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Abstract

Techniques for solving structures from powder diffraction data have considerably
evolved during the last 10 years. Tendencies are deduced from an exhaustive review of
the SDPD-Database, a bibliography extending over more than 300 experimental cases.
Last year, it was said that the Rietveld method allowed refining structures more complex
than we could determine solely from powder data. Recent advances show that we can
now locate molecules more complex than we could refine without constraints.

1. Introduction

During the past 10 years, the number of structure determinations by powder
diffractometry (SDPD) increased from 28 to more than 300. A commented bibliography
(the SDPD-Database), available on Internet [1], allows drawing some conclusions on cur-
rent tendencies. Quantity is not quality, so that you may not consider that the leading
methods deduced from the following statistics are really representative of the ways peo-
ple can best solve their problems. Nevertheless, many methods and softwares listed be-
low have proven their efficiency for succeeding in the various steps of the process of
solving structures from powder diffraction data routinely. “Routine” means, in the au-
thor opinion, that the job can be done by any crystallographer in any lab in the world, not
only by the method inventors. There was no reason that major trends in crystallography
would not have affected the SDPD sub-discipline. One irreversible tendency is that nor-
mal human brains are no longer able to realize the calculations needed for a non-trivial
structure determination. More and more fast and powerful computers do the job. Fortu-
nately, humans having not found limit in that domain continue to conceive new soft-
ware as well as hardware. A trend in SDPD is thus clearly the emergence of sophisticated
methods that would not have been applicable if the power of cheap computers had not
increased so much. How many times (at least, as found in the SDPD-Database) some
methods and softwares were applied to experimental cases will be given along the text,
under parentheses. Note that several methods for solving one particular step may have
been used in the same study.
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2. Statistics on productivity, peoples, reviews

If we consider the UCI, structure determination by Zachariasen [2] as the first work of
this kind, it appears that 1998 is the SDPD jubilee. Uranium and plutonium-based com-
pounds were the subject of three other publications [3-5], till 1968. We waited 1977 for
the first modern SDPD by Berg and Werner [6], making use of computers for indexing
(TREOR), applying the Patterson method to 120 integrated intensities (Guinier-Hégg
film), locating 2 heavy (Mo) atoms, completing and refining the structure by successive
Rietveld refinement and Fourier calculations. According to the SDPD-Database [1], up to
1987, only 27 publications coped with structure determination by powder diffracto-
metry. The annual production in this early stage was ranging episodically from 0 to 4 pa-
pers maximum. During the year 1988, a peak occurred with 12 papers, and then the
annual production was more or less stable till 1992 showing a new expansion corre-
sponding to 29 publications. The
yearly production oscillated then,
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cause some trivial (including
many structure determinations
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included in the SDPD-Database.

As many as 570 peoples are authors or co-authors of these 295 papers. Among
them, 170 have co-authored 2 papers minimum, 41 have co-authored at least 5 papers,
and 17 at least 10 papers. These contributions attest for an increasing professionalism
and give an idea of the mass of researchers motivated by solving structures in the ab-
sence of a suitable single crystal. The two leaders (Clearfield and Poojary) have solved to-
gether 33 previously unknown structures. Obviously, SDPD was and remains hot topic
since now 10 years. It is hard to say if the two abrupt variations in publication numbers
(1988 and 1992) have some team-leader precise detonators. Possibly, following the
Werner [7-11], Rossel [12], Nolang [13], Raveau [14-16], Smith [17] and Clearfield
[18-19] early series of SDPDs, the 1988 peak could be due to a new series of papers pub-
lished then in Nature by Cheetham [20-21]. Popularity and temperature of SDPD can be
also measured by the number of review papers already published on the subject (33 ref-
erences are gathered in the database, of which only a selection is proposed here [22-44]).
These reviews may provide different colors of SDPD, according to the authors main spe-
cialties. Solving metallo-organic phosphates [43], metal hydrides [35, 42], zeolites [27],
coordination compounds [44] (...) crystal structures with conventional X-ray sources
[24, 33], synchrotron [30, 31, 37] and neutron data [28], by direct method [41], Monte
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Carlo [40] or other methods do have some peculiarities. None of the previous reviews
gave the exhaustive list of references available at their publication date, although it was
much shorter than now. A complete list of references on experimental works, methods
and softwares would be larger than 500 and will not be given here. The reader will find
them in the SDPD-Database, including works involving structure redeterminations for
the purpose of feasibility demonstration (20 publications listed in the SDPD-D). The
most famous of these already known (AK) compounds is cimetidine [45], C,oH.sN¢S, hav-
ing long been given as the example of what could be done from synchrotron data (1991),
with 17 non-hydrogen atoms located by direct methods. This limit was attained in cases
of previously unknown structures since, even from conventional X-ray data, though it
was nhot much outperformed.

3. More statistics on periodicals, compounds, crystal systems,
instruments

The 295 papers are distributed in 51 periodicals of which 18 have published more than 5
SDPD, and 9 have published more than 10 SDPD. Two journals are largely heading : the
Journal of Solid State Chemistry and the European Journal of Solid State and Inorganic
Chemistry, with 67 and 32 contributions, respectively. This tends to indicate the main
kind of problem solved by powder diffraction, up to now. Indeed, only 31 organic, 63
organometallic and 8 polymers have been the subject of a SDPD. This may be considered
as abnormal because of the almost reversed organic/inorganic 4/1 ratio in the Cambridge
Structure Database (CSD) and in the Inorganic Crystal Structure Database (ICSD, exclud-
ing compounds with C-C bonds). Most of the 216 inorganic phases are oxides (159), the
remaining being mainly halides (43) and intermetallics (12). Oxides based on tetrahedra
building units represent 90 compounds with 73 in the group of phosphates, sulfates and
arsenates, and 17 silicates. The next well-identified group are nitrates (12) studied
mainly by Louér ‘s group. Why these compounds are special candidates for a SDPD is an
interesting question. Most of them were obtained from syntheses involving hydrother-
mal process at medium temperatures, unfavorable to the growing of sufficiently large
single crystal, or dehydration leading to unavoidable fragmentation. It is not risky to pre-
dict that the future will very
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tition for these modern powder studies does not seem to differ from single crystal stud-
ies.

Instruments selected for these SDPD are traditionally located at either neutron re-
actors (65) or at synchrotron radiation sources (64), or are in-laboratory conventional
X-ray diffractometers with (94) or without (143) incident beam monochromator. Graph-
ite reflected beam monochromator allows the study of samples containing 3d element
with a copper X-ray tube. Monochromatic conventional X-ray is obviously reserved to
non-fluorescent samples (containing either light or very heavy elements, or both of
them). However, if the use of Peltier-cooled solid-state detectors is generalized, this dis-
tinction could vanish. The Figure 3 shows the repartition of instrument use by year. In
fact these numbers do no reflect the possible joint use of 2 or 3 of these instruments. Neu-
trons were used scarcely alone (22), many neutron cases correspond to studies of lig-
uid-solid state phase transitions at low temperature (Fitch and Cockcroft, [46-55]), or to
deuterium and lithium-based compounds. Obviously, the most complex structures will
soon be solved from synchrotron data. We should first agree on what is a complex struc-
ture and define complexity criteria. Anyway, conventional X-rays have not really been
outperformed yet by synchrotron radiation in quantity (237 and 64 applications, respec-
tively) nor in quality (no real gap in complexity is observed, although it should be).
These points will be treated further in this review.

