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and Q. can be written as
Que= D= (1/7%) T [A(h,0,0)/h]
Q= D,—(1/7%) T [AL0, k,0)/K’]
k=1

Qu=D.=(1/7) T [A,0,0,1/P)

Qy =(1/2)(D:+ D,)
—(1/4x%) hééo [Fi(h, k, 0)/ hk]

(48)

Q. =(1/2)(D, + D;)
—(1/47%) ¥ [F(0,k 1)/kl]

k,1#0

Q.x=(1/2)(D, + Dx)
—(1/47%) ¥ [F(h0,1)/hl].

Lh=0

Equation (48) is the sum rule relating the microscopic
information to bulk quadrupolar tensor.

Concluding remarks

A careful discussion of the Coulomb potential has
shown the necessity to consider the V(0) term in its
Fourier expansion. This term is important when com-
parative studies are to be done. It can be calculated
either in direct space, using a multipolar expansion
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of the density, or in reciprocal space, from total
structure factors. The reciprocal-space expansion
leads to sum rules which must be fulfilled by the
structure factors, and which connect the microscopic
charge density with bulk multipolar moments that
can be measured by different techniques.

This work was supported in part by the US National
Science Foundation (CHES8711736), the National
Institute of Health (SRO1HL2388408) and a NATO
Research Contract No. 587/83.
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Crystal Structure Determination from Low-Resolution X-ray Powder Diffraction Data
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Abstract

The previously known structures of the modified
nucleic acid bases 3-deazauracil (4-hydroxy-2-
pyridone) and 6-azauracil (2H,4 H-1,2, 4-triazine-3,5-
dione) have been shown to be determined by model-
based reciprocal-space Patterson methods from
low-resolution X-ray powder diffraction data. The
data sets used in structural solution consisted of 26
and 23 reflections respectively, with |F,| values
extracted by a simple fitting procedure. The structural

0108-7673/90/040258-05$03.00

parameters found are of limited accuracy and only
severely constrained refinements (on F) are possible
from these data. However, these determinations indi-
cate the strength of model-based Patterson methods
to reveal structural information even from poor data.

Introduction

The solution of crystal structures from laboratory
X-ray powder data using Patterson methods has

© 1990 International Union of Crystallography
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recently been demonstrated (Rius & Miravittles,
1988). In this work, a Patterson search method was
used on |F,| values derived from the powder pattern
and the solution of two known structures achieved
from both simulated and experimental data. In addi-
tion, the direct-methods solution of heavy-atom struc-
tures from X-ray powder data is also becoming well
established (e.g. Le Bail, Ferey, Amoros, Beltran-
Porter & Villeneuve, 1989). However, the use of a
standard laboratory diffractometer for structural
solution of light-atom structures is very much in its
infancy. The small number of reflections resolvable
from such organic structures, often of poor crystal
quality, using routine laboratory sources suggests the
use of Patterson rather than direct methods (Wilson,
1989), and, with no heavy atom present, model-
based Patterson methods are the obvious recourse.
The reciprocal-space Patterson-methods program
PATMET (Wilson & Tollin, 1986) has been shown
to be able to solve structures from very small data
sets (Wilson, 1989) and so hopefully will be appli-
cable to the method.

The structures chosen for examination in this work
were the simple planar modified nucleic acid base
materials 3-deazauracil (C;H;NO,; Fig. 1a) and
6-azauracil (C;H;N;0,; Fig. 1b). These materials,
whose structures are known (Low & Wilson, 1983;
Singh & Hodgson, 1974), were chosen as representa-
tive of a class of possible intercalative drugs for which
single-crystal growth is difficult and hence structural
information is often unavailable for even very simple
materials.

o3

C2

(b)

Fig. 1. (a) Perspective view of the 3-deazauracil molecule. H atoms
are omitted for clarity. Drawn using SCHAKAL88 (Keller,
1988). (b) Perspective view of the 6-azauracil molecule. H atoms
are omitted for clarity. Drawn using SCHAKALS8 (Keller,
1988).
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Data collection and intensity extraction

For the determination of structures from powder data,
one of the main problems is often cell and space-
group determination. There are several autoindexing
programs available for this, but none of these are
completely reliable, especially for the low-symmetry
space groups commonly adopted by small-molecule
organic materials. For this reason, in the present study
this information was assumed to be unknown and
must initially be extracted from the X-ray powder
trace before proceeding to solution. Data were col-
lected for both materials from a Philips PW1710
powder diffractometer, a standard moderate-resol-
ution instrument for routine work, using Cu Ka radi-
ation (A =1-542 A), from samples purchased from
Sigma Chemicals. The data used were in the 26 range
15-40°, beyond which diffraction from these samples
was too weak to observe. The step sizes used in the
scans were 0:025° for 3-deazauracil and 0-05° for
6-azauracil, with collection times of 3s step~'. Data
were transferred via the Philips microprocessor
through an Atari ST-512 microcomputer used for data
capture, to a VAX 8650 on which all further analysis
was carried out.
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Fig. 2. (a) Powder diffraction trace in the region for which data
were extracted for 3-deazauracil. (b) Powder diffraction trace
in the region for which data were extracted for 6-azauracil.
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The powder diffraction data collected for each
material are shown in Figs. 2(a) and (b). The plotting
program used was the local ISIS data-display pro-
gram GENIE (David et al., 1986). From these plots
the positions of a series of peaks were extracted for
use in autoindexing on each material.

