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There is no escape from complicated structures

PØED KOMPLIKOVANÝMI STRUKTURAMI NENÍ ÚNIKU

M. Dušek

Fyzikální ústav AVÈR, Na Slovance 2, 182 21  Praha 8, Èeská Republika
dusek@fzu.cz

Pøíspìvek byl inspirován stým výroèím krystalografie. U
takto staré disciplíny se oprávnìnì pøedpokládá, že její
metody jsou dokonale vyvinuté a její aplikace více ménì
rutinní. To je nepochybnì pravda a lze to doložit tìžko
uvìøitelným poètem desítek tisíc nových krystalových
struktur, které každoroènì pøibývají do krystalografických
databází. U takto staré disciplíny se dále pøedpokládá, že se 
již nerozvíjí, protože vývoj jejích metodik byl už
dokonèen. Tento dosti rozšíøený názor je, jako každá
polopravda, velmi nebezpeèný, protože vede k redukci
krystalografických pracoviš• na èistì servisní útvary, èímž
brzdí vývoj oboru a zpìtnì podporuje svou vlastní
pravdivost. Dopad neboli impakt zaostávání krystalo -
grafických metod by byl pøitom drtivý pro øadu oborù a byl
dokonce exaktnì vyjádøen jako IF = 50 [1]. 

Ex is tence servisních pracoviš•, které øeší velké
množství nejrùznìjších krystalových struktur, je pøitom
pro rozvoj oboru stejnì dùležitá jako soustøedìná práce
úzce zamìøených specialistù. Servisní pracovištì pomáhají 
formulovat efektivní postupy øešení, ale souèasnì mohou
také identifikovat problémy, na které souèasné metody
nestaèí a které vzhledem k nesmírné rozmanitosti
krystalových struktur nejde dobøe pøedvídat. Pokud taková
látka na sítu servisního pracovištì uvízne, je velmi
dùležité, jestli ještì existuje nìkdo, komu by mohla být

pøedána, anebo jestli bude ve jménu efektivity a
pragmatismu radìji ignorována. Pokud je krystalografie
oborem, který již žádný další vývoj nemá mít, tak ho jistì
ani mít nebude. V této situaci však - pøinejmenším v Èeské
Republice - ještì nejsme. 

Pøednáška vychází z patnáctileté praxe laboratoøe
strukturní analýzy ve Fyzikálním ústavu, tedy z období,
kdy již bylo možné v této laboratoøi mìøit rutinnì vìtší
poèty struktur. Na základì této zkušenosti a s pøihlédnutím
k neúplným informacím z renomovaných laboratoøí na
VŠCHT a PøFUK se pokusím kvantifikovat, s jakou
èetností se objevují komplikované struktury v situaci, kdy
po nich nikdo cílenì nepátrá, což je témìø vždy pøípad
chemická krystalografie. Na pøíkladech ukáži, že aèkoli
badatelé bìžných chemických pracoviš• si nic nepøejí
ménì než problematické krystalové struktury, pøesto tyto
látky mimodìk pøipravují, a to ve spektru pokrývajícím
veškeré možnosti moderní krystalografie. Tyto látky,
pokud na to zbývá èas a kapacita, posouvají metodiku
krystalografie dopøedu a rozšiøují okruh problémù, které
budou v budoucnu øešeny rutinnì.

1. http://www.iucr.org/home/lead ing-ar ti -
cle/2010/2010-07-12.
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a) b)

Fig ure 1. Pøíklad problematické kubické látky se satelitními reflexemi. (a) rekonstrukce roviny hk0 z obrázkù plošného
detektoru; (b) rekonstrukce roviny hk1/2.
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DISORDERS: PROBLEMS OR NEW INFORMATION IN CHEMICAL
CRYSTALLOGRAPHY?
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The last de cades is char ac ter ized rapid de vel op ment of sin -
gle-crys tal crys tal log ra phy. This prog ress can be as signed
mark edly ex pand of diffractometers with area de tec tors
and in stal la tion of microfocused X-Ray sources. The mas -
sive ex pand of sin gle-crys tal struc tural anal y sis is re lated
also with prog ress of soft ware. The soft ware prog ress de -
ter mi nate also re quire ment of solv ing crys tal struc tures
con tain ing dis or ders. The quanta of dis or dered crys tal
struc tures cor re spond with growth av er age num bers of at -
oms in de ter mined crys tal struc tures. The most pop u lar
soft ware for chem i cal crys tal log ra phy is SHELX in var i ous 
ver sions [1], which can be used in more graph i cal in ter -
faces and soft ware pack age, for ex am ple WINGX [2],
XSEED [3], OLEX2 [4], ShelXle [5] and PLATON/
SYSTEM-S [6]. The soft ware pack age OLEX2 [4] can be
also used for de ter mi na tion of crys tal struc ture with its pro -
grams Olex2.solve and Olex2.re fine. The in struc tions of
pro gram Olex2.re fine are fa mil iar SHELXL, but pro gram
con tains also in di vid ual di rec tions. Sec ond use fully soft -
ware pack age for chem i cal crys tal log ra phy with in de pend -
ent util ity for re fine ment of crys tal struc ture is CRYSTALS 
[7]. How ever, al ter na tive soft ware pack age for de ter mi na -
tion of crys tal struc ture of stan dard, mod u lated and mag -
netic sam ples is JANA-2006 [8]. All these pro grams al low
de ter mi na tion of dis or ders with al ter na tive ap proach of
con strains, re strains and rigid-body mod el ing. The strat egy 
of re fine ment of vari able dis or ders have been doc u mented
rel a tive ad e quately for the two most pop u lar pro grams for
chem i cal crys tal log ra phy SHELXL [9,10] and
CRYSTALS [10,12].

