the best
agreement between the observed hkO structure fac-
tors and the calculated structure factors (based on the
accepted carbon and hydrogen atomic positions for the
O, methylene subcell [Vainshtein, Lobachev & Sta-
sova, 1958; Teare, 1959]) occurs when there is no cor-
rection of the calculated structure factors for thermal
motion. The observed hk0 data for several n-hexatria-
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contane crystals are tabulated along with the calcu-
lated kinematical structure factors B=0-0 A%in Table2.
The agreements between the calculated and observed
data sets are indicated by the commonly used crystal-
lographic residual defined, as usual, by:

R= “Fobsl _kIFcalc”
IFobsl

Intensity data were taken only from diffraction patterns
with mm symmetry of the intensity weighted Ak0 recip-
rocal net which showed no signs of forbidden reflec-
tions along the reciprocal axes.

The X-ray crystal structure determination for or-
thorhombic n-hexatriacontane (Teare, 1959) indicates
¢he unit cell to be twice the monomolecular thickness
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with adjacent layers of O, packed chains having their
axes displaced from perfect alignment in the (001) pro-
jection by symmetry operations of space group Pca2;
(International Tables for X-ray Crystallography, 1969).
This result differs from ours, and use of atomic x,y
coordinates from this determination to calculate struc-
ture factors gives a much worse fit to our observed
data (e.g. R=0-55 for this model vs R=0-29 for a
simple O, subcell packing model for data set #VII
in Table 2). The possible meaning of this discrepancy
will be discussed in the following section, which eval-
uates the consequence of elastic bend distortions to
the crystal plates.

Two cycles of Fourier refinement are found to shift
the carbon and hydrogen atom positions from the in-
put subcell coordinates (Teare, 1959) as in Table 3.

Table 2. Observed vs calculated structure factors for several n-hexatriacontane crystals (B=0-0 A?)
Data sets scaled such that 3| Fousl = 2| Featcl-

hkl | Fol(D) 16D |FAI)  |FiAV)  |F|(V) [FI(VD)  |F)(VII) Fearc
200 6-07 6-55 6-51 6:32 4-80 5-07 5-22 +6-79
400 3-28 311 295 222 3-04 243 327 +3-12
600 0-64 0-90 0-80 0-79 097 +0-87
800 0-64 —-074
110 634 6-89 5-84 725 5-89 7-18 7-23 +7-14
210 1-30 1-46 1-84 1-41 1-95 1-54 1-87 —1-48
310 4-18 3.33 336 3-20 2-49 2:72 394 +2-18
410 1-59 174 1:58 0-88 1-:04 1:37 1-71 —-1-19
510 1-51 1-70 1-33 1-:03 1-21 1-32 1-38 +1-21
610 1-21 1-23 1-17 0-76 0-97 0-89 1-07 —1-03
710 0-87 0-68 093 097 —0-64
810 0-43 0-36 —0-58
910 0-57 —-0-82
020 3-24 3-28 432 4-41 4-32 466 413 +4-15
120 1-14 075 1-39 1-33 1-31 1-44 1-40 —1-35
220 2-60 2-51 231 2-59 2:56 235 285 +1-38
320 2:06 2-09 1-35 1-99 1-69 1-83 2:42 —-1-67
420 1-37 1-32 1-02 1-33 1-31 1-49 1-61 +0-62
520 2-03 1-82 1-76 1-13 1-31 1-32 1-68 —1-50
620 0-75 0-62 0 0-87 0-55 —-0-10
720 1-02 0-72 1-04 1-08 1-07 —1-15
820 076 —0-94
130 1-51 1-68 1-74 237 2-52 243 2:09 +2-14
230 1:30 1:35 1-39 1-51 1-61 1-71 1-68 —1-64
330 0-80 1-03 0-90 1-28 1-12 1-30 1-09 +0-77
430 1-61 1-54 1-45 1-21 1-73 1-54 1-64 —1-45
530 0-57 0:54 0 0 0 0-58 0 +0-85
630 1-28 1-31 1-00 093 1-16 1-25 1-30 -1-56
730 0 —0-09
830 0-52 —0-81
040 0-49 0-44 1-35 0-58 0-28 +0-84
140 0:69 0-72 1-31 0-34 0-50 —0-95
240 0 0 0-59 0-36 0-47 +0-18
340 1-39 1-24 1-07 072 1-00 —~1-28
440 0 0 0-57 +0-32
540 1-16 096 0-97 —1-52
640 0-36 +0-30
740 0-47 —1-30
150 0-49 0-70 045 —-0-73
250 0-64 0-68 0-28 —0:96
350 0-69 058 0-28 —-0:77
450 075 0-33 —0-89