K-Alpha 1,2
K-Alpha 1
Synchrotron

Neutron

Fig. 3. Instruments
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4. SDPD steps - summary

SDPD is a step by step operation where computers are essential at stages of (a) index-
ation, (b) structure factor extraction, (c) structure factors selection and massaging, (d) ap-
plication of Patterson or direct methods, () model completion, and (f) Rietveld method
refinement. Beside this classical approach, when initial models are known from other
techniques than crystallography (molecule from NMR), stage (d) may be replaced (d’) by
using methods that try to find an optimum position for a starting model/fragment inside
the cell. Testing a molecule location is realized by comparison of the corresponding cal-
culated diffraction data either to the extracted “|F,|” or to the whole (or large part of)
observed powder pattern (suppressing the need of stages b and c). Only stages (a, b, c, f)
are fully specific to powder diffraction methodology. Stages (d, d’, ) may be realized by
using single crystal softwares applied to extracted structure factors. Adapted single crys-
tal softwares may work on the whole powder pattern instead of extracted structure fac-
tors. Moreover, some powder-specific modifications were introduced for dealing with
overlapping reflections.

4.1 Indexation

Automatic indexing is not actually a very innovative field. Three main well known pro-
grams traditionally occupy the market : TREOR (111 applications to SDPD), ITO (90) and
DICVOL (42). The next most applied technique is electron diffraction (11). Difficulties to
index powder patterns of which you are not even sure than they represent a pure phase
has discouraged many people to determine structures from powder data, in spite of the
extreme efficiency of the above programs. Recommendation is to use all of them.
DICVOL is exhaustive in its search, but does not tolerate unindexed reflections, which
could be due to an impurity in weak proportion. In principle one cannot go further if this
essential step is not fulfilled successfully, so that we have here undoubtedly a well estab-
lished trend (but see structure determination from packing considerations below, at the
d’ stage).

4.2  Structure factors extraction

At heroic times, structure factor extraction by hand was not rare (cutting peaks on the re-
cording paper by using scissors, and weighting them), or more sophisticated, by using a
planimeter. In a quite early (1971) systematic approximate method for the determination
of structure factors from a powder diffractogram, the profile shapes were described as
triangles. The method was applied to the solution of the structure of metavariscite (AK)
[56]. Nowadays, mainly the Pawley (43), Le Bail (134) or Rudolf and Clearfield (20)
methods realize this stage. A trend is that the two first methods are used also in order to
check the correctness of cells proposed at stage (a), rather than using the classical cell pa-
rameter refinement from estimated reflection positions. The space group proposition is
now also generally checked at this stage. Possibly due to a better stability and faster exe-
cution, the Le Bail method (LB) dominated over the last 6 years (Fig. 4).

Although the method (P) was described in 1981 [57], the first application to an ex-
perimental case occured in 1987 [58]. The LB method was mainly used by the author and
co-workers during 4 years (ARIT Software) [59-72], although also soon available at the
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Fig. 4. Structure factors extraction : Pawley and Le Bail methods

ILL, introduced into the FULLPROF software [73] and disclosed at the Powder Diffrac-
tion satellite meeting of the IUCr XVth Congress [74]. The abrupt increase of the SDPD
application number in 1992 (13 ® 31) coincides with the availability of this method in a
series of Rietveld softwares (compare Figures 4 and 1), including GSAS, MPROF and
some unnamed ones gathered as “LBM”. One is thus tempted to attribute a part of the
merit in the 1992 increase in SDPD applications to the LB method availability, with
18/31 of those year applications. These applications included some remarkable works
like Ga,(HPO3)5:4H,0 [75] with 29 independent atoms, the most complex at this date,
and from this point of view ; t -AlF; [76] with a completely new and unexpected structure
built exclusively from corner sharing octahedra.

Both P and LB methods allow whole powder pattern fitting with cell constraint.
The difference comes from the consideration of intensities as independent refinable pa-
rameters (P) or not (LB). Thus, extracting 1000 reflections by the P method imposes 1000
parameters to be added to the usual (Rietveld) profile parameters. In the LB method, the
structure factors are extracted by iterating the Rietveld decomposition formula giving
the so-called “|F,,.|” which are used for estimating the Bragg R as well as the R reliabil-
ity factors. Starting structure factors are constrained to be identical. This relation with
the Rietveld method explains the easy introduction of the LB method in numerous
Rietveld codes. Those principles applied in the P and LB methods were thus adopted by
many softwares, the main of which are listed in Figure 5, giving the number of applica-
tions for each of them, as found in the SDPD-Database.

Alternative is to use softwares extracting structure factors without cell constraint. The
most popular is MLE (Maximum Likelihood Estimation) from Rudolf and Clearfield. On
the Figure 6, PD is meaning Pattern Decomposition, and corresponds to 15 publications,
which were not providing the name of the softwares, but explicitly indicated the method
for obtaining integrated intensities. To be noted is the low score of POWLS (one applica-
tion), a program proposed in the past for the so-called two-stage alternative to the
Rietveld method. Discussions on the P and LB methods, including comparisons of their
respective efficiencies were published [41, 77-81]. Improvements were proposed includ-
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ing either a Bayesian approach that tackles the problem of highly correlated positive and
negative intensities in the P method [82] or another stabilization algorithm [83]. The cur-
rent rate of use of the P and LB methods and of related algorithms does not indicate any
tendency to abandon them, on the contrary.

WPPF (P) 33
EXTRACT (LB) 13
BNLFIT (LB) =13
CAILLS (P) =5
EXTRA (LB) 16
LSQPROF (P) | — 6
AJUST (LB) ———17
MPROF (LB) [ 7

LBM (LB) —'_1 14

GSAS (LB) | ‘ ‘ 122
ALLHKL (P) | ‘ ‘ 126
ARIT (LB) | ‘ ‘ ‘ 131
FULLPROF (LB) : : : : 146
0 10 20 30 40 50

Fig. 5. Softwares for structure factors extraction with cell constraints (P =
Pawley, LB = Le Bail)

4.3  Structure factors selection, treatment of overlapping reflections

Many variants exist at this stage. Either the whole data set (in 141 experimental cases) is

used or a selected set of unambiguously indexed reflections (80) is reserved for the next

(d) step. At this step, the problem of the intensity repartition among reflections, which

are more or less overlapping, is considered. No need to say that you can hardly expect to

obtain the correct intensity estimation of the exactly overlapping reflections. The default

output of the P and LB methods is the equipartition (but see later comments about the

GSAS program implement-

ing a variant of the LB

method, and note the ten- PowLs 11
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extraction, by methods try-
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edge from a selected set of  Fig. 6. Softwares for structure factors extraction without
non-overlapping reflections  cell constraints
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in order to discriminate and change the intensity repartition between those more or less
overlapping reflections. Many artifices were used, including for instance giving a ran-
dom repartition of intensity instead of equipartition, or using the expected positivity of
the Patterson map. David [84] based his estimates on the entropy maximization of an

| F]2 Patterson function. Use of Patterson map is also made in the FIPS (Fast Iterative
Patterson Squaring) method [85]. In the DOREES program [86], the approach is based on
the triplet and quartet relations from direct methods and the theory of the Patterson
function. In the direct methods SIRPOW program [87-88], a special treatment is reserved
to the more or less overlapping reflections. Texture was also used as an inten-
sity-separating ‘device’ [89] in an attempt at partial elimination of the problem of over-
lapping reflections. A probabilistic method was integrated with the LB algorithm [90].
Finally, Patterson informations are also used in reference [91]. The simplest approach is
the preparation of a series of data sets from which reflections having aneighboring one at
less than d(2q) (with d=0.01°, 0.02°, 0.03°..., or fractions of the FWHM varying from 0.1
to 0.5) are excluded. Direct methods are then applied to these reduced data sets (with a
limit corresponding to 50% maximum of the hkl excluded), or Patterson methods (up to
80-90% of the reflections can be excluded if 1 or 2 heavy atoms maximum are to be lo-
cated). All these methods may enhance the success rate for structure solution. Neverthe-
less, a comparison of the efficiency of these approaches is lacking. The SDPDRR
(Structure Determination by Powder Diffractometry Round Robin) [92] could draw some
conclusions on this point. Anyway, it seems that in almost half of the SDPDs (141 cases),
the whole extracted “|F,,|” data set, with equipartition, led to the success without any
data massaging.

