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DIFFUSE SCATTERING IN DISORDERED MOLECULAR CRYSTALS
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Abstract Conventional crystal structure analysis using Bragg
diffraction data reveals only average one-body structural
information, such as atomic positions, thermal ellipsoids and
site occupancies. Diffuse scattering, on the other hand,
gives two-body information and is thus potentially a rich
source of information of how molecules interact. However,
since typical diffuse scattering intensities are ~103-104 down
on Bragg intensities, obtaining such information is still a
far from routine process and quantitative studies are rare.
In this paper we describe some of the concepts and
difficulties involved, with particular reference to the
example of 1,3-dibromo-2,5-diethyl-4,6-dimethyl benzene
(BEMB2), which is disordered as a result of the fact that the
molecule can take up either one of two different orientations
in a given molecular site.

Keywords: diffuse scattering, disorder, molecular crystal, molecular packing,
position-sensitive detector

INTRODUCTION

For some years we have been interested in disordered molecular
crystals .in which the disorder arises because the molecule is able
to take up either one of two different orientations in a given
molecular site. In particular we have concentrated on aromatic
systems in which a simple 180° rotation of the molecule effectively
results in the interchange of halogen (Br- or Cl-) and methyl-
substituents. Because the packing volumes of these three groups
are so similar, the molecule can pack into a given molecular site
in the crystal in these two different orientations with very little
difference (<~kT) 1in energy. In such a situation disorder is
guaranteed, but because there are small differences in energy the

distribution of the two different orientations will not be random:
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- i.e short range order will occur. We have only been interested
in systems in which the disorder occurs at growth and once the
molecule forms part of the bulk, the barrier to reorientation is so
high that the disorder is effectively locked-in. Examples of the
molecular systems we have studied!-2.3,4,5 are shown in Figure 1.
Qur aim has been to measure the diffuse X-ray diffraction patterns
from these compounds and attempt to explain them in terms of a

detailed description of how the molecules interact with each other.

Br Me a
l I I Me Cl
Me
I I
Me Br Br Br
Br Me Me Me
111 v
FIGURE 1. Molecules forming disordered crystals in which
each molecular site is occupied by the molecule in one of two
possible orientations. (I) 9-bromo,l0-methylanthracene. (II)
2,3-dichloro-6, 7-dimethylanthracene. (III) 1,4-dibromo-2,5-
diethyl-3, 6-dimethyl benzene (BEMBl). (IV) 1,3-dibromo-2,5-

diethyl-4, 6-dimethylbenzene (BEMB2) .

Diffuse X-ray scattering intensities from such systems are
typically ~103-104 down on the Bragg peak intensities from which
conventional crystal structure determination is carried out. This
has meant that only relatively recently has it been possible to
make extensive quantitative measurements of diffuse scattering, and
many studies have been only qualitative or at best semi=-
quantitative. In experiments our original film-based methods have
been replaced by the use of a position-sensitive detector system®,
which provides quantitative diffuse scattering data with a

sensitivity approximately 50 times that obtainable with a single
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counter. Although these data are recorded in digital form we still
find it invaluable for interpretation to display the information
pictorially, first on a computer screen and subsequently in hard
copy via an Optronics film-writing device. Two examples of the
data from whole reciprocal lattice sections, which we can now
obtain routinely, are displayed in Figure 2. It should also be
mentioned that these examples were obtained at low temperature
{100K) - not a trivial matter when it is imperative the main X-ray

beam does not intercept any shielding material.

CORRELATION DESCRIPTION OF DISORDER

The intensity scattered at a reciprocal wave-vector § by a two

component substitutionally disordered crystal may be expressed

as2:3, 7,
cell 2
fs) = w (mAFr‘]AHmBsf)) Y, explerisr,)
n
, cell AB
+ N mamp AF, AF, Z Z Chm exp(2ni§.5nm) (1)
n m

Here F#” is the scattering factor for an A-type molecule at site

n, specified by the vector R,; R,, = R, - R,; AF, = ﬂf)—lﬁBh

ma and mg are the concentrations of the two species A and B and

c is a correlation coefficient which is related to the joint

nm
probability Pﬁﬁ that two molecular sites n and m are both occupied
by an A molecule.

AA
Pom —mp?

= @

mamp

cnm

The first term in (1) represents the Bragg peak intensities
and can be seen to be proporticnal to the average of the molecular
scattering factors. The second term is a diffuse scattering term

and is seen to be proportional to the difference in the molecular
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scattering factors. It consists of the sum of many individual
terms, each involving a different correlation coefficient C, ,. The
origin term in this series corresponds to the case where all C . =
0, i.e. the scattering for a random distribution of the two species

A and B.

