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phase-angle deviations given above are only
indications of the accuracy of the refinement pro-
cedure. The overall errors in the determined phase
values are about 30° and come mainly from the
intensity fluctuation caused by the beam instability
and the overlapping of adjacent weak multiple dif-
fractions. It is worth mentioning that, because of the
low X-ray power used, the sample crystal did not
deteriorate after six months of X-ray exposure.

Concluding remarks

To sum up, we have demonstrated the possibility of
using conventional in-house X-ray sources to carry
out multiple diffractions for the phase determination
of macromolecular crystals. In addition, we have
shown that the use of direct-beam optics without a
monochromator, the repetition of the ¢ scan and the
adoption of a vertical axis for the detector have
greatly improved the visibility of the multibeam
interaction effect on the diffraction intensity. With
this improvement, multiple-diffraction experiments
for solving the X-ray phase problem in macro-
molecular crystals are not limited to the use of
synchrotron radiation. Moreover, many more useful
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phases can be obtained in a relatively longer period
of time before the crystal deteriorates.
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Abstract

The crystal structure of Cg4, buckminsterfullerene was
determined at room temperature by a direct phasing
analysis of single-crystal electron-diffraction intensity
data. The initial electrostatic potential map is well fit
by a regular icosahedron of C atoms but with an
average rotational disorder corresponding to Fm3m
symmetry. The static appearance of this directly
determined map, however, does not refute the notion
of uncorrelated molecular positions in the crystal
lattice, indicated earlier by nuclear-magnetic-
resonance spectroscopy and neutron scattering.
Although the direct determination of crystallo-
graphic phases is correct, the occurrence of strong
axial 400 reflections in the electron diffraction pat-
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terns appears to be a result of secondary scattering.
Correction for this perturbation produces a good fit
of the intensities to an isotropic spherical shell of C
atoms. In fact, the static appearance of the initial
potential map is artificial, owing to the use of only a
limited set of phased structure factors in the Fourier
transform carried out after the ab initio structure
analysis.

Introduction

Since the discovery of Cg, buckminsterfullerene
(Kroto, Heath, O’Brien, Curl & Smalley, 1985), con-
siderable effort has been made to characterize the
molecular packing in the solid state of this unusual
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form of carbon, which has been found to exist
naturally (Daly, Busek, Williams & Lewis, 1993).
X-ray and neutron diffraction analyses have shown
that the room-temperature form crystallizes in space
group Fm3m, with a disordered Fm3 packing (Flem-
ing et al., 1991). Below 249 K, a phase transition
begins (Heiney er al., 1991), transforming the face-
centered-cubic packing to simple cubic packing, in
space group Pa3, as seen in its crystal structure (Liu,
Lu, Kapes & Ibers, 1991; David et al., 1991). Elec-
tron diffraction and high-resolution electron micros-
copy have been used to characterize the various
kinds of disorder found in these crystal structures
(Kriatschmer, Lamb, Fostiropoulos & Huffmann,
1990; Van Tendeloo, Op de Beeck, Amelinckx, Bohr
& Kritschmer, 1991; Disko er al., 1991; Ishiguro &
Hirotsu, 1992; Saito, Suzuki, Shinohara, Hayashi &
Tomita, 1992; Li, Zhao, Li, Zhu, Gan & Yin, 1992;
Yao, Klein, Behal, Disko, Sherwood & Cox, 1992;
Muto, Van Tendeloo & Amelinckx, 1993). While it is
clear that the perfection of the crystal packing
depends largely on the crystallization procedure used
to prepare the specimen, a common feature of most
crystals is the presence of stacking faults along the
[111] direction in the room-temperature form.