Residuals

Feqe (B=0) 026 0-22 019 0:20 0-23 0-21 0-29

Feare (B=3) 0-35 031 0-24 0-22 0-32 0-26 033

Do (B=3) 0-27 0-23 0-16 014 0-25 0-21 0-23
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Table 3. Shifts in C and H positions after two cycles
of Fourier refinement

Input Cycle 1 Cycle 2

C x/a 0039 0-034 0-034
y/b 0064 0-056 0-056

H1) x/a 0-181 0-207 0-160
y/b 0-044 0-035 0-025

HQ®2) x/a 0-008 0-024 0-03%
y/b 0274 0-308 0-288

The R value changes only slightly after the first cycle
of Fourier refinement (0-23 vs 0-24). After the first cycle
the determined valence parameters are: C-H,=1-28;
C-H,=1-25 A; H,-C-H,=98°. The second cycle gives
improved values: C-H,=1-15; C-H,=094 A; H-C-
H,=98°. These are compared to values found by
Vainshtein, Lobachev & Stasova (1958): C~-H=1-12 A,
H,-C-H,=107-8°, and by Teare (1959): C-H=1-07 A,
H-C-H=107°. Potential maps after one cycle of
Fourier refinement are shown in Fig. 5. The carbon-
carbon bond makes an angle of 42-1° to the b axis and

1
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10 ¢ * . .
5.
(310
R
*
154
(200)
10 - .
. ° . d
.
.
5 @20
. - . L] . .
15
10 +1
©20)
5 - . . . .
.
T T 1] T T
1107 203 3102 4402 5407
hi(A'i)

Fig. 4. Observed intensities for strong reflections in tilt series
of n-hexatriacontane single crystal frem 0° to 1-5° by incre-
ments of 0-25°.
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Fig. 5. Potential maps [(001) projection] after one cycle of
Fourier refinement (¢) C,H positions input to structure
factor calculations (b) difference map with only C position
input to structure factor calculation. Data set II used in
calculations.

is comparable to the value of 42-3° found by Teare
(1959).

Crystal morphology and perfection

It is well documented (Dawson & Vand, 1951) and
corroborated by our electron micrographs (e.g. Fig. 1)
that crystals of n-hexatriacontane, as well as those of
other normal alkanes (Dawson, 1952; Anderson &
Dawson, 1953), grow from screw dislocations arising
from slippage of adjacent hydrocarbon chains along
the long molecular axis (Dawson, 1952). Were the screw
dislocation the only departure from crystal perfection,
then one would expect no effect of this disorder in the
hkO diffraction pattern since the dislocation slip vector
is normal to the {001} face (Hirsch, Howie, Nicholson,
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Pashley & Whelan, 1965, pp. 172-174). However, some
angular breadth to the diffraction spots (as well as
occasional slight arcing of high-angle spots) is ob-
served, which indicates mosaic structure in the {001}
plane. In the related case of crystalline polyethylene,
moiré fringe patterns observed in dark-field electron
micrographs from two nearly parallel overlapped single
crystals (Holland, 1964; Sadler & Keller, 1970) have
revealed edge dislocations in the {001} plane and,
along with low-angle X-ray line-broadening data
(Hosemann, Wilke & Balta Calleja, 1966), have been
interpreted to represent a mosaic structure with com-
ponent units of 300 A lateral diameter and orienta-
tional twist about (001) by at least 0:6°. The likely
presence of dislocations in the {001} plane producing
an array of small scattering domains which are mutu-
ally optically incoherent can be a major factor to be
considered in the evaluation of what corrections are
appropriate to k0 electron diffraction intensities from
single paraffin crystals.

Another manifestation of crystal imperfection is the
intensity distribution in the 4kO diffraction pattern
which, as mentioned already, is correlated with the
diffraction from a monolayer, but not from the true
unit cell. Based on the arguments in the electron dif-
fraction study of the disordered boric acid structure
(Cowley, 1953), it was first thought that random stack-
ing disorders cause each monolayer in a paraffin crys-
tal to behave as if optically incoherent from each other
one in the lamellar array — for the assumption of direct
stacking of chain axes on top of each other to cause a
perfectly eclipsed view down [001] is untenable from a
consideration of minimized end-plane packing energy
for these long-chain compounds (Kitaigorodskii, 1961,
pp. 193-207). The observed presence of multimolecular
growth steps for thick n-hexatriacontane crystals (Daw-
son & Vand, 1951), which would apparently contain
the true bilayer unit cell of contiguous monolayers
translated by the symmetry operations of Pca2,, seemed
to support this argument.