FIGURE 2. Observed diffuse X-ray scattering patterns for
BEMB2 at 100K. a) The 0kl section. b) the h k -h section.

The maximum diffraction angle shown is 20=51.2°,

It should be noted that conventional crystal structure
analysis using the Bragg intensities (the first term in (1))
reveals the average atomic positions and the site occupancies mp
and mg. Consequently the only unknowns in the diffuse scattering

term are the correlation coefficients, C The form of the

nm-*

contribution for each C which we call a correlation

nm¢
distribution, may be calculated from a knowledge of the average
structure, but the magnitude must be determined. 1In Figure 3 we
show examples of such calculated correlation distributions for the
case of the (h k -h) section of 1,3-dibromo-2,5-diethyl-4,6-
dimethylbenzene (BEMB2), the observed diffuse scattering for which

is shown in Figure 2b. We have developed a least-squares procedure
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which adjusts the values of the coefficients C,, for distributions
corresponding to intermolecular vectors within a certain radius of

a given molecule, to obtain the best fit to the observed data.

a)

FIGURE 3. Calculated distributions for the h k -h secticn of
BEMB2. a) The intensity for a random distribution of A and B
orientations. b) The correlation distribution corresponding to
the site 65501. c) The total calculated intensity - cf.
Figure 2b.

We use the ORTEP method of labelling molecular sites®, where
for example 55501 refers to a central molecule, 55502 to a second
symmetry-related site in the same cell, and for sites related by
cell translations the first three digits increase or decrease
accordingly. In an analysis it is quite feasible to fit ~50 such
functions to the observed data. The determined coefficients
correspond to inter-molecular vectors within a few molecular shells
of a central molecule (molecules whose centres are within ~204).
It should be noted that symmetry-related vectors are assumed to
have the same C,, value. 1In Table 1 we show some results for the
strongest correlations obtained for BEMB2. Of 42 unique correlation
coefficients measured, all others had absolute values less than

0.10.

21
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TABLE 1. Contact types and intermolecular distances for
BEMBZ2 refer to a structure in which all melecules are in
crientation A. Distances are calculated using the
coordinates of the composite disordered atoms obtained
from the average crystal structure determination.
Contacts are from a central molecule at site 55501.

Site Chm Intermolecular Contact
65501 0.21 Me-Br 4.08 A
Me-Me, Br-Br 3.90 A
66502 0.14 Br-Me 4.29 A
64501 -0.12 -
66501 -0.10 Me-Br 4.08 A
56501 -0.10 Me-Br, Me-Br 3.90 A
Me-Me, Br-Br 4.44 A
Several points of note arise out of these results. First, it

is clear that the order is only very short range in this compound.
For other compounds such as I and II (see Figure 1) much higher
values of C, have been observed. However, even such small degrees
of order are easily detectable and produce scattering patterns
easily distinguishable from the random pattern. As we have found
for other compounds the most significant ordering occurs between
molecules which have a direct intermolecular contact involving the
disordered atomic sites. That 1is to say, a contact which is
directly affected by the interchange of the Br and methyl groups
that occurs if the neighbouring molecule is flipped. Consider the
contact with the molecule at 66502. A positive value for C_  means
that the proportion of contacts that are Br-Me is increased
relative to a purely random distribution. For this contact, and
since my =0.5, a correlation of 0.14 means that there are 28.5% of
contacts of the type Br-Me, 28.5% of Me-Br, and 21.5% each of Me-Me
and Br-Br. Such a preference for Br's to try to avoid each otherx
is consistent with our findings in other compounds, and may

qualitatively be explained in terms of the interactions between
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local~-dipoles.

The contact with the molecule at 65501, however, is not as
simple. As may be seen in Figure 4, there are three different
contacts between disordered atomic sites. A positive correlation
here implies that for the 4.08A contact the proportion of Me-Br and
Br-Me vectors is increased, but for the two shorter (3.904)
contacts the proportion of Me-Me and Br-Br vectors is increased.
Even .if we take account of the direction of the local dipoles K, L,
M and N in Figure 4, there appears no good reason why this

correlation should be positive.