4.4 Solving the structure by direct or Patterson methods

For this more than essential SDPD step, authors have simply adopted the general trend
in structure determination from single crystal data, by using Patterson (104 cases) and
direct methods (149 cases), including their most recent improvements. For instance, the
new SHELXS-97 includes phase annealing direct methods and new developments in
Patterson interpretation. SHELX pro-

grams are used in well over than 50% 90- a

of small molecule structure determi- 80

nations from single crystal data as ng:

well as from powder data (versions 501 I35
SHELX-76, SHELXS-86 or 97). The 401

main softwares used for Patterson 301 14 13
and direct methods are shown in the

Figure 7. 0

TEXSAN =2

. . 5_ z‘:"z‘a‘o‘d‘:(l‘gm

It should be realized that in ] 2 euoq s k2 &

T | |

many cases, only one or two heavy ) 2 E = 5 S X

atoms had to be located for obtaining
a partial model allowing to start re-
finements, the location of the re-
maining atoms being then obtained

=N
o O
SIR/SIRPOW [y

Fig. 7. Softwares for Patterson and direct methods
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by Fourier difference syntheses. There are 99 of these simplest cases in the
SDPD-Database. In 17 of them, the heavy atom is zirconium. Other frequent occurrences
are for lanthanides (7 cases), U and Bi (6 for each of them), Ba, Mo, Pd (4), Ag, Tl (3).
Solving these rather trivial structures was even possible by Patterson method applied to
a very limited range of data : 30 or 40 intensities may suffice, obtained from those reflec-
tions unambiguously indexed of which the integrated intensities can be extracted by the
old generation of profile fitting softwares without cell constraint (POWLS, PROFIT,
MLE...). In the years 1948-87, Patterson method dominated the direct methods with a ra-
tio 16/6. Since 1988, the tendency is reversed with a ratio 79/139. The SDPD-Database
contains 18 structures guessed from some convergent informations (for instance there
could be 4 Pt atoms occupying obviously only one possible special position with all
fixed coordinates). Model building methods concern the 51 remaining structures in the
Figure 8. With single crystal data, estimated standard deviations of structure factors are
used by most Patterson and direct method softwares only in order to exclude reflections
with a limit generally set to |F,.s] <2 s(JF..s]). The LB method is reputed for not provid-
ing correct esds. | recommend to avoid any “|F,,|” elimination based on esds, whatever
the method used for structure factors extraction, this would exclude the very important
information (for direct methods) contained in weak reflections.

Direct Methods
Patterson
Model Building
Guessed

Fig. 8 Methods for structure solution

Recent review articles on direct methods applied to powder data may be found [41,
93]. Use of Patterson and direct methods rules for an alternative to the equipartitionning
of the overlapping reflections was already discussed at the previous paragraph. The
dominant position, in this field, of the program SIRPOW is clear on Figure 7, however
application of conventional direct and Patterson methods for single crystal data are still
heading (SHELX, and to a lesser extent, TEXSAN, MULTAN, MITHRILL...). Other spe-
cial adaptation of direct methods for solving structures from powder diffraction data
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were proposed, namely a multisolution method of phase determination by combined
maximization of entropy and likelihood (program MICE) [94-99], dividing data in two
sets (overlapping and non-overlapping). It was scarcely used for the determination of un-
known structures, up to now [100 - 101]. Special adaptations of the Patterson method
were applied, using maximum entropy Patterson maps [102] and symmetry minimum
function [103 - 104], and a tangent formula was derived from Patterson-function argu-
ments [105]. Aspects of structure determination from powder data using anomalous
scattering were considered [106-109], requiring access to synchrotron radiation and re-
cording at multiple wavelengths. Application to direct methods of the early finding of
preferred orientation was examined [110]. Direct determination of polymer crystal struc-
tures from fibre and powder X-ray data was considered [111]. A weighting scheme low-
ering the probability of phase relations for intensities of overlapping reflections was
introduced in the optimal symbolic addition program SIMPEL88 [112]. But no trend is
obvious, for this step, that the classical approach (i.e. using directly softwares developed
for single crystal data) will be soon removed from its dominant position by some clearly
more efficient approach.

4.5 Model building (MB), locating fragments of known or guessed geometry

When standard methods fail (Patterson and direct methods), the alternative is to build a
model and to locate it in the cell. This could be either a simple or a formidable task, de-
pending on the existence or not of prior informations. Locating fragments of known ge-
ometry was long ago used in single crystal studies of organic compounds. Prior
information may consist in the whole connectivity scheme of a molecule from NMR
data. On the other hand, inorganic phases allow also some guess when the basic struc-
tural units are known or obvious (tetrahedra, octahedra...) and moreover if the connec-
tivity of these units is evident (for instance exclusive corner sharing of [SiO,] tetrahedra
in compounds having basically SiO, formula, like in zeolites). It is in this (d’) stage that
the last ten years of SDPD were particularly innovative. No less than 20 new methods or
transposition of existing (single crystal or molecular modelling) methods recently
emerged for solving structures from powder data. The list, as found in titles of recent pa-
pers, is reviewed below, but the reader should keep in mind that the present author has
never used any of them ! Some methods have evolved and improved over the years. This
(d’) sub-topic is quite hot because pharmaceutical or other economically important com-
pounds are potentially involved. Is model building/locating specific to powder diffrac-
tion? Absolutely not, one could apply these methods also to single crystal data set, of
course. A total of 51 cases were found in this category in the SDPD-Database, since 1988.
A tendency to expansion is obvious, with 12 cases in 1997. The basic difficulty in these
approaches is in fact to define the starting model ; most of those model-location methods
have a role to play only when this difficulty has been solved. We are between prior
chemical knowledge and full model prediction.

1- Early studies. In pioneering works, models were guessed (more or less) from con-
vergent evidences. Once models are built, they can be optimized by various means like
the distance least squares program () [113] or some energy minimization tools. It is not
always easy to understand how the models were built before being optimized in some
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works classified in this MB category [46, 114]. Packing considerations on the heavy at-
oms were used to solve the structure of two lanthanum palladium oxides [115]. The 4
SDPD cited above were published before 1988 and are the first ones in this category.
Many of the subsequent approaches of this kind cannot be easily summarized, here is an
example for a metal-substituted aluminum phosphate catalyst [116] which was “solved
on the basis of evidence garnered from high-resolution electron microscopy, electron
diffraction, and other methods including energy minimization”..."A consideration of
possible frameworks of appropriate dimensions and with the observed size and spatial
distribution of unidimensional, large-pore channels suggests a trial structure with ideal-
ized symmetry Cmcm". In this case, DLS and METAPOCS programs [117] were used for
the model optimization. Numerous other SDPD succeeded by this kind of model build-
ing [118-126], for which the optimization of the starting models was derived either from
the above programs or from MNDO calculations [129], or CERIUS [130], or THEO, or
INSIGHT-II [131].