These stacking faults, as well as a static disorder of
the molecular packing [originally proposed to be a
twinning mechanism (Fleming et al., 1991)], have
created some difficulties for quantitative crystal-
lographic analyses, particularly of the room-
temperature phase. For example, accurate bond
lengths for the C¢ molecule had only been obtained
crystallographically from molecular derivatives
(Hawkins, Mayer, Lewis, Loren & Hollander, 1991;
Fagan, Calabrese & Malone, 1991; Birkett,
Hitchcock, Kroto, Taylor & Walton, 1992; Tebbe et
al., 1992) until the low-temperature structure was
solved (Liu, Lu, Kapes & Ibers, 1991) but similar
bond lengths had been obtained previously by
nuclear magnetic resonance (NMR) spectral simu-
lation (Johnson, Bethune & Yannoni, 1992). In addi-
tion to the lattice perturbations already mentioned,
there is yet another possible disorder that could
seriously affect the outcome of a crystallographic
analysis of the room-temperature form. That is to
say, dynamic rotational freedom for the molecule
noted in solid-state '*C NMR experiments (Yannoni,
Johnson, Meijer, Bethune & Salem, 1991; Tycko,
Haddon, Dabbagh, Glarum, Douglass & Mujsce,
1991) would also contribute to the difficulty in
determining the room-temperature structure by crys-
tallographic analyses (Johnson, Bethune & Yannoni,
1992). At ambient temperature, the spectrum is a
single narrow band, virtually identical to that
obtained from a solution; only well below the sub-
ambient phase transition is this spectrum broadened.
Quasielastic neutron scattering data (Neumann et al.,
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1991; Copley et al., 1992) also contain a strong
diffuse signal at room temperature. The presence of a
Lorentzian component was interpreted to be caused
by the dynamic part of the total thermal diffuse
scattering. As discussed by Fleming ez a/. (1991), this
solid-state molecular motion could either be iso-
tropic or a ‘ratcheting’ between symmetry-equivalent
positions, perhaps, in the latter case, explaining the
large Debye—Waller parameters found in the room-
temperature X-ray analysis. However, more recent
NMR measurements (Tycko, Dabbagh, Fleming,
Haddon, Makija & Zahurak, 1991) suggest that such
a hopping motion between relatively deep potential
wells is possible only at low temperature. Neverthe-
less, simulations of high-resolution electron micro-
graphs at molecular resolution (Wang & Busek,
1991) do not require incorporation of isotropic
molecular motion into the model. A synchrotron
X-ray study of single crystals (Chow et al., 1992) also
does not support the model of totally uncorrelated
packing at room temperature.

Because significant questions remain about the
nature of the ambient molecular packing of Cso
buckminsterfullerene, it is clear that additional
information might be obtained from a quantitative
ab initio crystal structure analysis based on electron
diffraction intensity data from thin microcrystals. It
has been shown recently (Dorset, 1991, 1993), for a
variety of materials, that ‘direct methods’ for crystal-
lographic phase determination (Hauptman, 1972;
Schenk, 1991) often permit successful structure
analyses to be carried out with electron diffraction
intensities, even though these data may be somewhat
perturbed by multiple scattering. This prognosis is
particularly relevant for molecular crystals, where
the light-atom contents favor collection of a ‘quasi-
kinematical’ data set (Dorset, Jap, Ho & Glaeser,
1979; Jap & Glaeser, 1980; Tivol, Dorset, McCourt
& Turner, 1993), i.e. the measurement of intensities
adequately near the single scattering approximation
to permit the ab initio determination.

Materials and methods
Diffraction studies

Three-dimensional single-crystal electron diffrac-
tion intensity data were obtained from thin crystal-
line layers of Cg grown by evaporation of a dilute
solution of buckminsterfullerene in benzene onto-.
carbon-film-covered electron-microscope grids. The
sample used for this study was purchased from the
Aldrich Chemical Co. (Milwaukee, WI, USA) and
was used without further purification. The crystals
were mainly observed as the [111] orientation
described previously by various authors. As dis-
cussed recently (Agafonov et al., 1992), the crystals
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are probably solvent free. Selected-area electron dif-
fraction patterns obtained at 100 kV with a JEOL
JEM-100 CXII electron microscope were recorded
on Kodak DEF-5 film, with precautions taken to
minimize exposure of the sample to radiation. They
are identical in appearance to those obtained from
crystals grown by sublimation (Yao er al., 1992).
With the =180 rotation holder for a side-entry
=60" tilt goniometer stage, it was possible to record
patterns from the following projections: [111] (0
tlt), [211] (207 ult), [123] (22° dlt), [110] (35" tilv),
[310] (43" tilt) and [100] (55° tilt), resulting in a
totally accessible unique data set of 42 reflections,
extending to sin #/A =0.40 A '. Diffraction spac-
ings were calibrated with an internal gold powder
diffraction standard from an evaporated layer of the
metal deposited on one edge of the sample grid.
Diffraction intensities were measured by integration
of peaks after films were scanned with a Joyce-Loebl
Mk III C flat-bed microdensitometer; relative
structure-factor magnitudes were taken as the square
root of this measured intensity (see Dorset, 1976).
Before intensity values were accepted from any crys-
tal projection, patterns from several crystals were
compared to ensure that the zonal data were inter-
nally consistent. These were then combined into a
three-dimensional set as described by Hu & Dorset
(1989).