Cell determination of 3-deazauracil

The positions of 19 reflections were extracted from
the 3-deazauracil pattern and autoindexing attempted
in the program TREOR (Werner, Eriksson & West-
dahl, 1985). The first solution produced from TREOR
was the orthorhombic cell a=11:28, b=10-67, ¢ =
8:67 A, which can be seen to compare reasonably
with the published cell (Low & Wilson, 1983) a=
8:638, b=5-279, c=11-220 A, given that a and c are
switched and b is doubled in the cell found by
TREOR. For convenience, the a-c transformation
was carried out at this stage. If one tags the positions
of the reflections predicted by the TREOR cell, it is
clear that there is strong evidence for the true b
dimension being half that determined by the autoin-
dexing procedure, since all k-odd reflections appear
to be absent. This cell doubling is common in such
autoindexing procedures and should always be
checked for. For intensity extraction in this case,
therefore, the unit cell used was assumed to be a=
8:67, b=5-34, c=11-28 A. From the pattern indexed
on this cell, there is evidence for systematic absences
consistent with the space group P2,2,2, (h00, 0kO,
00/ absent for k odd, k odd, ! odd). This is the space
group found in the single-crystal study.

Intensity extraction

With the pattern indexed as above, reflection
intensities were extracted in a very simple way. For
resolved reflections a Gaussian was fitted to the peak,
the area of this giving I, whereas for overlapped
reflections the total intensity under the envelope was
extracted by simple background extraction and
integration, with the apportioning of relative contri-
butions estimated manually. This very primitive, and
for X-ray data by no means the most correct, way of
intensity extraction is in keeping with the object of
demonstrating the relative robustness of Patterson
methods for structure solution from poor data. There
are more sophisticated procedures available (e.g.
Pawley, 1981; Rius & Miravittles, 1988) which in
general should be exploited if available. From the
pattern in Fig. 2(a), it was found possible to extract
the intensities of some 26 reflections. The derived |F|
values are shown in Table 1(a).

Cell determination and
6-azauracil

intensity extraction for

The procedures described above for 3-deazauracil
were closely followed for 6-azauracil (Fig. 2b), with

STRUCTURE DETERMINATION FROM POWDER DATA

Table 1. |F,| data extracted for 3-deazauracil and
6-azauracil
(a) 3-Deazauracil

h k ! F h k ! F
1 2 3-75 1 0 4 0-54
1 1 0 2:22 0 2 0 0-77
1 1 1 2-18 0 2 1 0-87
2 0 1 0-37 3 0 2 0-64
0 1 2 296 2 1 3 1-43
1 1 2 2-41 1 2 1 0-72
1 0 3 1-40 0 1 4 1-02
2 0 2 1-40 3 1 1 0-72
2 1 0 0-95 0 2 2 2-44
2 1 1 1-23 1 1 4 1-07
0 1 3 0-20 2 0 4 1-25
1 1 3 2-00 1 2 2 1-14
2 1 2 2-00 3 1 2 1-14
(b) 6-Azauracil

h k ! F h k ! F
1 1 0 3-87 1 5 0 2-43
0 1 1 2-81 0 S 1 4-25
1 2 0 12-49 1 4 1 10-79
0 2 1 772 1 6 0 271
1 3 0 2-81 2 1 0 5-54
0 3 1 7-85 1 5 1 3-93
1 0 1 2:76 0 0 2 6-59
1 1 1 2:82 2 2 0 576
0 4 1 12-26 0 1 2 5-76
1 2 1 8-70 0 2 2 4-69
1 3 1 11-59 2 3 0 2-56
0 6 0 10-65

similar results. Once again TREOR produced a cell
with one dimension (a) doubled, which could be
identified from the absence of all h-odd reflections
in the pattern. There was again some evidence for
absences correspondingto P2,2,2,, which is the space
group found by Singh & Hodgson (1974) in the single-
crystal study. The cell used for intensity extraction
was a =5-008, b =17-60, c =4-83 A, which compares
reasonably well with the published cell a=5-022,
b=17-611, c=4-875 A. Intensity extraction based on
this cell and carried out using the simple method
described above led to 23 I, values, giving the |F|
values shown in Table 1(b).

