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Abstract A direct-space program (ESPOIR) for the crystal structure solution of small molecules,
from powder diffraction data, is developed under the GNU Public License. The program alows
solving the structures of the two samples distributed during the Structure Determination by Powder
Diffractometry Round Robin (SDPDRR) : the tetracycline hydrochloride and a cobalt-amine. Three
calculation modes are possible, either locating up to 4 different molecule fragments, or starting from
a set of randomly distributed atoms, or mixed approaches.

Introduction Powder diffraction is a theatre for the development of unconventional methods for
stucture solution (different from classical Patterson and direct methods). However, less than 100
structures were solved from unconventional methods, and are reported in the SDPD (Structure
Determination by Powder Diffractometry) Database [1]. Trying to locate a molecule in a crystalline
cell while matching to either extracted "|Fobg|" or the full powder pattern or the Patterson function
(etc), has become a very active topic since about 15 years. New direct-space methods use either
systematic grid search, Monte Carlo (MC), smulated annealing (SA), genetic algorithm (etc), as
already listed in recent review papers [2, 3]. Regretfully for the academic researcher, a problem is the
lack of availability on the Internet of many of the computer programs involved in these SDPDs.
Some single crystal programs are notable exceptions, and access to their source code is even
possible. Unfortunately, they are unadapted to the powder diffraction handicap (overlapping).
DIRDIF [4] alows the use of molecular fragments as input models, and then oriented by Patterson-
vector-search-rotation functions. PATSEE [5] combines the merits of both Patterson and direct
methods in order to position a fragment of known geometry in the unit cell. Indeed, DIRDIF and
PATSEE were used in a few SDPD cases [1]. Other single crystal data programs are dedicated to
molecular replacement (MR) methods for structure determination and are able to perform rotations
and trandations of macromolecules (for instance MERLOT [6], AMORE [7], MOLREP [8],...), none
of these 3 programs was applied in any of the SDPD cases. The MR technique is far from being new,
and a collection of papers isfound in a 1972 book by Rossmann [9]. The more recent direct-space
computer programs dedicated to ab initio solution of crystal structures from powder diffraction data
are al commercial, with GUIs (Graphical User Interfaces) for MS Windows, and with the
consequence that access to the source code is lost. This may confirm the high activity level in this
topic. POWDER SOLVE [10] is the exclusivity of a pharmaceutical consortium through MSI,
applying a combination of simulated annealing and rigid-body Rietveld refinement. ENDEAVOUR
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[11], developped by Crystal Impact, uses "Pareto optimization" of the difference between the
calculated and the measured diffraction pattern and of the potential energy of the system. The DASH
(ex-DRUID) [12] release is announced for summer 2000 by the Cambridge Crystallographic Data
Centre, and was one of the two regular winners in the solution of the SDPD Round Robin [13]
sample 11 (the other winner used conventional methods through the CSD package). Other program
names are OCTOPUS [14], ROTSEARCH [15], MRIA [16], GAP [17], GAPSS [18], P-RISCON
[19], GASPP and GULP [20], SNIFFER97 [21]... (and aso one program without name [22], see the
SDPD-Database [1] for references and Internet hyperlinks). No direct easy access to these programs
has been found, but this does not mean that they could not be obtained by contacting their authors.
Another approach makes use of packing considerations for molecule location and some programs
may even be able to predict the cell parameters and space group : PROMET [23], HARDPACK [24],
PMC [25], UPACK [26],... Special methods are dedicated to zeolites : FOCUS [27], ZEFSAII [29],
and available with source code. That incredible number of new methods and recent programs (the list
is certainly not exhaustive), if compared to the number of structures realy determined up to now,
could be mainly motivated by the satisfaction of pharmaceutical companies interests in the access to
some crystal structures for which only powders are available. Those companies can certainly afford
the commercial computer programs, but thisis far from to be true in academia al over the world. It
was thus believe timely to offer to academic researchers a free access to molecule location (ML)
abilities through a new computer program following the open source code tradition, ESPOIR, also
capable of much more.