2- Model location without energy minimization. When an initial model is selected,
which should be sufficiently large for leading to calculated structure factors or Patterson
map or phases evaluation near of the observed ones, then the only problem is to locate
this initial model into the cell. The PATSEE program [132] is an old SHELX companion.
It was applied to powder diffraction data [133-134]. The program requires extracted
structure factors and attempts to combine the merits of both Patterson and direct meth-
ods in order to position a fragment of known geometry in the unit cell. Random rotations
may concern one fragment and the program allows one torsional degree of freedom. The
random translation search may locate up to two independent fragments of any size. Early
works in this model-location category consisted in the brute force : searching for a mo-
lecular position and orientation following a systematic grid search, as in the cases of
solid CF;l [53], CFCl, [55], or RS-camphor [135]. Sometimes, retaining a proposition be-
fore trying a Rietveld refinement was based on interatomic distances criteria : i.e. pack-
ing considerations. The ROTSEARCH program [136-137] allows rotation and translation
Patterson searches, checked against extracted intensities. It was applied to the solution
of zeolite and organic compounds [138-140]. A recent version (ROTS96 [141]) was able
to locate 3 independent molecules in CsH,,Ng [142]. P-RISCON is a real-space scavenger
program [143] capable of setting an initial rigid model by refining the fractional coordi-
nates of its center of mass and its angular orientation, using extracted intensities for
checking [144-146]. A search for the model position may also be found in the structure
determination of Cg,Br,4(Br.,), [147]. More sophisticated approaches in optimization of
known fragment location include simulated annealing or the related Monte Carlo (MC)
algorithm. The MC efficiency was demonstrated by the determination of known
[148-151] as well as unknown [149, 152-158] structures using programs assessing the
suitability of the model location on the basis of the agreement with the experimental dif-
fraction data (no need to extract structure factors). Variants have incorporated restrained
relaxation of the molecular geometry or a high degree of molecular flexibility or were
said to be generalized (OCTOPUS96 and OCTOPUS97 programs). Do not forget that the
model has to be known when dealing with these methods. Even more sophisticated,
maybe, are methods applying simulated annealing, possibly through a genetic algorithm
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(GA), because a set of internal coordinates defines the geometry of the molecule (the con-
formation), allowing torsional angles to vary (in addition to the usual external degree of
freedom defining position and orientation). The use of GA was developed independently
by two teams and applied either to already known [159-160] (program “GAP”) or un-
known compounds [161-162]. Testing the agreement between the postulated structure
and the experimental diffraction data was either on extracted structure factors (using the
Pawley method) or on the full powder pattern (program “GAPSS”).

3- Model location from crystal packing considerations. Computational methods,
which predict possible crystal structures on the basis of the molecular structures, were
applied to powder data [163]. Even more, the A modification of guanylhydrazone struc-
ture could be determined without knowledge of the lattice parameters and crystal sys-
tem. For a packing-based structure determination, indexing is not essential, however itis
very useful in reducing the amount of computations by restricting the packing to a lim-
ited number of space groups. Nevertheless, the powder pattern remains essential for a
confirmation of the model, of course. An inconvenience of this method is that the whole
molecular structure should be known otherwise packing consideration would not apply.
In this category, but using the prior knowledge of cell dimension and spacegroup, may
be classified various methods for computer prediction of molecule location (still without
the need of intensities), by packing energy calculation [164] (on AK samples) ; computa-
tional chemistry techniques [165-167] (3 AK samples, one with previously large R=20%
powder result) ; minimization of the crystal-lattice potential energy calculated with
semi-empirical atom-atom potentials [168] using the PMC program [169]. Finally, the
systematic ranking of all potential packing arrangements on the basis of lattice energies
was shown to be efficient on AK samples [170].

4- Ab initio prediction. Most experts believe that crystal structure prediction from a
given combination of elements is still a faraway goal. Easier, prediction by simulated an-
nealing starting from unit
cell dimensions and content

: THEO /11

has progressed for simple S
systems [171-172]. The more VMETAPOCS =1
complex structures are pre- o —
dicted when the prior knowl- Focus =1
edge of symmetry is added CERUS =11
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nation procedure for zeolites Monte Carlo } } } } 19
(Fourier recycling with a spe- 0 5 4 6 8 10

cialized topology search)

[174-175] and the use of a pe- Fig. 9. Model building/location, softwares and methods
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riodic nodal surface calculated from a few strong, low-index reflections to facilitate
structure solution [176]. A summary of these 51 applications of model building-location
methods to unknown structure is shown in Figure 9.

The dominant trend is given by Monte Carlo and Patterson-search methods. These
programs for molecule location are seldom in the public domain. However, they are
quite recent and could be methods for the future. Most of them are specifically designed
for organic compounds and they cannot be applied if at least a large part of the structure
is not already known. Trends are in adding flexibility to the starting models. The use of
genetic algorithm appears currently to be the most sophisticated approach, giving free-
dom to non-rigid molecule parts. Anyway, the impact of these methods on the routine
analysis is small. Some methods were applied to the solution of AK structures [177] and
still not to any unknown one. Each of the above method is claimed to possess advantages
that are considered as inconveniences by others. For instance : avoiding structure factor
extraction is times to times considered as being an advantage because the use of the full
pattern overcomes overlapping problems ; working on extracted structure factors is con-
sidered as an advantage for speed ; those predicting the position of molecules without
the need of intensities at all find this an advantage (although few people will trust such
results alone) ; those working on molecule packing underline that they even do not need
the cell parameters (anyway, they always make a Rietveld final refinement). Finally,
some current sophisticated model location approaches are no more than the old good
“trial and error” process, modernized for making high numbers of trials in small times.

4.5 Structure completion

Structure completion is usually performed by Fourier syntheses applied to “|Fgs|”
provided by the Rietveld decomposition formula. Few users (147) are really explicit on
softwares used to realize this step. Not many Rietveld softwares are able to give a Fourier
synthesis as output. GSAS and XRS-82 are part of them; this explains their presence in
the Figure 10. The great majority of the other softwares are directly issued from single
crystal packages. Again SHELX dominates (SHELX-76, -93 or -97, or -TL). When a big
molecule is located from 100 or 300
reflections, and the structure is

o . . . TEXSAN [[15
rigid-body refined, or is refined .
with many restraints up to Rs < 5%, soP e
then it is normal that Fourier differ- MolEN |18
ence synthesis does not reveal any XRs-82 o
residual. Sometimes, Fourier syn- .
theses remain also silent with large GSAS | | | | 37
Rg value, so that one may have to SHELX ‘ ‘ ‘ ‘ —155

guess the position and nature of a
few last atoms. Using software like
DLS-76 or softwares allowing holes
location or making use of maximum
entropy [178] possibly help the
guess.

0 10 20 30 40 50 60

Fig. 10. Softwares for Fourier syntheses
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4.6 Final Rietveld refinement

GSAS (with 84 applications) and FULLPROF (57) programs dominate the Rietveld
[179-180] refinement last stage, as shown in Figure 11. Five other softwares totalize more
than 6 applications, and 20 softwares (whose names are not reported here) were applied
1 to 5 times. In 12 cases, there was no Rietveld refinement at all, the final least squares
being realized on the integrated intensities by using single crystal softwares. At the
structure factor extraction stage, the GSAS/FULLPROF ratio was reversed (22/46 instead
of 84/57 here), this point merits some explanation. The LB method is supposed to iterate
the Rietveld decomposition formula starting from a set of all identical |F| values, and
this is achieved in many Rietveld softwares including FULLPROF. Another approach is
used by GSAS, that consists in generating the initial | F|s from intensities corresponding
to a dummy atom, the position of
which depends on the user deci-
sion. Using an atom in general posi-

This may be the reason of this
GSAS/FULPROFF ratio reversal,

and possibly instabilities when pat- Fig. 11.
terns including the K alpha doublet

are processed with GSAS.

184
tion is highly recommended, 90
because the LB method may en- 801
counter difficulties to change null 707 57
structure factors (they will stay at 60+
zero after each iteration unless an 50
additional process changes their 40 7 oe
value). Anyway, the exactly over- 30 -~ 22
lapping reflections will keep an in- 204
tensity ratio equal to that generated 101
by the dummy atom. The equi- 0
partition of strictly overlapping re- 2 8 % & 'n—‘: = 5
flections is therefore not respected. 6 ¥ o g < 9o &
= X o =
-]
(T

Softwares for final Rietveld refinement

You should have the last improvements incorporated in your Rietveld program for
dealing with strong asymmetry, or preferred orientation or anisotropic line broadening.
Developers compete for updating their programs. The tendency to undertake large struc-
tures leads to the need of efficient programs including soft constraints and rigid-body re-
finement. Trends are to deal with more and more complex structures using
low-resolution data. The results will be of poor quality, with large estimated standard
deviations on atomic coordinates, dubious interatomic distances (the fact that they are
constrained will not be a sufficient reason for trusting them).
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5. Complexity