Direct phase determination

Direct phase determination is based on the predic-
tion of linear combinations of crystallographic
phases: @ = ¢y + du2y + @y t ..., with the con-
straint on Miller indices: Zh(i) = > Ak, 1, = 0,00 (see
Hauptman, 1972). These linear sums can be ranked
in order of their descending probability of being
correctly predicted. After the observed intensities are
converted to normalized structure factors, E,*=
Ivs/€2 /7. [Here, & accounts for translational symme-
try and the f; are the electron scattering factors for
atomic components i (Doyle & Turner, 1968).] For
example, so-called 2, three-phase invariants (‘tri-
ples’) are ranked according to A= (2/N'?) x
EyEnzyEnsyl and a similar quantity can be calcu-
lated for the four-phase invariants (‘quartets’). One is

permitted to specify the phase of a limited number of

reflections with appropriate Miller-index parity to
define the unit-cell origin (see Rogers, 1980). One can
also assign n additional algebraic values to other
reflections with no index-parity restrictions so that 2"
maps must be generated for a centrosymmetric struc-
ture. These starting phase values are then used with
the phase-invariant sums to find values for new
phases, hopefully enough to permit calculation of an
interpretable potential map. The application of direct
methods to electron diffraction data has been dis-
cussed in two recent reviews (Dorset, 1991, 1993).

DISORDER AND MOLECULAR PACKING OF Cg BUCKMINSTERFULLERENE

Initial structure analysis

Examination of diffraction data from various projec-
tions reveals that the unit cell is cubic, with a meas-
ured lattice constant a=14.26 (23) A, in good
agreement with the 14.20 A value measured earlier
(Fleming er al., 1991). As discussed extensively in
earlier work (Ishiguro & Hirotsu, 1992; Saito er al.,
1992; Li et al., 1992; Yao er al., 1992), the weak
reflections in diffraction patterns from the untilted
[111] projection are caused by an extensive layer-
stacking disorder. We have demonstrated this experi-
mentally by a continuous tilt series with the electron-
microscope goniometer stage, e.g. around the d¥,
reciprocal axis, wherein no diffraction intensities are
ever found to vanish along a reciprocal-lattice row
parallel to [111]. For our initial quantitative structure
analyses, we have chosen 36 unique diffraction data
from the [110] projection (Fig. 1), which correspond
to the emm plane-group symmetry required for either
Fm3 or Fm3m (Henry & Lonsdale, 1969). These
intensity data also have the advantage of originating
from a projection that is identical for both space
groups if one accepts the static disorder or ‘twinning’
mechanism of Fleming et al. (1991). Because the
number of symmetry operations is halved, we have
decided to carry out initial analyses in the lower-
symmetry space group.

It was our intent to visualize the molecular struc-
ture without presuming any features from any pre-
vious determination. Accordingly, crystallographic

Fig. 1. An hhl electron diffraction pattern from C,, buckminster-
fullerene [111] plates tilted 35° around the df,, reciprocal axis.
Note that these patterns, which are obtained from crystals
grown by evaporation of a dilute solution of the material in
benzene, do not have the twinning characteristics described by
Ishiguro & Hirotsu (1992).
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phases for 17 unique Akl reflections were determined
by evaluation of the most probable three- and four-
phase invariant sums. Since only one origin-defining
reflection is allowed for space group Fm3, ¢::: =10
was assigned and one additional algebraic quantity
.13 = a was given to evaluate 17 ¥, triples and 16
quartets above specified 4 and B thresholds. The
results of this phase determination are outlined in
Table 1. Since the final phase set has quantities a =
0, 7, two potential maps must be calculated with a
reverse Fourier transform after combining these
phase values to observed structure-factor magni-
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tudes. Only one of these maps (a = ) corresponds
to a reasonable structure. The potential map in Fig.
2 was calculated after each reflection hhl was per-
muted through the symmetry-equivalent values, Alh,
Ihh, specified by the space group.