Method in ESPOIR There is few if any new science inside those programs above, which essentialy
use algorithms built on the basis of previously developed concepts (Monte Carlo, smulated
annealing, genetic algorithm, potential energy...) combined with crystallography rules. The new
ESPOIR program makes no exception. It includes a basic Monte Carlo approach inspired from the
RMCA code [29], generating random events through a pseudo-random-number subroutine. Those
events may either be an atom move or a molecule or fragment rotation or trandation. Dealing with
overlapping is the important point with powder diffraction data, and here is the main "innovation” in
ESPOIR : the solution retained is to reconstruct a pseudo-pattern from the previoudy extracted
"|Fobg|". The advantage, if compared to the use of the real powder pattern, isin computer time. No
background, Lorentz-polarisation, asymmetry or complex profile shape, reflection multiplicity, has to
be considered. The program does not try to reproduce the profile shape in al its details, but grosdy
mimics the overlapping. A Gaussian shape (Q) is thus selected for its fast calculation and short tails.
The profile width is forced to follow the Cagloti law estimated at the structure factors extraction
stage. Moreover, the number of profile steps is optimized by using only 3 to 5 points above the full
width at half maximum (FWHM). The cost function depends on this reconstructed pattern P(20) =
2 Q|Fo through the equation : Rer = Z |Pops -K Peac| / Z Poss , Where K is a scale factor. However, if
the structure factor amplitudes are exempt of any overlapping problem (single crystal data, ideally),
then ESPOIR has the option to work on a cost function (Rg) directly based on the |F| values, saving
time by a factor 3 to 5. Simulated annealing (SA) is introduced through a tunable law reducing
progressively the maximum atom move amplitude (or molecule trandations). A parameter, aso
indexed on the SA law, alows to define random acceptance of MC events which do not necessarily
decrease Ree. This technique may allow to avoid being trapped in false minima. It is recommended to
retain a 40% proportion of events not improving the fit. Nevertheless, at least 10 independent runs,
starting at a different point of the pseudo-random number sequence, are needed for having chances
of success. The more complex the problem, and the less is the success ratio. One hundred runs may
be needed sometimes for attaining a redly interesting minimum Repr. In order to speed up the
process, the many elements of the calculation which are not involved in the MC event are kept in
large arrays in memory, avoiding useless recalculation. In spite of this, current computers are not fast
enough for allowing the calculation of 10 to 100 independent runs in short time when dealing with
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very complex problems in scratch mode. The ML mode is faster because a lower number of
reflections is sufficient. Parallelizing the process would be quite interesting. Starting different runs on
different processors would probably be the smplest and more efficient way to gain speed.

Scratch or molecule location modes When no fragment is previoudly known and if the classical
approach (Patterson and direct methods) fails, then the crystallographer does not dispose of so many
tools. Independent trandation of dominant X-ray scatterers through the unit cell were attempted, for
instance by systematic grid search [30, 31] aswell as by Monte Carlo (with up to 2 different atomsin
ref. [32]). Recent effortsin order to build larger models from scratch were done and implemented in
few freely available software: FULLPROF [33] able for instance to locate Pb in PbSO, by Monte
Carlo. It isto be noted that the user has to guess if atoms will occupy special positions. During tests,
it became evident that ESPOIR runs much better in P1 than in any other space group. This is very
probably because it is the only space group in which a truly random starting model can be built : the
origin has no importance. It is thus recommended in scratch mode to run ESPOIR in P1, when
possible, of course after extraction of the structure factor amplitudes in P1 too. Apart from the
random moves, atoms are also allowed to permute randomly. Solving structures from "scratch”
(random initial models) was proved to be possible for up to 15-30 independent atoms. In the ML
mode, the random events are either rotations or trandations of the molecule, analogoudly to the so-
called "molecular replacement™ method. A mixture of the "scratch" and ML possibilities is allowed
with an upper limit of 4 "objects’, each containing up to 50 independent atoms, either as a rigid body
fragment or as a set of atoms randomly moving and permuting. The other main features of the
program follow : X-ray or neutron diffraction data can be processed in any space group ; fine tuning
is alowed on random moves, on permutations of atoms, on fixing of guessed special positions.
Locating molecules in the cell is achieved by starting from models described either in crystalline cells
or by Cartesian coordinates. Orientation disorder is accounted for (C60 molecule for instance) by
using a global scattering factor. Restraints can be imposed on interatomic distances.