There is a perpetual race for the publication of the most complex structure ever de-
termined from powder diffraction data. Each time the maximum number of independent
atoms is overcome, those words occur in the paper introduction “X is the most complex
structure ever solved from SDPD”. Things are not so simple that the complexity would
be the total number of independent atoms. Moreover, the attainable complexity level is
not just defined by the structures already determined. The current maximum complex-
ity should be defined by the most complex structures determined by using the lowest
resolution. For instance, finding 10 independent atoms by the direct methods with a pat-
tern showing minimum FWHM as large as 0.25° (2q), extending at least up to 100°, for a
wavelength —~1.5 A, is possible (sample 1 of the SDPD Round Robin [92]). Then, you can
extend proportionally this proposition to synchrotron data with 0.05° FWHM and obtain
that solving a 50 atoms structure should be feasible as well, or a 250 atoms structure if
the minimum FWHM was lower than 0.01° (as obtained recently at ESRF). Nevertheless,
does complexity is currently increasing ? Not really, the world of SDPD is concerned by
moderately complex structures. The maximum of atoms simultaneously located by di-
rect methods is not larger than 18. The total number of independent atoms is near of 60.
On the other hand, rarely more than one independent molecule was located by
model-building non-conventional methods (d’). For organic compounds, the trend is to
use geometrical restraints in the final refinement. A kind of limit has been attained re-
cently for C,;sH,,Ng with 70 atomic coordinates rigid-body-refined from 104 reflections
for 3 independent molecules located by Patterson search [142]. Confidence in crystal
structure accuracy depends on the reflection/parameter ratio which is admittedly 310
when single crystal data are involved and should be 3 20 when powder data are con-
cerned (due to overlapping). One could doubt about some details of the structure when
this ratio is not much larger than 1. Modifying torsion angles would be of little influence
on the final fit. Locating hydrogen atoms could not be seriously undertaken.

The SDPD-Database sorts compounds according to 4 complexity criteria :
C1 = Number of independent atoms in the asymmetric unit.
N. = Number of refined atomic coordinates at the final stage.
C2 = Number of independent atoms in the initial model (Patterson or direct methods).
C3 = Number of independent fragments located by model building techniques.
Looking at Figure 12, showing the variation of the maximum and mean C1 values
during the last 10 years, one is tempted to conclude that the complexity of structures,
which can be determined from SDPD, is slightly increasing. The maximum C1 values are
still below the number of atoms that one may expect to refine by the Rietveld method.
This number depends on the instrumental resolution for a well-crystallized compound.
From synchrotron data with FWHM — 0.03°(2q), extending over 120°, 4000 hkl could be

“half-resolved”, allowing the refinement of 400 atomic coordinates, corresponding to
more than 130 atoms in general position.
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Fig. 12. Complexity criterion C1 : Number of independent atoms

The number of refined atomic coordinates (Nc) is a complexity criterion giving
similar results as C1 (Figure 13). The mean Nc value in 1997 (45.6) is almost twice the
value observed in the 1948-87 period (23.5). These C1 and Nc tendencies need to be con-
firmed in 10 years. Anyway, this evolution is really expected because of increasing in-
strumental resolution at synchrotron sources (FWHM as low as 0.01° 2q was attained at
ESRF) and also in laboratories (FWHM as low as 0.04° 2q is produced by using variable
slits).
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Fig. 13. Nc complexity criterion : Number of refined coordinates

From the C2 criterion, the mean (noted M1) number of located atoms was calcu-
lated and reported on Figure 14 along years. A partial mean (noted M2) was also re-
ported, excluding the 99 structures for which 1 or 2 atoms were found to represent a
sufficient starting model. In fact, only the maximum shows a tendency to increase.
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Fig. 14. C2 complexity criterion : Number of atoms located by
Patterson or direct methods

The C3 criterion was considered to be applicable to methods locating molecules or
fragments. Trial and error process used in trying to locate one or several heavy atoms
were discarded. Only 26 unknown structures were determined since 1993 correspond-
ing to the C3 criterion, so that statistics are hardly possible. Building proteins from mole-
cules will need the ability to locate simultaneously much more fragments than is
possible at present.

6. Accuracy

When no single crystal is available, it is hardly possible to have an idea of the accu-
racy of a structure determination solely from powder diffraction data. However, as a gen-
eral rule, we know that accuracy will always be lower than if the same structure had
been determined from single crystal data. The many SDPD from AK (already known)
compounds have produced a set of interesting references for comparison. Very probably
a trend is that AK compounds

will continue to be used as test 35

samples for new methods. Care ' —— Mean

to keep common sense will be 3T a Maximum A /
necessary. Credibility of struc- 2,5

tures should not increase 2

when the data/parameters ratio .\

decreases. IUCr tends to make 1.5 W
difficulties for publishing sin- 1

gle crystal data when this ratio 0,5
is less than 10, and R-values
larger than 5%. Overlapping

problems obviously should

lead to a revision of these lim-  Fig. 15. C3 complexity criterion : Number of independent
its for SDPD. molecules or fragments simultaneously located

0
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7. Conclusion

SDPD created a need for the development of specific methods or for adapting single
crystal techniques. Many methods are even common to both powder and single crystal
data without any need for adaptation. There is not so much difference between crystal-
lographers either trying to cope with bad single crystal data or facing powder diffraction
data. A cleavage is apparent between the unknowns for which it will be possible to guess
amolecule or a sufficiently large fragment (or several ones) and those for which no suffi-
cient prior information will be available. In the latter case, the ab initio methods will
continue to be applied (Patterson and direct methods). In the former case, not necessar-
ily restricted to powder problems, various simulated annealing approaches have yet
proven their ability. The definition of a “previously unknown” compound is different for
inorganic and organic compounds. In most cases, the molecular structure is available for
the latter, and only the position and orientation in the cell is unknown.

Some time ago, it was stated that we were unable to determine structures as large as
those we could refine by the Rietveld method. The new paradox is that we can locate
now molecules in much bigger cells than we could refine without constraints. Due to re-
sistance to change, habits listed in the present review have chances to survive and give
us the tendencies for the years to come. A few softwares dominate each step of the SDPD
whole process, they will probably extend their domination unless more efficient ones
appear. Not all softwares are in the public domain so that some methods are the exclusiv-
ity of developers or teams repeating structure determinations by their own way. SDPD
will not expand faster before a largest distribution of these new softwares. Alternative
should be remembered as well : structure determination from very small single crystal
[181] and structure determination from electron diffraction [182]. The former possibility
comes in laboratories with imaging plate data recording, or at synchrotron radiation
sources for crystal size as low as 20 nm (single crystal data for sample 2 of the SDPD
Round Robin were obtained from a 40x30x20 nm selected from the “powder”). A trend is
even that many of the first SDPD can now be compared to single crystal studies (the way
to obtain a single crystal was found later). The last trend will be that overlapping peaks
in powder diffractometry will continue to overlap, forever.

References

1. A. Le Bail, Structure Determination from Powder Diffraction - Database, (1994-98),
http://www.cristal.org/iniref.html

W.H. Zachariasen, Acta Crystallogr., 1 (1948) 265-268.

R.C.L. Mooney, Acta Crystallogr. 2 (1949) 189-191.

W.H. Zachariasen and F.H. Ellinger, Acta Crystallogr. 16 (1963) 369-375.

P.C. Debets: Acta Crystallogr. 24 (1968) 400-402.

J.-E. Berg and P.-E. Werner, Z. Kristallogr. 145 (1977) 310-320.

K. Waltersson, P.-E Werner and K.-A. Wihelmi, Cryst. Struc. Comm. 6 (1977) 225-230.

N o oA W N



A.LeBall 19

8.
9.

10.

11.

12.
13.
14.
15.
16.
17.
18.
19.

20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.
33.
34.

35.

36.

37.

K. Waltersson, P.-E Werner and K.-A. Wihelmi, Cryst. Struc. Comm. 6 (1977) 231-235.

S. Westman, P.-E. Werner, T. Schuler and W. Raldow, Acta Chem. Scand. A35 (1981)
467-472.

V. Adelskéld, P.-E. Werner, M. Sundberg and R. Uggla, Acta Chem. Scand. A35 (1981)
789-794.

D. Noreus, L. Eriksson, L. Gothe and P.-E. Werner, J. Less Common Metals 107 (1985)
345-349.

H.J. Rossell, Nature 283 (1980) 282-283.