FIGURE 4. The contact between a central molecule (55501) and
the molecule (65501) with both in the A orientation. Filled
circles represent Br and open circles C. Arrows indicate the
local dipoles used to try to account for the short-range
ordering

What has gone wrong? Why are we unable to explain even
qualitatively what is observed? There are a number of
possibilities. First, our analysis assumed the average crystal
structure was P2;/c whereas the weak presence of some (h 0 1 , 1
odd) Bragg peaks clearly shows the average structure has the space
group P2;. This means that each of our correlation functions used
in the analysis was in fact the sum of two very similar
distributions and the determined values of C,, were the average of
two perhaps quite different values. Secondly, the formulation

given in equation (1) 1is only the first approximation to the

23
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scattering from a disordered crystal and assumes that the molecules
occur in either one or other orientation in the molecular site and
neglects the possibility of local relaxation, which could
substantially alter the important intermolecular contact distances
mentioned above. It might be noted that in alloys it is well known
that local displacements of atoms from their ideal lattice sites
may be up to ~5% of the cell spacing. Molecules have the freedom
not only to relax by shifts from their mean lattice sites, but also
have the freedom to assume slightly different orientations. We are
currently attempting to incorporate the possibility of these
effects into our analysis since it 1s clear that the level of
agreement (R=~20%) we currently obtain for the simple model (1)
means that more information is present in our data that is not yet
being modelled correctly.

Of particular note in the case of BEMB2 is the fact that the
X-ray diffraction patterns shown in Figure 2 contain some features
that are not modelled at all by our correlation fitting approach.
In the 0kl section the diffuse scattering is generally gquite
diffuse, consistent with the low values of correlation that were
determined. But in the neighbourhood of some lattice peaks, in
particular the 002 and 010 Bragg positions, the scattering peak
becomes very narrow, indicative of a range of order far greater
than the 20A range that was included in the analysis. This same
feature appears also in the h k -h, section which is approximately
normal to 0kl, as a dark 'hole' in the diffuse scattering. This is
seen most clearly around the (010 Bragg position, since the Bragg
peak is systematically absent because of the 2, symmetry. The
width of this hole corresponds to distances in real space in excess
of ~200A. 1In order to understand what is causing these effects we
adopt a quite different approach to the analysis of diffuse

scattering.
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MODULATION WAVE DESCRIPTION OF DISORDER

As we saw above, the intensities of the Bragg peaks in a disordered
crystal correspond to the diffraction from the average lattice, and
if we had an average lattice then there would be no diffuse
scattering. Conversely, we can consider that the intensity at any
point in the diffuse scattering at a wave-vector G + k, where G is
a reciprocal lattice vector, is due to a perturbation of this
average real-space structure by a periodic modulation characterized
by the wave-vector k. For the case of concentration waves these
perturbations can be written in the form of a variation from cell
to cell of the atomic scattering factors £y, where W specifies an
atomic site within the average unit cel12/10.,11, The scattering
factor appropriate to the Hth atom in the cell at the real-space

lattice vector R is obtained by summation over all wave-vectors k:-
£u(R) = (guf1 + %[ap‘(g)exp@nig.g) + ap(k)exp(-2rik.R)] (3)

Thus a general compositional modulation is characterized by the
wave-vector k and the compositional eigenvector A(k) =
(al,az,...,au,..), where aj,ap, etc. are complex. The relationship
between the au(h)'s of symmetry-related sites will not in general
be random but will reflect the energetics of the particular system
under consideration. For modulation wave-vectors along certain
high symmetry directions of a parent structure, the lowest energy
compositional {(and/or displacive) modulations must necessarily
transform according to a specific irreducible representation of the
little co-group of the corresponding modulation wave-vector (see
for example reference 11). If this lowest energy irreducible
representation is the only one with a finite amplitude, as is
often the case, then the relationship between the au(k)'s of sites
related by symmetry operations belonging to the little group of k

is fixed by the symmetry of the appropriate irreducible

25
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representation.

As a particularly simple example, suppose we have a structure
consisting of 2 symmetry-related atomic sites =1 at (0,0,0) and
u=2 at (0,1/2,1/2) which are occupied with equal probability by
either of two different types of atom, A and B, whose scattering
factors are fp and fp respectively. For waves travelling along
certain directions, and under the assumption that only the lowest
energy irreducible representation is substantially excited, the
phase relationship between aj (k) and ap(k) is fixed by symmetry.
For example, if we assume a screw axis along b, i.e.
{Czy|l/2(n+g)}, then for modulation wave-vectors along b* the
lowest energy modulation must transform according to one or other
of the two irreducible representations shown in the following