Examples of application Essentially, the (not so clever) strategy consists in trying again and again,
jumping quickly to a new starting configuration if a model is frozen (false minima). Then, it is
understandable that the main problem of this program (and some others), when dealing with the
more complex cases, is computer time. The direct methods find 30-100 independent atoms (though
50 were never attained from powder diffractometry data till now) in a matter of minutes on a PC
(100-1000 MHz), and less than 30 atoms in a matter of seconds. The millions of moves and atom
permutations, necessary for finding 30 atoms with ESPOIR from a set of 300 hkl reflections, require
one night, at least, if you are lucky. So that, testing for larger configurations was not already done,
due to the lack of easy access to faster or paralel computer. Fortunately, the Moore's law is still
expected to be applicable for many years, so that some hope may be placed on ESPOIR and the
other above mentioned simulated annealing software. The program succeeds easily in the location of
awhole molecule, with high success rates. The location of 2 objects when one is a molecule and the
other is a mediumly heavy atom like Cl or Sis also successfull with high success rate. Up to now, the
problem of torsion angles is not adequately taken into account. However, the program can cope with
a problem of up to 3 torsion angles by decomposing the molecule in 4 parts. In the series of
examples shown on Table |, some structure factor amplitudes were obtained by applying a Le Ball
method "|Foud" extraction to a simulated powder pattern. Note that the success rate is also dependent
of some parameters that can stop the process if the R factor is not sufficiently low after a certain
number of events (meaning that the success rate could even be higher). The R and Rer values are the
lowest of the series of runs, but a success was considered effective at Rpr < 0.200. Some examples
are treated both in P1 space groups and in their true space group, in order to show the quite better
efficiency of ESPOIR in P1. The 100% success rate (al with Rer < 0.07) for LisRuO, [20] or PbSO,
in P1 means obvioudly that the Ru or Pb atoms were correctly located, though many O and S atoms
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are well positioned too (LisRuO, was originaly solved by a general purpose structure prediction
program by genetic algorithm using a Born model lattice energy minimization, without the need of
the powder pattern intensities). The structure of the SDPD Round Robin [13] sample I,
[Co(NH3)sCO3]NOz*H,O [34], for which no participant proposed a model, can be solved by
ESPOIR (15 independent non-hydrogen atoms in P2; space group). In ML mode, the model
consisted in 3 objects : one [CoXg] octahedra (X = O, N) with the C atom connected to the O atom,
one NO; group, and three additional independent O atoms (two of them should complete the COs
group). For the SDPDRR sample 11, tetracycline hydrochloride, 2 objects were used : the first being
the Cl atom and the second was a model obtained from the CSD databank corresponding to the
tetracycline hexahydrate, removing the water molecules and the H atoms. Those 2 examples are
listed at the bottom of Table I. Obtaining a solution for these two cases in scratch mode was
successful only when using good single crystal-like |F| values (see Table 1). The user has to be
conscious of the ESPOIR program limits, proposing a last-chance method, recommended if classical
approaches fail.

Tablel. Test examples delivered with the program.

S.G. Sor| N | atom | DoF | hkl Re Rer | events | success | time per

ML |obj| sites x10% | rate run
Al,O; * R3cC S |1 2 6 | 25 |0.005| 0.0055 20 8/10 25s
CaF, * | Fm3m S |1 2 6 16 | 0.011 | 0.009 | 60 22/50 80s
calcite R3cC S |1 3 9 | 33 | 0.004 0.004 60 2/10 6 mn
*
aragonite * | Pmen S |1 4 12 | 107 | 0.076 | 0.043 | 60 8/10 | 24 mn
forsterite Pbnm S |1 6 18 | 101 | 0.037 | 0.017 | 100 3/10 | 24 mn
*
LisRuQ, * P1 S |1 16 48 | 160 | 0.255 | 0.013 | 200 | 10/10 | 26 mn
LisRuQ, * P2/a S |1 6 18 | 100 | 0.165 | 0.029 | 50 8/10 | 12mn
CuvOs; * P1 S |1 10 30 | 120 | 0.001 | 0.001 | 100 7/10 | 24 mn
CuvOs; * P1 S |1 5 15 | 120 | 0.001 | 0.001 | 100 2/10 | 15mn
Tel P1 S |1 16 48 | 200 | 0.003 | 0.002 | 200 | 19/20 | 60 MmN
*
Tel P1 S |1 8 24 | 200 | 0.305 | 0.163 | 200 3/20 | 13 mn
*
Ce disordered * Fm3m S |1 1 3 5 | 0062 & 20 10/10 2mn
PbSO, # P1 S |1| 24 72 | 275 | 0.083 | 0.021 | 500 | 20/20 | 30 mn
PbSO, #| Pnma S |1 5 15 | 83 | 0.001 | 0.001| 100 9/10 | 10 mn
Ba,CdP;0,o(0OH) # Im2m S |1 9 27 | 130 | 0.081 | 0.067 | 60 5/10 | 24 mn
cobalt amine * P1 S |1 30 90 | 300 | 0.078 | & 2000 | 2/10 2h
cobalt amine * P2, S |1 15 45 | 150 | 0.037 | & 2000 | 4/40 2h
cobalt amine # P2, S |1 15 45 | 150 | 0.193 | & 2000 | 1/50 2h
cimetidine # | P222, | S |1 17 51 | 200 | 0.037 | & 8000 | 1/50 7h
cimetidine # | P222, | ML | 2 17 9 | 50 | 0.099 | 0.091 | 100 4/10 | 30mn
pyrene *| P2Ja |ML| 1| 16 6 | 50 | 0.110 | 0.073| 80 10/10 | 13 mn
1-methylfluorene * P2,/n ML | 2 14 9 50 | 0.083|0.052| 100 | 14/20 | 16 mn
tetracyclineHCl  # | P2,2,2, | ML | 2 | 33 9 | 50 | 0.207 | 0.161 | 200 2/50 | 23mn
cobalt amine # P2, ML | 3 15 21 | 100 | 0.332 | 0.159 | 300 4/50 16 mn