B. I. Nolang and L.-E. Tergenius, Acta Chem. Scand. A34 (1980) 311-312.

C. Michel, L. Er-Rakho and B. Raveau, J. Solid State Chem. 39 (1981) 161-167.
C. Michel and B. Raveau, J. Solid State Chem. 43 (1982) 73-80.

D. Groult, M. Hervieu and B. Raveau, J. Solid State Chem. 53 (1984) 184-192.
D.L. Smith, J.E. Maskasky and L.R. Spaulding, J. Appl. Cryst. 15 (1982) 488-492.
A. Clearfield, L.B. McCusker and P. Rudolf, Inorg. Chem. 23 (1984) 4679-4682.

P.R. Rudolf, C. Saldarriaga-Molina and A. Clearfield, J. Phys. Chem. 90 (1986) 6122-
6125.

A.K. Cheetham, W.I.F David, M.M. Eddy, R.J.B. Jakeman, M.W. Johnson and C.C.
Torardi, Nature 320 (1986) 46-48.

J.P. Attfield, A.W. Sleight and A.K. Cheetham, Nature 322 (1986) 620-623.

H. Manohar, Current Sci. 52 (1983) 39-44.

A.N. Christensen, M.S. Lehmann and M. Nielsen, Aust. J. Phys. 38 (1985) 497-505.
P.-E. Werner, Chem. Scripta 26A (1986) 57-64.

A.K. Cheetham, Mat. Sci. Forum 9 (1986) 103-112.

D. Louér, Chem. Scripta 28 (1988) 89-95.

L.B. McCusker, Acta Cryst. A47 (1991) 297-313.

A.K. Cheetham and A.P. Wilkinson, J. Phys. Chem. Solids 52 (1991) 1199-1208.
L.B. McCusker, NIST special publication 846 (1992) 75-79.

D.E. Cox, in: Synchrotron Radiation Crystallography, Ed: P. Coppens, Academic Press,
Chapter 9 (1992) 186-254.

A.K. Cheetham and A.P. Wilkinson, Angew. Chem., Int. Ed. Engl. 31 (1992) 1557-1570.
P.R. Rudolf, Mat. Chem. and Physics 35 (1993) 267-272.
D. Louér, Mat. Sci. Forum 133-136 (1993) 7-24.

A.K. Cheetham, in: The Rietveld Method, Ed. R.A. Young, Oxford Univ. Press, Chapter
15 (1993) 276-292.

F. Bonhomme, R. Cerny, P. Fisher, F. Gingl, A. Hewat, B. Huang, N. Stetson, M.
Yoshida, K. Yvon and M. Zolliker, Mat. Sci. Forum 166-169 (1994) 597-602.

Ch. Baerlocher and L.B. McCusker, in: Advanced Zeolite Science and Applications,
Studies in Surface Science and Catalysis, Vol 85 (1994) 391-428.

A.N. Fitch, Nucl. Instr. and Meth. in Phys. Res. B97 (1995) 63-69.



20

Trends in Structure Determination by Powder Diffractometry

38.
39.
40.
41.
42.
43.
44.
45.

46.
47.

48.
49.
50.

51.
52.
53.
54.
55.
56.
57.
58.

59.
60.

61.

62.

63.

64.

65
66

D.M. Poojary and A. Clearfield, J. Organomet. Chem. 512 (1996) 237-242.
J.I. Langford and D. Louér, Rep. Prog. Phys. 59 (1996) 131-234.

K.D.M. Harris and M. Tremayne, Chem. Mater. 8 (1996) 2554-2570.

C. Giacovazzo, Acta Crystallogr. A52 (1996) 331-339.

R. Cerny, Mat. Sci. Forum 228-231 (1996) 677-682.

D. M. Poojary and A. Clearfield, Account Chem. Res. 30 (1997) 414-422.

N. Masciocchi and A. Sironi, J. Chem. Soc. Dalton Trans. (1997) 4643-4650.

R.J. Cernik, A.K. Cheetham, C.K. Prout, D.J. Watkin, A.P. Wilkinson and B.T.M. Willis,
J. Appl. Crystallogr. 24 (1991) 222-226.

J.K. Cockcroft and A.N. Fitch, Z. Kristallogr. 184 (1988) 123-145.

E. Weiss, S. Corbelin, J.K. Cockcroft and A.N. Fitch, Angew. Chem., Int. Ed. Engl. 29
(1990) 650-652.

J.K. Cockcroft and A.N. Fitch, Z. Kristallogr. 193 (1990) 1-19.
J.K. Cockcroft and A.N. Fitch, Z. Kristallogr. 197 (1991) 121-130.

J.H. Williams, J.K. Cockcroft and A.N. Fitch, Angew. Chem. Int. Ed. Engl. 31 (1992)
1655-1657.

A. Jouanneaux, A.N. Fitch and J.K. Cockcroft, Mol. Phys. 1 (1992) 45-50.
A.N. Fitch and J.K. Cockcroft, Z. Kristallogr. 202 (1992) 243-250.

S.J. Clarke, J.K. Cockcroft and A.N. Fitch, Z. Kristallogr. 206 (1993) 87-95.
T. Vogt, A.N. Fitch and J.K. Cockcroft, Science 263 (1994) 1265-1267.
J.K. Cockcroft and A.N. Fitch, Z. Kristallogr. 209 (1994) 488-490.

J. Fayos and P. Salvador- Salvador, J. Appl. Crystallogr. 4 (1971) 159-163.
G.S. Pawley, J. Appl. Crystallogr. 14 (1981) 357-361.

M.S. Lehmann, A.N. Christensen, H. Fjellvag, R. Feidenhans’l and M. Nielsen, J. Appl.
Crystallogr. 20 (1987) 123-129.

A. Le Bail, H. Duroy and J.L. Fourquet, Mat. Res. Bull. 23 (1988) 447-452.

Y. Laligant, A. Le Bail, G. Ferey, M. Hervieu, B. Raveau, A. Wilkinson and A.K.
Cheetham, Eur. J. Solid State Inorg. Chem. 25 (1988) 237-247.

Y. Laligant, A. Le Bail, G. Férey, D. Avignant and J.C. Cousseins, Eur. J. Solid State
Inorg. Chem. 25 (1988) 551-563.

P. Amoros, D. Beltran-Porter, A. Le Bail, G. Férey and G. Villeneuve, Eur. J. Solid State
Inorg. Chem. 25 (1988) 599-607.

A. Le Bail, G. Férey, P. Amoros, D. Beltran-Porter and G. Villeneuve, J. Solid State
Chem. 79 (1989) 169-176.

A. Le Bail, G. Férey, P. Amoros and D. Beltran-Porter, Eur. J. Solid State Inorg. Chem.
26 (1989) 419-426.

. A. Le Bail, J. Solid State Chem. 83 (1989) 267-271.
. Y. Laligant, A. Le Bail and G. Ferey, J. Solid State Chem. 81 (1989) 58-64.



A.LeBall 21

67

68.
69.

70.
71.

72.

73.

74.

75.

76.
77.
78.

79.

80.

81.

82.
83.
84.
85.
86.
87.
88.

89.
90.

91.

. .L. Fourquet, A. Le Bail, H. Duroy and M.C. Moron, Eur. J. Solid State Inorg. Chem. 26
(1989) 435-443.

A. Le Bail and M.-A. Lafontaine, Eur. J. Solid State Inorg. Chem. 27 (1990) 671-680.

A. Le Bail, G. Ferey, A.M. Mercier, A. de Kozak and M. Samouel, J. Solid State Chem.
89 (1990) 282-291.

M.A. Lafontaine, A. Le Bail and G. Ferey, J. Solid State Chem. 85 (1990) 220-227

J.L. Pizarro, G. Villeneuve, P. Hagenmuller and A. Le Bail, J. Solid State Chem. 92
(1991) 273-285.