The structure in Fig. 2(a), which is a projection
down the unit cell [001] for one molecular site, is
remarkably similar to the initial atomic array
described by Fleming er al. (1991), resulting from
their seeking a structure solution with an averaged
C-atom position. In the center of the potential map
is a hole, corresponding to the axis of the static

()

(d)

Fig. 2. Electrostatic potential map calculated for C,, buckminsterfullerene (only one molecule of the unit cell) after 17 unique hh/
reflections are given crystallographic phase values (six of these being symbolic values a) by direct evaluation of phase-invariant sums.
These crystallographic phases ¢ are combined with observed structure-factor magnitudes |F,| to permit calculation of the reverse

Fourier transform p(r) = V 'X|F, cos (&) cos(

27h - r), thus producing the potential map. The phase solution @ = 7 is shown. In

(a) and (b), the map density is fit with a regular icosahedron of C atoms. In (c) and (d), the density is compared to the distorted
icosahedral structure found in an earlier X-ray analysis (Fleming er al., 1991).
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Table 1. Crystallographic phases for room-

DISORDER AND MOLECULAR PACKING OF C4 BUCKMINSTERFULLERENE

Table 2. Fractional coordinates for Cgy buckminster-

temperature Cgy buckminsterfullerene obtained by fullerene from fitting a regular icosahedron to the

direct methods

Okl & 1kl & 2kI ¢ 3ki ¢ 4dki ¢ Ski ¢
022 at 113 a 224 0 333 0f 444 a 553 a
1110 222 a 331 0 400 0O 555 0
115 0 335 a 440 4§
117 a 42 0
119 0
ta=mm.

1 Origin definition.
§ Disagrees with free-rotor model.

disorder (coincident with (100)), leading to an aver-
age Fm3m cell. The other fourfold distribution of
holes in this projection corresponds to the arrange-
ment of six-membered ring centers. Fig. 2(b) shows
another orientation of this density distribution.
From this direct analysis, it appears, therefore, that
the electrostatic potential distribution is not con-
tinuous over a spherical surface; rather, there seem
to be static placements of density to which an
oriented molecular model can be fit.

To derive an atomic model to compare to the
potential map in Fig. 2, a regular icosahedron of C
atoms was generated with a computer-program
package for molecular modeling, SYBYL (Tripos
Associates, Inc., 1991). A fit to the observed density
was sought using the sphere radius as the refinable
variable. Because the intensity data were imagined to
be contaminated by the continuous streaking owing
to the stacking disorder (particularly affecting the
weaker reflections), the model was first tested against
15 observed structure-factor magnitudes in the
region sin /A <0.25 A~!. When the average C-C
bond length is 1.40 A, the crystallographic residual is
R=0.34, but at larger values, e.g. 1.47 or 1.54 A,
this residual is reduced to 0.27 or 0.26, respectively,
solutions that cannot be distinguished at the 5%
significance level when one variable is compared to
15 hhl data (Hamilton, 1964). For the structure with
an average 1.47 A C-C bond length and an overall
isotropic temperature factor set at B = 6.0 A% the
agreement of the model in space group Fm3 with the
total measured skl data set (used for direct phase
analysis) is 0.35. If all unique atomic positions are
used for the model (Table 2), which is very similar to
the one suggested by André et al. (1992), R=10.30 in
the data limit sin #/A <0.30 A~'. A multislice dyna-
mical scattering calculation based on this static
model (Cowley, 1981) improves this agreement to R
=0.23 for a crystal thickness = 100 A.