Thetime per run corresponds to the use of a processor Intel Pentium 11 266 or 333 MHz, possibly with several
simultaneous calculations (up to 3). All tests are from X-ray data, though the program accepts neutron data. S
or ML is for Scratch or Molecule Location. N obj. is the number of independent objects. DoF = Degree of
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Freedom. (*) structure factor amplitudes extracted from a simulated powder pattern ; (&) fit directly on |F| ;
(#) real powder data.

Both SDPDRR samples were difficult cases mainly because of medium resolution of the
experimental powder patterns since the best pattern (tetracycline hydrochloride, synchrotron data)
shows minimal FWHM s six time larger than those attainable at the best sources. This gives an idea of
the feasibility limits by those unconventional methods : cases 6 times more complex can probably be
undertaken in ML mode.

Entry and output files In the ESPOIR package, PRESPOIR is a small add on program which helps
the user to build interactively the entry (.dat) file containing all parameters. This file can be quite
short, as shown below for atypical scratch test :

A|203 I title

4.764 4.764 13.009 90.0 90.0 120.0 la b c dpha beta gamma

R-3C I space group

154056422111 I wavelength, data type, atom number, atom type, nob, ns, iprint
0.025 -0.046 0.030 3 U, V, W, step (from the structure factors extraction stage), if ns=1
Al+30-2 I atom or ion names (determines the atom-type order)

1 I code for constraint on distances (if 0, no constraint)

301622 I shortest interatomic distances Al-Al, Al-O, O-0O, in Angstroms

6. 6. I maximum moves for each atom-type, in Angstroms

2.01.00.005 I anneal, sigma, reject (smulated annealing parameters)

5000 20000 20000 I number of Monte Carlo events : for screen show, max, save

10000 0.252 10 I events for stop, rmax, ichi, nruns (stop if R < rmax after 10* events)
110 I type for object 1, permutations tested every 10 MC events

11 I number of atoms of each type in object 1

1.010 I B overall, nocc, nspe (occupation and special position codes)
0.333330.5 I occupation numbers for each atom (if nocc = 1) in object 1

The second entry file (with .hkl extension) should contain the Miller indices and the structure factor
amplitudes, extracted by either the Pawley or Le Bail methods (or coming from single crystal data
measurement). As a result, the model characterized by the best Rer or R factors in the series of
independent runs has its atomic coordinates inserted in a SHELX-like .ins file and a .spf file, allowing
drawing by the many programs reading those standard files (WINORTEP, WinSTRUPLO,
PLATON...). The reconstructed pattern can be drawn on the PC screen by WinPLOTR or DMPLOT,
or any program able to read a .prf file.

Availability and documentation The ESPOIR package including documentation, source code,
executable for Windows 95/98/NT, and example files can be downloaded on the Internet at the
URL: http://www.cristal.org/sdpd/espoir/. A link to a Linux version is given at this Web page.
Additional example files are available at URL : http://sdpd.univ-lemans.fr/sdpd/espoir/examples/.

Conclusion The most interesting ability of direct-space ML methods is to provide solutions from
very few data (50 reflections for one fragment corresponding to 6 DoF) if the model shape is
sufficiently correct. Most of the structures determined, according to this method, and listed in the
SDPD-Database [1], could not be refined without restraints on interatomic distances. This may
sometimes pose problem of credibility if the final Rietveld Re remains too high. Nevertheless, one
can think that many Rietveld-method-based powder diffraction computer program packages,
available in the public domain, will soon include unconventional structure solution as some of their
multiple options. Most of them already have the possibility to extract "|Fobg" (Le Bail method), so
that performing tests from scratch or ML appears to be a natural evolution (scratch possibility is
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already in FULLPROF, though not optimized yet for speed). If one considers Nature as a random
process, it took geological times for building the first DNA molecule. The process in ESPOIR is
theoretically also able to solve giant problems, but a human life will not be enough to see a correct
result appearing, due to the current computer speed. Finding structures "by chance" is at the
opposite side of the rational direct method or Patterson approach. The random principle behind
ESPOIR explains its logo : a bottle containing a structure drawing, floating on the ocean. As a
matter of fact, "espoir” (in french) means "hope" in english, suggesting that you should not lose it.
Moreover, the source code (Fortran) is delivered with the package, allowing you to add your own
stones to the building. How much the process can be improved, and can we expect to solve much
larger structures than the current 15-30 atoms maximum in the scratch option have no easy answer.
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