character table:-

E Cyy
21 1 1
2, 1 -1

Then from standard group~theoretical considerations (see for

example reference 11),

1
azk) = aik) exp[zng.z(gw_:)} 13(Cay) @
For a Xi irreducible representation X(CZy) = +1 and for a X,
irreducible representation X (Cpy) = -1. Of course X; and X;

strictly only exist for wave-vectors along b*. As soon as X moves
even slightly away from the p* direction, the corresponding little
co-group (see Bradley & Cracknell, 1972) is reduced to a single
element - namely the identity E. Thus, on symmetry grounds alone,
one can technically no longer relate ap(k) to aj(k) for the
lowest energy modulation. Common sense, however, dictates that the
relationship given by equation (4) above should, in most cases,
change only slowly as a function of k. For a general wavevector we

assume that x(czy) = expl[if]. Then,
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ag(k) = a(k) exp[znix%(mg)] exp(16) )

For 8=0 the modulation is equivalent to the Zl irreducible
representation and for 6=r it is equivalent to the ¥, irreducible
representation. For an arbitrary phase, 8, it is equivalent to a

linear combination of the two.

b)

d) e) _ f)

FIGURE 5. Optical diffraction patterns and their
corresponding diffraction masks illustrating the two
irreducible representations X, and X, described in the text.

5a,d show Xj;. 5b,e show Xy. 5¢,f show mixed %7/35.

To demonstrate the meaning of these two different modulations
we can make a computer generated model and use optical diffraction
to obtain the diffraction pattern. In the examples shown in Figure
5 we have perturbed a simple square lattice, consisting of atoms
p=1 at (0,0,0) 'nd pu=2 at (0,1/2,1/2), by a large number of

modulations having the two different symmetries X7 and Xp. In
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Figure 5a the modulations all had the 21 symmetry, in Figure 5b
the modulations all had the X, symmetry and in Figure 5c¢ the
modulations were mixed 21/22. The amplitudes of the modulations
were chosen to produce a characteristic 'Y' shape of intensity in
the first Brillouin zone {(for reasons which will become apparent in
what follows). The lattice realizations in Figures 5d,e,f
corresponding to these diffraction patterns show clearly the
meaning of the two different types of mode. For Zl the 'Y-shaped'
scattering occurs around the Bragg peaks and this gives rise to
clusters of atoms which are all black or all white. For X, the
'Y-shaped' scattering occurs between the Bragg peaks and this gives
rise to a tendency for black and white to alternate in the [11]
direction.

Now let us apply the same techniques to the molecular crystal
example of BEMB2. Projected down the a-axis the structure has
molecules p=1 at (0,0,0) and pu=2 at (0,1/2,1/2) so is essentially
the same as the simple atomic example described above. However,
the two molecular sites have quite different orientations, since
they are related by the 2;-screw axis of the space-group.
Conventional structure determination reveals that the average
structure is as shown in Figure 6a.

The shaded atoms are sites occupied by 50% Br and 50% methyl,
and the whole average structure is very close to the space-group
P2,;/c (although actually P2;). The 2;-screw axis is satisfied
accurately, but the c-glide only approximately.

We now construct a model in which we replace the black and
white atoms of Figure 5d,e,f with whole molecules of BEMBZ2 in their
two different orientations A and B. The two different symmetry
cases X; and X, take on a new significance. Instead of the
lattice realization of Figure 5d consisting of small domains of
atoms of all the same type, this is now replaced by regions of
crystal in which the molecules are either all in the A orientation

(black) or all in the B orientation (white). This corresponds to
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regions of crystal in which the 2,-screw axis is maintained locally
(see Figure 6b). Figure 5e, on the other hand, becomes a
realisation in which the molecule at (0,1/2,1/2) tends to be of the
opposite kind to that at (0,0,0), and this corresponds to one in
which there exists local domains satisfying the c-glide symmetry

and not the 2;-screw axis (see Figure 6c).