Problems with the structure analysis

It appears that the fit to the direct/y determined
potential map by the distorted icosahedral geometry

observed density in Fig. 2

This determination Model of André er al. (1992)*

x y z x y z

Cl 0.052 0 0.249 0.049 0 0.246
C2 0.105 0.085 0.220 0.101 0.083 0.214
C3 0.185 0.052 0.165 0.184 0.051 0.163

* As shown by these authors, these coordinates can be derived
from the two unique C—-C bond lengths (taken to be 1.45 and
1.40 A) and the spherical radius R (defined as 3.548 A).

derived by Fleming et al. (1991) is poorer than that
found with the regular molecular geometry. As seen
in Figs. 2(c) and (d), the density of this potential map
is found to be more regular than the distorted carbon
skeleton used in the earlier determination. Again, we
emphasize that no molecular model was assumed to
determine the density features in Fig. 2, in contrast
to the earlier analysis of ambient X-ray data (Flem-
ing et al., 1991) that began with an atomic model.

Does this result really mean that a somewhat
ordered structure is observed at room temperature?
In order to make a definite decision about this, it is
as well to consider possible sources of error in this
determination. For example, although the above
structure analysis, followed by a correlation for
n-beam dynamical scattering, may appear to be
‘reasonable’, there are discrepancies in our observa-
tions that have not been mentioned so far. For
example, if no corrections are made to the data at
all, it is possible to show that structure factors
calculated from the distorted molecular geometry
reported by Fleming er al. (1991), where two atomic
positions are assigned average values, actually give a
better fit to all of the observed Akl data (R =0.25)
than the kinematical model used above for the
dynamical-scattering calculation. There are no limits
imposed on the data resolution for this comparison.

How do the measured electron diffraction data
compare to those obtained in ambient X-ray diffrac-
tion experiments? One major difference between the
electron and X-ray data is that the former contain
strong even-order I, values, while in the latter data
sets these reflections are nearly extinct (Kratschmer,
Lamb, Fostiropoulos & Huffmann, 1990; Heiney er
al., 1991). With X-ray data, tests of various packing
options produced the best match with a model based
on a rotationally disordered sphere of C atoms
(André et al., 1992), in direct contradiction to the
maps in Fig. 2. As can be seen from the expression
for the structure factor for this disordered structure
(André et al., 1992),

F = F(s) = 2f/(sin 27rr,s/21rr;5) exp 27rix - s,

these values are merely the Fourier transform of a
uniform disc in any projection. Here, f/ are the
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scattering factors corrected for thermal motion and
the sinc u term is merely the transform of a rectangle
function (but rotated around an axis through its
mass center to generate the disc in any projection).
Careful qualitative electron diffraction measure-
ments made recently on thin Cg, crystals (Van Ten-
deloo et al, 1992; Amelinckx, Van Heurck, Van
Dyck & Van Tendeloo, 1992) have uncovered the
cause of the discrepancy in measured axial intensi-
ties. The I, clectron diffraction reflections are
found to disappear suddenly when the zone axis is
slightly offset from the optimal position for excita-
tion, indicating that their anomalous appearance
may be caused by incoherent multiple (‘secondary’)
scattering (Cowley, Rees & Spink, 1951), an observa-
tion verified in our current work by continuous tilt
measurements of electron diffraction patterns at dif-
ferent goniometer settings. The presumed appearance
of secondary scattering can also be tested quanti-
tatively. For the three zonal projections where 400
reflections are observed, viz [110], [310] and [100], it
is possible to predict the appearance of these reflec-
tions in the diffraction patterns by adding a weighted
convolution of intensity mil,*I, (Cowley, Rees &
Spink, 1951) to the intensity predicted from the
rotationally disordered model (André et al., 1992).
{Although the [111] stacking faults are a salient dis-
order in Cg, as are the [001] faults in n-paraffins,
they are not the only ones for either example — see
eg. Li et al. (1992) or Muto, Van Tendeloo &
Amelinckx (1993) for C4 or Hu, Dorset & Moss
(1989) for rn-paraffins. It is expected, therefore, that
secondary scattering can be found for many crystal
orientations.} With the same weight m for all projec-
tions, the agreement R with the observed data is 0.19
for [110] (all 36 unique data measured in the experi-
ment) and 0.13 for both [310] (all eight unique data)
and [100] (all 11 unique data) when B=3.0A%is
used as the temperature factor in the structure-factor
calculation. It is also possible to demonstrate that
the values of I, have somewhat different distri-
butions for each measured zone and that this distri-
bution also is successfully predicted by the
secondary-scattering calculation. Combination of
these data from all zones to generate a set of 42
unique reflections gives an overall agreement of R =
0.17. Since this very simple model gives a better fit to
all observed data than the earlier match to a partial
data set without recourse to a dynamical-scattering
calculation, we believe that the rotationally dis-
ordered structure is to be preferred to the static
packing of buckminsterfullerene at room tempera-
ture — even though a reasonable molecular model can
be fit to the observed density. For the phases derived
by direct methods, there are no significant differences
between the two models. A final listing of observed
and calculated structure factors is given in Table 3. It
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Table 3. Observed and calculated structure-factor
magnitudes for Cg, buckminsterfullerene (the latter are
corrected for secondary scattering); (hkl) = (lhk)=