Y. Laligant, G. Ferey and A. Le Bail, Mat. Res. Bull. 26 (1991) 269-275.

J. Rodriguez-Carvajal, “FULLPROF: A Program for Rietveld Refinement and Pattern
Matching Analysis”, Abstracts of the Satellite Meeting on Powder Diffraction of the XV
Congress of the IUCr, Toulouse, France (1990) 127-128.

A. Le Bail, “The Practice of Structure Determination from Powder Data : How to Suc-
ceed”, Abstracts of the Satellite Meeting on Powder Diffraction of the XV Congress of
the IUCr, Toulouse, France (1990) 99-100.

W.T.A. Harrison, J.M. Nicol, A.P. Wilkinson and A.K. Cheetham, Nature 359 (1992)
519-522.

A. Le Bail, J.L. Fourquet and U. Bentrup, J. Solid State Chem. 100 (1992) 151-159.
A. Le Bail, NIST Special Publication 846 (1992) 213.

A. Altomare, M.C. Burla, G. Cascarano, C. Giacovazzo, A. Guagliardi, A.G.G Moliterni
and G. Polidori, J. Appl. Crystallogr. 28 (1995) 842-846.

A. Altomare, B. Carrozzini, C. Giacovazzo, A. Guagliardi, A.G.G. Moliterni and R.J.
Rizzi, J. Appl. Crystallogr, 29 (1996) 667-673.

A. Altomare, J. Foadi, G. Giacovazzo, A. Guagliardi and A.G.G. Moliterni, J. Appl.
Crystallogr. 29 (1996) 674-681.

J. Rius, J. Sané, C. Miravitlles, .M. Amigo, M. Mercé Reventos and D. Louér, Anales de
Quimica Int. Ed. 92 (1996) 223-227.

D.S. Siviaand W.I.F. David, Acta Crystallogr. A50 (1994) 703-714.

J. Jansen, R. Peschar and H. Schenk, J. Appl. Crystallogr. 25 (1992) 231-236.
W.I.F. David, J. Appl. Crystallogr. 20 (1987) 316-319.

M.A. Estermann and V. Gramlich, J. Appl. Crystallogr. 26 (1993) 396-404.

J. Jansen, R. Peschar and H. Schenk, J. Appl. Crystallogr. 25 (1992) 237-243.

G. Cascarano, L. Favia and C. Giacovazzo, J. Appl. Crystallogr. 25 (1992) 310-317.

A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, M.C. Burla, G. Polidori and
M. Camalli, J. Appl. Crystallogr. 27 (1994) 435-436.

W. Lasocha and H. Schenk, J. Appl. crystallogr. 30 (1997) 561-564.

B. Carrozzini, C. Giacovazzo, A. Guagliardi, R. Rizzi, M.C. Burla and G. Polidori, J.
Appl. Crystallogr. 30 (1998) 92-97.

A. Altomare, J. Foadi, C. Giacovazzo, A. G. G. Moliterni, M. C. Burla and G. Polidori J.
Appl. Crystallogr. 31 (1998) 74-77.



22 Trendsin Structure Determination by Powder Diffractometry

92. L.M.D. Cranswick and A. Le Bail, Structure Determination by Powder Diffractometry
Round Robin (SDPDRR), http://www.cristal.org/SDPDRR/ (1998).

93. R. Spengler, H. Zimmermann, H. Burzlaff, J. Jansen, R, Peschar, H. Schenk, Acta
Crystallogr. B50 (1994) 578-582.

94. C.J. Gilmore, G. and C. Bannister, Acta Crystallogr. A46 (1990) 297-308.
95. G. Briocogne , Acta Crystallogr. A47 (1991) 803-829.
96. C.J. Gilmore, K. Henderson and G. , Acta Crystallogr. A47 (1991) 830-841.

97. K. Shankland, C.J. Gilmore, G. Bricogne and H. Hashizume, Acta Crystallogr. A49
(1993) 493-501.

98. K. Shankland and C.J. Gilmore, Mat. Sci. Forum 133/136 (1993) 189-193.
99. C.J. Gilmore, K. and G. Bricogne, Proc. R. Soc. Lond. 442 (1993) 97-111.

100. M. Tremayne, P. Lightfoot, C. Glidewell, K.D.M. Harris, K. Shankland, C.J. Gilmore, G.
Bricogne and P.G. Bruce, J. Mater. Chem. 2 (1992) 1301-1302.

101. M. Tremayne, P. Lightfoot, M.A. Mehta, P.G. Bruce, K.D.M. Harris, K. Shankland, C.J.
Gilmore and G. Bricogne, J. Solid State Chem. 100 (1992) 191-196.

102. W.I.F. David, Nature 346 (1990) 731-734.
103. M.A. Estermann, Nucl. Instr. Meth. Phys. Res. A354 (1995) 126-133.

104. M. Hofman, E. Schweda, J. Strahle, J.P. Laval, B. Frit and M.A. Estermann, J. Solid
State Chem. 114 (1995) 73-78.

105. J. Rius, J. Sané, C. Miravitlles, H. Gies, B. Marler and U. Oberhagemann, Acta
Crystallogr. A51 (1995) 840-845.

106. W. Prandl, Acta Crystallogr. A46 (1990) 988-992.

107. R. Cerny, F. Bonhomme, K. Yvon, P. Fisher, P. Zolliker, D.E. Cox and A. Hewat, J.Al-
loys Compounds, 187 (1992) 233-241

108. W. Prandl, Acta Crystallogr. A50 (1994) 52-55.
109. K. Burger, W. and S. Doyle, Z. Kristallogr. 212 (1997) 493-505.

110. A. Altomare, M.C. Burla, G. Cascarano, C. Giacovazzo, A. Guagliardi, A.G.G. Moliterni
and G. Polidori, J. Appl. Crystallogr. 29 (1996) 341-345.

111. D.L. Dorset, Polymer 38 (1997) 247-253.
112. ). Jansen, R. and H. Schenk, Z. Kristallogr. 206 (1993) 33-43.

113. C. Baerlocher , A. Hepp and W.M. Meier, DLS-76. A distance least squares refinement
program, ETH, Zurich, 1977.

114. H. Behm and Ch. Baerlocher, Acta Crystallogr. C41 (1985) 5-7.
115. J.P. Attfield, Acta Cryst. B44 (1988) 563-568.

116. P.A. Wright, S. Natarajan, J.M. Thomas, R.G. Bell, P.L. Gai-Boyes, R.H. Jones and J.
Chen, Angew. Chem., Int. Ed. Engl. 31 (1992) 1472-1475.

117. C.R.A. Catlow, A.N. Cormack and F. Theobald, Acta crystallogr. B40 (1984) 195-203.
118. G. Harvey, C. and T. Wroblewski, Z. Kristallogr. 201 (1992) 113-123.
119. W. Porzio, S. Destri, M. Mascherpa and S. Bruckner, Acta Polymer. 44 (1993) 266-272.



A.LeBall 23

120. N., M. Moret, P. Cairati, F. Ragaini & A. Sironi, J. Chem. Soc. Dalton Trans. (1993)
471-475.

121. P. Lelann and J.-F. Berar, Mat. Res. Bull. 28 (1993) 329-336.
122. A.N. Fitch and H. Jobic, J. Chem. Soc. Chem. Commun. (1993) 1516-1517.
123. D.A. Keen & S. Hull, J. Phys.: Condens. Matter 6 (1994) 1637-1644.

124.).G. Fletcher, G.C. Mather, A.R. West, M. and M.P. Gutierrez, J. Mater. Chem. 4 (1994)
1303-1305.

125. S. Hanna, P.D. Coulter and A.H. , J. Chem. Soc., Faraday Trans. 91 (1995) 2615-2622.

126. S. Briickner, S. Destri and W. Porzio, Macromol. Rapid Commun. 16 (1995) 297-303.
129. J.L. Bredas, B. Themans, J.G. Fripiat, .M. Andre and R.R Chance, Phys. Rev. B29
(1984) 6761-6768.