Yet it is difficult to accept the presence of the large
number of stacking disorders required to cause this
effect in a single microcrystal since the crystals are
often made up of only five layers or less. A much more
cogent explanation is the restriction of thickness which
gives coherent diffraction from crystals having signif-
icant bend distortions within the coherence width of
the incident electron beam (Cowley, 1961). Such effects
were noted in the electron diffraction of some inor-
ganic compounds (Cowley, 1956; Cowley & Ibers,
1956; Cowley & Goswami, 1961) where the symmetry
of the electron diffraction patterns was always higher
than anticipated from the symmetry of the unit cell
and corresponded to packings of single layers in the
crystals.

It is known that crystals of these long-chain com-
pounds show bend contours in electron images (Sadler
& Keller, 1970). The presence of significant bend dis-
tortions would also account for the exaggerated mosa-
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icity apparent in the {110} planes of these paraffin
crystals. As crystals grow thicker and physically over-
come the stresses imposed by the underlying polymer
film on the electron microscope grid, it is expected that
rocking curves from tilt diffraction series should reveal
the true unit-cell repeat along ¢*. This is in fact shown
in Fig. 6.

Recently, this argument has been used (Dorset,
1975¢) to explain the hexagonal symmetry seen in #k0
electron diffraction patterns from the high-temperature
polymorphic forms of several lipids (Buchheim &
Knoop, 1969; Dorset, 1974, 1975a; Knoop & Precht,
1975). The hexagonal symmetry is contrasted to the
orthorhombic symmetry found in an X-ray diffraction
study of the « form of nonadecane (Larsson, 1967) and
at first was interpreted (Buchheim & Knoop, 1969;
Knoop & Piecht, 1975) to signify the absence of trans-
lational displacements between adjacent monolayers
in crystals of these compounds.

‘Extinction’ correction of intensity data

To assume a paraffin to give diffraction data arising
as if from a point atom structure with no thermal mo-
tion is quite unrealistic. Yet, if one applies a reasonable
correction for thermal motion, say B=3-0 A2, the
agreement between the observed and calculated struc-
ture factors can change from an R value in the 20%
range to one in the 30% range (see Table 2). This
phenomenological disparity, which indicates the most
intense reflection intensities to be related to the kine-
matical structure factors by a relation approaching
Ic|F|, is symptomatic of an ‘extinction’ effect. When
faced with this situation, earlier workers (e.g. Loba-
chev & Vainshtein, 1961; Dvoryankin & Vainshtein,
1960, 1962) applied a two-beam dynamical adjustment
to low-angle data. A graphical correction of this type
has also been made by Li (1963) for 4k0 intensity data
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from tricosanol. However, it can be demonstrated that
a Darwin (1922) secondary extinction correction works
as well as the proposed primary extinction calculations.

The basic flaw in both of these corrections is the as-
sumed independence of all or most diffracted beams.
Given the large radius of curvature for the Ewald
sphere at 100 kV, this is not a suitable assumption to
make — even though there is a strong correlation be-
tween observed and calculated structure factors when
no isotropic temperature factor is used. In other words,
the simultaneous excitation of many beams must not
be overlooked.

The effective thickness of the n-hexatriacontane crys-
tals coherently scattering was shown above to be a
monolayer or less, i.e. t<47 A. Since at 100 kV,
A.t<1-7 A% the phase-grating approximation to an
n-beam dynamical calculation should be valid (Cowley
& Moodie, 1962). A propagation function for an elec-
tron beam through a thin crystal is given (Cowley &
Moodie, 1959) by

q(x,y)=exp [iatp(x, )], (M
where ¢(x,y) is the potential distribution for the crys-
tal slice thickness 4z. The constant

2n
AW [1+(0 =457
where 1 is the relativistic electron wavelength, W is

the accelerating voltage and f=v/c. The exponential
in (1) can be expanded:

g=

q(x,y)=1+iotp(x, y)— t 20(x,»)o(x,)

ig®
= 37 P e el ) + - - )
80 ,
L]
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Fig. 7. Cross-correlation of hAkO observed structure factors
from n-hexatriacontane (single-crystal data IV in Table 2)
and n-triacontane (powder data; Vamshtem Lobachev &
Stasova, 1958).
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Since the dynamical structure factor &, is obtained
by evaluating the Fourier transform of [g(x,y) — 1], its
magnitude is calculated from:

|¢hk|2 =(A +iB) (A _iB) s
where the series

o? at ok ok
A= BT LKPF e Fyye— ar vk P FaFaFu+ ... (3)

and

loat
B= O'thhk“" §'r tskth;Fh;Fhk
05 SLSR DR iR
+ 57 Pk F P FFycFye— . . €]

are formed by the Fotrier transforms of terms in the
expansion (2). For a given structure factor calculation,
the series (3) and (4) are expanded until they adequately
converge. (The operation * denotes convolution.) The
constant k=47-87/2 is the conversion of the kine-
matical structure factors F,, to kinematical poten-
tials V.