Structural solution using Patterson methods

The fragment used as model in both structure determi-
nations was a six-membered ring (C—C distance
1-4A, C—C—C angles 120°) with two exocyclic,
meta, O atoms (C=O distances 1-2A, C—C—0
angles 120°). Thus the model contains only the basic
idealized molecular-shape information.

Structural solution of 3-deazuracil

The 26 |F,| data shown in Table 1(a) were used
for structural solution in the Patterson-methods pro-
gram PATMET (Wilson & Tollin, 1986; Wilson,
1988). The orientation of the planar ring was deter-
mined using the I(6, ¢) function, and its orientation
within the plane indicated by the highest peak in
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Table 2. Published, PATMET solution and refined (with e.s.d.s) fractional coordinates for 3-deazauracil and
6-azauracil

(a) 3-Deazauracil

Published PATMET Refined (RBLS)
x y z x y z x y z
N1 0-1745 0-3429 0-2102 0-180 0-375 0-230 0-226 (16) 0-332(17) 0-243 (9)
C2 0-1755 0-5441 0-1344 0-180 0-568 0-146 0-226 (17) 0-533 (24) 0-164 (13)
02 0-0583 0-6865 0-1315 0-069 0-726 0-143 0-11 (2) 0-69 (3) 016 (2)
C3 0-3101 0-5811 0-0650 0-301 0-590 0-066 0-350 (13) 0-567 (21) 0-088 (9)
C4 0-4329 0-4147 0-0735 0-422 0-418 0-070 0-474 (16) 0-401 (20) 0-091 (11)
04 0-5638 0-4432 0-0143 0-537 0-439 —0-006 0-592(19) 0-434 (23) 0-019 (14)
Cs 0-4239 0-2074 0-1526 0-422 0-225 0-153 0-474 (17) 0-201 (27) 0-171 (14)
Cé6 0-2955 0-1774 0-2184 0-301 0-204 0-233 0-350(13) 0-166 (24) 0-247 (11)

(b) 6-Azauracil; the two atoms O2 and O4 are obviously not correctly located in the PATMET solution

Published PATMET Refined (RBLS)
x y z x y z x y z
N1 0-4859 —0-4404 —0-0611 0-514 -0-431 -0-070 0-49 (9) —0-433 (21) 0-00(7)
Cc2 0-5640 —0-4004 —0-2814 0-606 -0-392 —0-290 0-56 (7) —-0-390(17) —-0-22(6)
02 0-7558 -0-4192 —0-4240 0-550 —0-294 —0-533 0-71(6) —0-360 (12) —0-44 (5)
N3 0-4127 —0-3357 -0-3276 0-464 -0-329 —0-381 0-42 (5) -0-325(11) —-0-28 (4)
C4 0-1949 -0-3128 —-0-1789 0-230 —0-305 -0-250 0-20(9) -0-301 (21) -0-12(7)
04 0-0635 —0-2554 —0-2294 0-648 -0-390 —0-341 0-15(5) —-0-259 (16) —-0-33(3)
(o) 0-1343 -0-3622 0-0459 0-138 -0-344 -0-028 0-13(7) —0-344 (17) 0-10 (6)
N6 0-2731 —-0-4227 0-0998 0-280 —-0-407 0-062 0-27(5) —0-409 (11) 0-16 (4)

the I1(6,¢) (6,9 =50,54°) was found using the
o(6,, 6,, 8;) function. The highest peak in the rota-
tion function (8, = 122°) was used to define the final
orientation of the fragment. Location of the oriented
fragment within the cell was accomplished using the
Q functions Q(Y,, Z,), Q(Xo, Zo), Q(X,, Yo) to
position the group with respect to the three screw
axes. The highest peak in the combined Q map
(Wilson & Tollin, 1988) indicated shifts of
(X, Yo, Zy) =(0-18,0-375,0-23). One concession
made to the quality of data in this example was that
Q-function peaks separated by up to 0-4A (ie
+0-2 A from the ‘true’ shifts) were assumed to rep-
resent the same translation. With good-quality data
this increment tends to be set at around 0-3 A. Apart
from this one relaxing of the normal procedures, the
PATMET solution of the structure was fairly routine.
As can be seen from the coordinates shown in Table
2(a), the located fragment is in reasonable agreement
with the published molecule.