130. Program CERIUS from Molecular Simulations, Cambridge CB4 4WS, UK.

131. Program INSIGHT-II : Biosym. technologies, Inc; 96856 Scranton Road, San Diego CA,
USA.

132. E. Egert and G.M. Sheldrick, Acta Crystallogr. A41 (1985) 262-268.

133. D.M. Poojary, J.O. Perez and A. Clearfield, J. Phys. Chem. 96 (1992) 7709-7714.
134. S. Petit, G., G. Perez, D. Louér and M. Louér, Chem. Mater. 6 (1994) 116-121.
135. AJ. Mora and A.N. Fitch, J. Solid State Chem. 134 (1997) 211-214.

136. J. Rius and C. Miravitlles, J. Appl. Crystallogr. 20 (1987) 261-264.

137.J. Rius and C. Miravitlles, J. Appl. Crystallogr. 21 (1988) 224-227.

138. H. Gies and G. Rius, Z. Kristallogr. 210 (1995) 475-480.

139. J. Cirujeda, L.E. Ochando, J.M. Amigo, C. Rovira, J. Rius, J. Veciana, Angew. Chem.,
Int. Ed. Engl. 34 (1995) 55-57.

140. J. Sane, J. Rius, T. Calvet and M.A. Cuevasdiarte, Acta Crystallogr. B53 (1997) 702-707.

141. ). Rius and L.E. Ochando, ROTS96. Program System for Solving Molecular Structures by
Patterson Search Methods. ICMAB-CSIC, Catalunya, Spain. (1996).

142. L.E. Ochando, J. Rius, D. Louér, R.M. Claramunt, C. Lopez, J. Elguero and J.M. Amigé,
Acta Crystallogr. B53 (1997) 939-944.

143. N. Masciochi, R. Bianchi, P. Cairati, G. Mezza, T. Pilati, A. Sironi, J. Appl. Crystallogr.
27 (1994) 426-429.

144. N. Masciochi, P. Cairati, F. Ragaini and A. Sironi, Organometallics, 12 (1993)
4499-4502 .

145. N. Masciocchi, M. Moret, P. Cairati, A. Sironi, G.A. Ardizzoia and G. La Monica, J.
Am. Chem. Soc. 116 (1994) 7668-7677.

146. N. Masciochi, M. Moret, P. Cairati, A. Sironi, G.A. Ardizzoia and G. La Monica, J.
Chem. Soc. Dalton Trans. (1995) 1671-1675.

147. R.E. Dinnebier, P.W. Stephens, J.K. Carter, A.N. Lommen, P.A. Heiney, A.R. McGhie,
L. Brard and A.B. Smith Ill, J. Appl. Crystallogr. 28 (1995) 327-334.

148. J.M. Newsam, M.W. Deem and C.M Freeman, NIST Special Publication 846 (1992)
80-91.



24 Trendsin Structure Determination by Powder Diffractometry

149. K.D.M Harris, M. Tremayne, P. Lightfoot and P.G. Bruce, J. Am. Chem. Soc. 116 (1994)
3543-3547.

150. M. Tremayne, B.M. Kariuki and K.D.M. Harris, J. Appl. Crystallogr. 29 (1996) 211-214.

151. M. Tremayne, B. M. Kariuki, K. D. M. Harris, K. Shankland and K. S. Knight,
J. Appl Crystallogr. 30 (1997) 968-974.

152. D., G.P. Pez, B.H. Toby, T.J. Markley and R.M. Pearlstein, J. Am. Chem. Soc. 117
(1995) 10694-10701.

153. M. Tremayne , B.M. Kariuki and K.D.M. Harris, J. Mater. Chem. 6 (1996) 1601-1604.

154. B.M. Kariuki, D.M.S. Zin, M. Tremayne and K.D.M Harris, Chem. Mater. 8 (1996)
565-569.

155. M. Tremayne, B.M. Kariuki and K.D.M. Harris, Angew. Chem. Int. Ed. Engl. 36 (1997)
770-772.

156. Y.G. Andreev, P. Lightfoot and P.G. Bruce, J. Appl. Crystallogr. 30 (1997) 294-305.

157. L. Elizabe , B.M. Kariuki, K.D.M Harris, M. Tremayne, M. Epple and J.M. Thomas, J
Phys. Chem. B101 (1997) 8827-8831.

158. Y.G. Andreev, G.S. Macglashan and P.G. Bruce, Phys. Rev. B Cond. Matter 55 (1997)
12011-12017.

159. K. Shankland, W.I.F. David and T. Csoka, Z. Kristallogr. 212 (1997) 550-552.

160. K. Shankland, W.I.F. David, T. Csoka and L. McBride, Int. J. Pharm. 165 (1998)
117-126.

161. B.M. Kariuki, H. Serrano-Gonzalez H, R.L. Johnston RL and K.D.M. Harris, Chem.
Phys. Lett. 280 (1997) 189-195.

162. W.I.F. David, K. Shankland and N. Shankland, Chem. Commun. (1998) 931-932.

163. H.R. Karfunkel, Z.J. Wu, A. Burkhard, G. Rihs, D. Sinnreich, H.M. Buerger and J.
Stanek, Acta Crystallogr. B52 (1996) 555-561.

164. A. Gavezzotti and G. Filippini, J. Amer. Chem. Soc. 118 (1996) 7153-7157.

165. P.G. Fagan, K.J. Roberts, R. Docherty, A.P. Chorlton, G.D. Potts and W. Jones, Mol.
Cryst. Liq. Cryst. 248 (1994) 277-289.

166. P.G. Fagan , R.B. Hammond, K.J. Roberts, R. Docherty, A.P. Chorlton, W. Jones and
G.D. Potts, Chem. Mater. 7 (1995) 2322-2326.

167. R.R. Hammond, K.J. Roberts, R. Docherty, M. Edmondson and R. Gairns, J. Chem. Soc.
Perkin Trans. 2 (1996) 1527-1528.

168. D. Louér, M. Louér, V.A. Dzyabchenko, V. Agafonov and R. Ceolin, Acta Crystallogr.
B51 (1995) 182-187.

169. A.V. Dzyabchenko, V.K. Belsky and P.M. Zorkii, Kristallografiya 24 (1979) 224-226.

170. R.B. Hammond, K.J. Roberts, R. Docherty and M. Edmondson, J. Phys. Chem. B101
(1997) 6532-6536.

171. ). Pannetier, J. Bassas-Alsina, J. Rodriguez-carvajal and V. Caignaert, Nature 346
(1990) 343-345.

172. C.M. Freeman, J.M. Newsam, S.M. Levine and C.R.A. Catlow, J. Mater. Chem. 3 (1993)
531-541.

173. L. Reinaudi, R.E. Carbonio RE. and E.P.M. Leiva, Chem. Commun. (1998) 255-256.



A.LeBall 25

174.

175.

176.

177.

179.
180.
181.
182.

L.B. McCusker, R.W. Grosse-Kunstleve, C. Baerlocher, M. Yoshikawa and M.E. Davis,
Microporous Mat. 6 (1996) 295-309.

R. W. Grosse-Kunstleve, L. B. McCusker and Ch. Baerlocher, J. Appl. Crystallogr. 30
(1997) 985-995.

S. Brenner, L. B. McCusker and C. Baerlocher, J. Appl. Crystallogr. 30 (1997)
1167-1172.

P. G. Byrom and B.W. Lucas, J. Appl. Cryst. 24 (1991) 1005-1008.178. R.J. Papoular
and D.E. Cox, Europhys. Lett. 32 (1995) 337-342.

H.M. Rietveld, Acta crystallogr. 22 (1967) 151-152.
H.M. Rietveld, J. Appl. Crystallogr. 2 (1969) 65-71.
M.M. Harding, J. Synchrotron Radiation 3 (1996) 250-259.
D.L. Dorset, Acta Crystallogr. B52 (1996) 753-769.