In the phase-grating calculations for a monolayer
of n-hexatriacontane, the diffraction from a stack of
n=18 O, subcells, 4z=2-54 A, such that t=n. 4z
was considered. Although no isotropic temperature
factor is given in the X-ray crystal structure analysis
on the orthorhombic form of n-hexatriacontane (Teare,
1959), Shearer & Vand (1956, use B=3-0 A? in their
X-ray structural determination for the monoclinic
form. A phase-grating calculation using O, subcell
F,;’s computed with this temperature factor gave the
dynamical structure factor magnitudes shown in Table
4. The close correlation of these values with the ob-
served data is indicated by the residuals in Table 2
which were again calculated after scaling the data such

the 2Pyl = 3| Fopsl- -

Table 4. Dynamical hkO structure factor magnitudes
determined for n-hexatriacontane using kinematical
O, Fyuo's calculated with B=3-0 A

Residuals in Table 2, R= z“Fobsl'—k|¢”/leobslv calculated
after scalmg 2 Fous| = 2|P

hk [Pl hk 1Dl hk |¢,,k| hk Pl
20 5-78 02 3:31 43 0-97 74 0-41
40 2:16 12 1-07 53 0-33 84 0-10
60 0-42 22 1-70 63 0-75
80 0-32 32 1-20 73 0-14
11 6-05 42 0-81 83 - 032
21 1-24 52 096 04 0-49
31 2:19 62 0-22 14 0-53
41 0-87 72 0-56 24 0-39
51 0-77 82 0-36 34 072
61 0-58 13 1-41 44 0-28
71 0-40 23 1-09 54 0-65
81 0-26 33 0-64 64 0-10

It is important to emphasize at this point that struc-
ture factor magnitudes determined from texture elec-
tron diffraction data are also affected by n-beam inter-
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actions. This is demonstrated in Fig. 7 by a cross-cor-
relation of hk0 paraffin observed structure factors
found in this single-crystal study with those found in
an earlier study with crystalline textures (Vainshtein,
Lobachev & Stasova, 1958). Even though these texture
data are apparently well correlated with the kinematical
phasing model (at B=3-0 A2, R=0-21 for the paraffin
mixture; R=0-17 for C;sHsg; R=0-16 for C3,Hg,), only
a phase-grating calculation predicts the attenuation of
low-angle reflections such as 200 and 110 and the in-
crease of higher-angle intensities such as 310 and 220.

Correction for multiple scattering

With increasing thickness, the paraffin crystals are
observed to produce forbidden odd-order 400 and 00
reflections in the 440 electron diffraction patterns along
with diffraction spots extending out to larger values
of sin 8/A. This phenomenon of multiple scattering has
been characterized as a kinematical event in mosaic
crystals (Vainshtein, 1964, p. 63; Cowley, Rees &
Spink, 1951) which arises from intense diffracted beams
from one crystallite acting as incident beams for other
optically incoherent crystallites in the mosaic.

At least two approaches have been taken to recover
the underlying intensity data set, either (a) to regard
the effects of multiple scattering as a uniformly Gaus-
sian fall-off of intensity in reciprocal space which can
be approximated by a plot of forbidden reflection 7
vs sin §/4 (Vainshtein, 1964, p. 180) or (b) to compen-
sate for the convolution of the diffraction pattern with
itself in the case of secondary scattering (Cowley, Rees
& Spink, 1951). Considering the latter method, the ad-
justment for secondary scattering utilizes the expres-

sion:
Too=K[Ifo—%/otSY 21,

where I3, and 1}, are respectively the corrected and
observed intensities of 4k0; S% accounts for the differ-
ent diffracted beams of one crystallite acting as primary
beams on a second; >" is a sum over all intensities. The
product 4fyz, where f; is an attenuating factor for an
electron beam through thickness ¢ for elastic scatter-
ing, is found by setting I,;,=0 for forbidden reflections.

Even though the intensity data given by Cowley,
Rees & Spink (1951) do not fit the O, methylene phas-
ing model well (R=0-46 for agreement of F, and
F.c with B=0-0 A?; R=0-37 for agreement of F,,, vs
F e with B=3-0 A?), these were used to confirm that
our computer program generates results consistent
with their calculations.