"M%w

Y % ™o

©)

o
C\ﬁ%\j ~

FIGURE 6. The structure of BEMB2 projected down the a-axis.
a) the average structure (approx. P2;/c). b) The local
structure (P2;) obtained when modulations are X; symmetry. c)
The local structure (Pc) obtained when modulations are X,
symmetry.
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In Figure 7a & 7b we show optical diffraction patterns
obtained from these two realisations. It should be stressed that
these two simulations contain exactly the same modulations as
Figures 5a and 5b and the only things that have changed are that
the atoms have been replaced by molecules, and the cell changed
from a simple square to a rectangle appropriate to the g-axis
projection of BEMB2. From these diffraction patterns it is clear
that Figure 7b is a very good approximation to the observed X-ray
pattern shown in Figure 2a and Figure 7a is quite wrong. This
means that locally it is the c-glide symmetry that is satisfied and
not the 2 -screw axis. Similar treatment of the (h k -h) section
of BEMBZ leads to the same conclusion. In Figure 7c we show an
optical diffraction pattern obtained using only Y, modes and the

correspondence to Figure 2b is again very good.

a)

FIGURE 7. Optical diffraction patterns of BEMB2. 7a & 7b
which correspond to the 0kl section of BEMB2 were obtained by
replacing the single atoms of Figures 5a & 5b with whole
molecules in one or other of the two orientations A and B.

For a) all modes are Xj. For b) all modes are X,. 7c
corresponds to the hk-h section and contains only modes of %,
symmetry. Note the 'hole' caused by the absence of modes

close to k=0. Compare b) and c) with Figure 2.

These results appear to be in conflict with the observation
from the crystal structure determination that in the average

structure it is the 2,-screw axis that is satisfied and not the c-
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glide. Now the structure determination corresponds to the average
over a large volume of the structure and departures from the P2,/c
symmetry may be considered as modulations of wavevector k=0. That
is to say, the fact that the average structure is P2; rather than
Pc means that the idealized P2;/c structure is modulated by a k=0
modulation of the 21 type while at wave vectors k#0 the modulations
are entirely of the 22 type. I.e. one can imagine that there are
two dispersion curve branches having the form shown schematically
in Figure 8. Note that the 'hole' in the diffuse scattering in

Figure 7c was obtained by omitting modulations close to k=0.

t X, mode
B
%, mode
l(_——-———»
FIGURE 8. Schematic diagram showing the dispersion curves
for the two compositional modulations X¥; and X;. Around the

origin only modulations of Zl symmetry are excited; elsewhere
it is those of X, symmetry.

- F CRYSTAL

It is well known that organic molecules crystallize most frequently
in a small number of space-groups. In fact the two space-groups
PT and P2,/c account for about half of the entries in the
Cambridge Structural Databasel?. Kitaigorodsky!?® explained this
fact by asserting that these spacegroups were ones which permitted
most readily the close-packing of triaxial ellipsoids. More
recently Wilson!?.15 has extended these ideas by using the

complimentary idea that space-group types are rare when they

31
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contain symmetry elements ~ notably rotation axes and mirror planes
- that prevent the molecules from freely choosing their positions
within the unit cell, and has proposed an empirical relationship to
express this. The frequency of occurrence of different space

groups within the monoclinic system is given by:-
Ngg = Acc eXP("Bcc [2139 = Cee [mlsg' Dee [1]sg— Ecc) (6)

where Ngg is the number of occurrences of the space-group type,

A is a normalizing constant, [2]sg is the number of twofold

cc
axes, {m]g, is the number of mirror planes and [I]Sg the number of
inversion centres in one unit cell of the space-group type. B..,

C and D.. are parameters determined by fitting to the observed

ccC
frequencies. E., is a constant dependent on the arithmetic class
within the monoclinic system. In this form (6) the relative
frequencies of occurrence of the monoclinic space-groups are
accounted for quantitatively, with values of B.., C.. and D.. of
6.41,5.96 and 1.67 respectively. These values reflect the great
impediment to close packing that 2-~fold axes and m-planes impose,
and a substantially lesser impediment imposed by a centre of
symmetry.

The relevance of this to our present work is that this theory
accounts for the fact that it is about 20 times more likely that a
given molecule will prefer to crystallize in the space-group P2;
than in the space group Pc (the Cambridge data base contained 2488
and 133 entries respectively). It is therefore clear that, all
other things being equal, the BEMB2 molecules would prefer to
crystallize in the space-group P2;, and this is indeed reflected in
the long-range order that is observed.

Over a short range, however, things are very different and the
molecules prefer to have a local arrangement more in keeping with
the c-glide symmetry. This may be attributed to the dipole-dipole

interactions between molecules. If we perform a simple experiment
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in which we place dipoles at the molecular centres of a grid
corresponding to the b~g¢ plane of Figure 6, it is found that the
arrangement in which the dipoles are related by the c-glide is
lower in energy than the arrangement in which they are related by
the 2,-axis for all wvalues of the angle ¢ which the dipole makes

with the b-axis.
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