(kih)y = (khl)
hkl |Fl |F| ] hkl |Fl IF| ¢
002 1.10 1.02* T 440 1.31 1.24 0
004 1.02 1.03* 0 442 0.87 0.81 0
006 0.72 0.76* 0 444 1.25 1.14 T
008 0.66 0.52* T 446 0.45 0.50 0
0,0,10 043 0.29* 0 448 0.42 0.31 0
111 2.59 3.54 0 551 1.05 0.98 T
113 2.75 3.38 T 553 0.81 0.60 T
115 1.21 1.82 0 555 0.74 0.58 0
117 084 098 T 557 0.51 0.76 0
119 0.65 0.51 0 660 0.88 0.56 0
220 4.87 4.58 T 662 0.60 0.60 0
222 2.16 2.7 T 664 0.61 0.45 0
224 1.80 2.09 0 666 0.57 0.30 T
226 1.01 1.11 T 771 0.41 0.28 0
228 0.64 0.57 0 773 0.40 0.26 T
2,210 034 0.27 T 260 0.84 1.06 T
331 1.57 1.56 0 264 0.64 0.69 T
333 1.99 1.92 0 042 1.82 1.65 0
335 1.00 1.08 T 064 0.88 0.99 T
337 054  0.51 0 028 0.51 0.35 0
339 0.41 0.78 0 048 0.86 0.52 0

* Averaged over three zones.

may also be possible, however, that dynamical scat-
tering from the rotationally disordered structure
could explain the intense I, reflections observed. To
test this possibility, such a calculation was carried
out via the phase-grating approximation for a crystal
thickness of 100 A. The model is based on the final
phase set in Table 3 for the three sampled projections
containing the 400 reflections considered in these
experiments on elastically bent crystals. While more
intense axial reflections can be produced by this
calculation, the match to the observed data is not
nearly so good as that found with the simpler
secondary-scattering correction. Nevertheless, the
ultimate origin of these reflections must be identified,
e.g. in further experiments on a high-voltage electron
microscope.

Discussion

It is very curious that a direct analysis of room-
temperature electron diffraction intensity data from
Cgo buckminsterfullerene, presuming no molecular
model a priori, produces an electrostatic potential
density distribution that is quite reasonably fit by a
regular icosahedron of C atoms packing in a face-
centered-cubic lattice. The visual fit of the regular
icosahedral model to the density is much better than
that of the distorted geometry given carlier (Fleming
et al., 1991), with the model bond length very close
to the average value given in this X-ray determina-
tion. The fractional coordinates are very similar to
the ones used in a recent X-ray analysis, assuming a
static molecular packing, and the average bond
length is quite similar to the average value found in
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numerous other X-ray and neutron analyses of
unsubstituted or substituted Cg, molecules and also
matches the values obtained by gas-phase electron
diffraction (Hedberg er al., 1991). Nevertheless, a
careful analysis of the intensity data reveals that the
molecules must pack in an uncorrelated array, in full
agreement with the results from most previous dif-
fraction and spectroscopic determinations. In fact,
the initial map, based on a limited phase set, is
actually found to be an artefact of series-termination
effects. It will be remembered, however, that even the
analysis of kinematical room-temperature X-ray data
(André er al., 1992) arrived at a number of ‘reason-
able’ structure solutions, as judged by low R-factor
values.