A self-convolution of paraffin #k0Q intensities cor-
rectly predicts the observation that I,4, < I3, in the case
of secondary scattering. The use of the Vainshtein sub-
traction technique proves to be inappropriate here.
For multiple convolutions of the intensities, 1,00 > L300
and, given that the number of multiple interactions is
still small and that these do not greatly affect the in-
tensity distribution of the diffraction pattern, the sim-
pler Vainshtein correction fortuitously can be used. In

2)
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general, the method of Cowley, Rees & Spink (1951)
appears to be the better model for the phenomenon.

Conclusions

The major conclusion from this study is a reaffirma-
tion of the earlier findings in Vainshtein’s laboratory
that quasi-kinematical electron diffraction intensity
data can often be obtained from thin organic micro-
crystals and that these data can be used with some suc-
cess in an a priori crystal structure analysis. This result
has already been of benefit to our laboratory in un-
covering structural information from lipid microcrys-
tals which has so far been inaccessible to X-ray crys-
tallographic analyses.

It must be always recognized, however, that the
most rigorous treatment of electron diffraction data is
one utilizing an n-beam dynamical formulation. Sup-
posed a posteriori corrections to either the observed
or calculated structure factors which assume any in-
dependence of diffracted beams are spurious, even
though they may fortuitously improve the fit between
data sets. It is also shown that dynamical effects will
persist in texture intensity data from light-atom struc-
tures.

It is important to emphasize the imperfections in-
herent in the paraffin crystals. Bend distortions (which
are anticipated to be visualized in electron micrographs
taken at low beam currents) effectively narrow the crys-
tal thickness giving coherent scattering (to at most a
monolayer) such that diffraction from the true unit
cell is not seen. The generality of this phenomenon is
indicated by parallel studies on orthorhombic micro-
crystals of n-hexacosane which give the same result.
Heightened mosaicity in the {110} crystal planes smears
the diffraction spot enough so that Vainshtein’s Lo-
rentz correction for mosaic crystals is an overcorrec-
tion here.

Mosaicity in the {001} plane causel by edge disloca-
tions (assuming the analogous observation in polyethyl-
ene to apply), in addition to the single-layer scattering, is
responsible for multiple elastic scattering evidenced by
forbidden reflections in diffraction patterns from thick
crystals. This has already been adequately stated by
Cowley, Rees & Spink (1951) but must be re-em-
phasized since some recent work (e.g. Thomas, Sass &
Kramer, 1974) insists that such forbidden refiections
in the case of solution-grown polyethylene microcrys-
tals are indicative of crystal perfection.

Previous workers (e.g. Gjonnes & Moodie, 1965)
have already described the retention of symmetry in
the zonal diffraction pattern when the incident beam
is parallel to a major crystallographic axis — even when
there are strong dynamical effects. This can be con-
viently demonstrated by any n-fold self-convolution of
input-phased F’s from a centrosymmetric zone of plane
group pgg which always gives an array N, with values
equal to zero at Miller indices corresponding to space-
group-forbidden reflections. Of course, such is not the
case for input intensities, which are all positive mag-
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nitudes. As shown before, the self-convolution of in-
tensities models multiple scattering and gives space-
group-forbidden reflections even when the beam is
parallel to the zonal axis. Given also the difficulty in
recovering the underlying diffraction pattern which is
self-convoluted n times by the multiple scattering pro-
cess, it is probably not safe even to use Patterson syn-
theses for structural work, as has been done with poly-
ethylene hkO electron diffraction patterns with strong
evidence of multiple diffraction (Kobayashi, Uyeda &
Kawaguchi, 1972). There is no way to avoid using very
thin crystals to obtain undistorted transmission elec-
tron diffraction intensity data.

We are very grateful for a helpful correspondence
with Professor J. M. Cowley, who directed our atten-
tion to the diffraction work on bend-distorted crystals.
Thanks are also due to Dr Donald F. Parsons for per-
mission to use the Siemens Ia electron microscope and
Joyce-Loebl MKIIICS microdensitometer in the Elec-
tron Optics Laboratory at Roswell Park Memorial In-
stitute, and to Dr S. Ramalingam for permission to
use the JEOL JEM-100U electron microscope in the
Department of Mechanical Engineering at State Uni-
versity of New York at Buffalo. The electron micro-
scope laboratory at SUNYAB was funded by the Na-
tional Science Foundation and the New York State
Science and Technology Foundation. Electron micro-
graphs of single crystals were obtained by Miss Cyn-
thia M. Strozewski. Research was funded by Public
Health Service Grant No. GM 21047 from the Na-
tional Institute of General Medical Sciences.
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