The correctness of the solution obtained from
the Patterson-methods solution was checked in two
ways, by Fourier recycling and rigid-body least-
squares refinement (on F), using the programs
FFT/SEARCH (Fourier) and RBLS (refinement) in
the GX system (Mallinson & Muir, 1985). The O
atoms were removed from the located model, and
Fourier recycling calculations using just the located
six-membered ring as phasing model revealed the two
O atoms as the highest two peaks in the Fourier map,
confirming, among other things, the orientation of
the fragment within the plane of the group. Rigid-
body least-squares refinement on the resulting model
was carried out. One should bear in mind that, with
such poor data available, any refinement must be

performed cautiously, so the most basic refinement
of the whole molecule as a rigid body was carried
out, together with scale and thermal parameters. The
resulting R factor of some 13% (unweighted) is not
unreasonable given the poor data available. The final
refined coordinates are shown in Table 2(a). The
average bond length for the ring is 1:38 (19) A, and
average angle 120(12)°, and the broad packing
features of the structure, including the hydrogen-
bonding scheme, are maintained.

Refinements with O-atom positions freed from the
rigid group led to slight alterations (~0-1 A)of C=0
bond lengths, but the O atoms remained close (bond-
ing) to their parent C atoms.

Structural solution of 6-azauracil

With the 23 | F,| data shown in Table 1(b), the same
calculations were employed for the 6-azauracil struc-
ture. The I(6, ¢) peak occurs at (54,47°) and the
rotation-function peak at §, =24°. In this case the Q
functions are somewhat more difficult to interpret.
There is good agreement between the shifts indicated
in the Q(X,, Y,) and Q(Y,,Z,) maps, with the
fourth-highest peaks in each map giving a combined
shift of (0-23, —0-305, —0-25). There is a problem with
the Q(X,, Z,) map, however, probably caused by the
lack of data. This map is at extremely low resolution,
showing one very broad maximum over most of the
Q-function-calculation region. This map can certainly
be interpreted in such a way as to agree with the
above set of shifts from the Q(X,, Y,) and Q( Yo, Z,)
maps, but not conclusively so. Nor, however, does
the map conclusively disagree with the above findings
and so these shifts were used for fragment location.
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After application of the indicated shifts to the orien-
ted model, a set of coordinates is found which proves
to be the correct solution but rotated by 60° from the
published model. This means that two atoms are in
fact incorrectly located (02 and O4) which may help
to account for the relatively poor Q-function results.
The re-interpreted coordinate lists are shown in
Table 2(b).

In this case, with two O-atom positions determined
incorrectly by the Patterson-method procedure, the
solution of the structure is less transparent.
Refinement of the (incorrect) located model in RBLS
was relatively unsuccessful, with the lowest R factor
obtained being 30%. In addition, refining the O atoms
independently of the six-membered ring led to the
movement of these atoms away from bonding posi-
tions. These O atoms were thus removed from the
model and Fourier recycling performed. The first F
map revealed O4 as the highest peak, with no other
atoms in bonding positions. A subsequent difference
Fourier map revealed O2 as the highest difference
peak, but at a somewhat long distance from C2.
Refinement in RBLS of the rigid six-membered ring +
04 along with the positional coordinates of 02, fol-
lowed by rigid-body refinement of the whole group,
led to an R factor of ~18%. The precision of the
solution in this case is substantially lower than for
3-deazauracil, perhaps reflecting a very poor initial
data set and pointing to a reason for the difficulties
encountered in the Patterson-method calculations.

It is clear again in this case that Fourier recycling
coupled with rigid-body least-squares refinement has,
with care, developed the Patterson-method-solution
coordinates into an acceptable structural solution.
The final refined coordinates are shown in Table 2(b),
with the average bond length in this case being
1-4(4) A and average angle 120 (30)°.

Concluding remarks

It can be seen from these examples that it is certainly
possible to solve crystal structures of simple organic
materials from very poor-quality X-ray powder
diffraction data. The use of Patterson methods where
the deconvolution of the intensity pattern is aided by
the provision of an input model corresponding to the
known stereochemistry of at least part of the unknown
molecule is the key to such determinations in cases
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where very few reflections can be measured. As has
been shown in the above two examples, the results
are often not unambiguous in such cases and it is
important to appreciate the limitations of very low-
resolution data sets (e.g. in giving very broad Fourier
and Fourier-type maps). The information obtained
from such basic structure determinations is also
limited - without accurate least-squares refinement
one can deduce only the basic framework of the
structure. It should be noted that in addition to the
rigid-body refinements on F carried out here, con-
strained Rietveld (profile) refinement of the pattern
could also be used in the refinement process, perhaps
leading to greater accuracy and reliability. In spite
of these limitations, however, the determination of
crystal structures from data such as these is a further
demonstration of the ability of Patterson methods to
extract information from even very paltry and inac-
curate reflection data (Wilson, 1989). There are still
many simple molecules which are resistant to crystal-
lization and which may not even give reasonable
microcrystals for use in single-crystal synchrotron or
high-resolution powder diffractometers. The fact that
Patterson methods give one the opportunity to extract
structural information from such materials using
moderate-resolution X-ray powder diffractometers
should be borne in mind when such problems are
encountered.
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