The above results underscore the argument that
electron diffraction intensity data must be used
cautiously when carrying out quantitative structure
analyses. There are many possible perturbations to
such data sets and one must be absolutely certain
which ones are important before settling on a final
structural model. The poor fit of the idealized
icosahedral structure fit to the density in Fig. 2, in
comparison to that given with the grossly distorted
geometry, served as a warning that something was
very wrong with this analysis. Although some
improvement of a lower-resolution subset was pro-
vided by an n-beam calculation with the static model,
at limited data resolution, the final result was still
not very convincing for an analysis of diffraction
data from very thin crystals containing only carbon.
In retrospect, the presence of secondary scattering is
a reasonable perturbation to expect. By analogy to
the multilamellar paraffin crystals studied earlier
(Cowley, Rees & Spink, 1951) and also to more
recent observations of an orthogonal orientation
(Hu, Dorset & Moss, 1989), we see that the crystal
disorder could easily produce incoherently scattering
layers that would cause this phenomenon to occur.

Despite the perturbation, it is very interesting to
note that the direct phase determination was not
seriously compromised. In fact, both a static and
uncorrelated molecular packing lead to nearly the
same phase set for this structure in the subset of
large |E,| reflections used to calculate the initial
potential map. Although the map in Fig. 2 suggests a
‘structure’, it is found to become more continuous in
density as more phased reflections are used for the
Fourier transform to the potential map.

The quantitative electron diffraction structure
analysis, therefore, must be taken to support the
widely held view of the room-temperature structure
of this molecule, which is that there is no strong
correlation of angular position in the unit cell.
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Von KaTsuo KaTo
Mukizaishitsu Kenkyusho,* 1-1 Namiki, Tsukuba-shi, Ibaraki-ken 305, Japan

(Eingegangen am 3. August 1993; angenommen am 16. November 1993)

Abstract

A method for the structure refinement of composite
crystals based on the multidimensional formalism of
Janner & Janssen [Acta Cryst. (1980), A36, 408—415]
and successfully applied to ‘LaCrS;’ and M,oCu;;0y
(M = Big 3:Cag 56410 40s) [Kato (1990). Acta Cryst.
B46, 39-44] is fully described. This method is also
applicable to a commensurate composite crystal.
Methods for treating atoms in special positions and
for calculating bond lengths and angles are presented
in detail. In all of these methods, a square matrix P
that transforms the subsystem coordinates into the
coordinates of the common system plays an impor-
tant role.

Einleitung
Die von Janner & Janssen (1980a,b) entwickelte
Theorie, einen Kompositkristall als einen peri-
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odischen ‘Kristall’ im mehrdimensionalen Raum zu
beschreiben, blieb relativ lange unbeachtet, bis die
Synthese einer Reihe von komplexen Sulfiden mit
Kompositstruktur (Guemas, Rabu, Meerschaut &
Rouxel, 1988; Williams & Hyde, 1988; Wiegers,
Meetsma, Haange & de Boer, 1988, 1989; Meetsma,
Wiegers, Haange & de Boer, 1989; Oosawa, Gotoh &
Onoda, 1989; Wiegers, Meetsma, Van Smaalen,
Haange, Wulff, Zeinstra, de Boer, Kuypers, Van
Tendeloo, Van Landuyt, Amelinckx, Meerschaut,
Rabu & Rouxel, 1989) sowie die Entdeckung von
Kompositkristallen unter den supraleitenden kom-
plexen Kupferoxiden und verwandten Verbindungen
(Kato, Takayama-Muromachi, Kosuda & Uchida,
1988; McCarron, Subramanian, Calabrese &
Harlow, 1988; Siegrist, Schneemeyer, Sunshine,
Waszczak & Roth, 1988) den AnlaBl boten, diese
Theorie als Grundlage einer Strukturverfeinerung
anzuwenden. Nach Yamamoto (1993) sind inzwi-
schen zahlreiche Beispiele von Kompositkristallen
bekannt geworden und es liegen mehrere Strukturun-
tersuchungen vor, in denen diese Theorie erfolgreich
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