The dis or der can de scribe as a vi o la tion of the crys tal
sym me try and trans la tion. The con tent of the asym met ric
units in dis or dered struc tures is not iden ti cal, but it is iden -
ti cal on av er age. The dis or ders can be de cided to more
groups. 

Substitutional dis or ders are indentified if a crys tal lo -
graphic po si tion is oc cu pied by more than one type of atom
for ex am ple in min er als and ionic crys tals. The prob lems of 
substitutional dis or der can be solved by sim i lar strat egy in
both main pro grams for chem i cal crys tal log ra phy
SHELXL and CRYSTALS. The rel a tive rare ex am ples of
substitutional dis or ders are crys tal struc tures con tain ing
more than one chem i cal dif fer ent mol e cules in same place.
On the Fig ure 1 is drawn ex am ple of substitutional dis or -
ders con tain ing al ter na tive to lu ene and ben zoic acid mol e -
cules in same place of cell. 

Po si tional dis or ders rep re sent fact that an atom might
be found in more than one po si tion. They can be de fined as
ro ta tional dis or der, pseudorotational dis or der and whole
mol e cule dis or der. Ro ta tion dis or der is pre sented if a group 
with ro ta tional free dom might be found in two or more dif -
fer ent rotatmers. A typ i cal ex am ple of ro ta tion dis or der is
the terc-butyl group (See Fig ure 2). Typ i cal ex am ple of
pseudorotational dis or der is tetrahydrofurene, where sat u -
rated cy cles might also be found in two con for ma tions next
to each other. On the Fig ure 3 is shown in fre quent ex am ple
of pseudorotational dis or der of metalocycles in crys tal
struc ture of iron(III) Schiff-base com plex. Whole mol e cule 
dis or der is most of ten local ised for co-crys tal lised sol vents, 
but it can be ob served in crys tal struc tures of co or di na tion
com pound, where lig ands lie around spe cial po si tions. On
the Fig ure 4 is drawn ex am ple of whole mol e cule dis or der
of bridg ing N-methylnicotinamide ligand in cop per(II)
com plex around spe cial po si tion of in ver sion cen tre. Sec -
ond ex am ple of whole mol e cule dis or der is caf feine ligand, 
which lies on 4-fold rotoinversion axes in cop per(II) com -
plex (See Fig ure 5).

The dis or dered groups of struc tures can be ex ist as
static dis or der or dy namic dis or der. The ro ta tion dis or ders
can mod eled in dis crete po si tions us ing pro grams for
chem i cal crys tal log ra phy, but pro gram CRYSTALS pro -
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Fig ure 1. Sub sti tute dis or der con tain -
ing to lu ene and ben zoic acid.

Fig ure 2. Ro tat ing dis or der of terc-butyl
group in three po si tions.

Fig ure 3. Pseudorotation dis or der in metalo -
cycles of iron(III) com plex.



poses also pos si bil ity of con tin ual ro tat ing model. The very 
use fully in struc tions for mod el ing dis or ders are rigid
groups. For ex am ple ideal ben zene ring can by mod eled us -
ing in struc tions AFIX 66 in SHELXL, and \REGULA RI -
SE in struc tions HEXAGON or PHENYL in CRYSTALS.
The reg u lar an gle in struc tion as well as in struc tion for reg -
u lar tet ra he dron and octahedron are al lowed in pro gram
CRYSTALS. The dis or ders can be also mod eled us ing
rigid-body in struc tions in both pro grams. The rigid-body
in struc tions can be de fined us ing in put atom co or di nates
from Cam bridge Struc tural Da ta base [13] or Ide al ized Mo -
lec u lar Ge om e try Li brary [14].

Some times a sol vent mol e cule and/or small ion can be
nei ther iden ti fied nor mod eled. In such cases op tion
SQUEEZE pro ce dure [15] in PLATON [6] can be used. It
is ap plied us ing three dif fer ent ways. The older
SHELXL-97 is re fined only dis crete model of mol e cule
and SQUEEZE pro ce dure is not re fined. New ver sion
SHELXL-2014 (also ver sions 2012 and 2013) as well as
CRYSTALS are re fined co-op er a tively dis crete model of
mol e cule and SQUEEZE pro ce dure. An al ter na tive pro ce -
dure, im ple mented in OLEX2, is based of bulk-sol vent cor -
rec tion in large macromolecular struc tures [16].

The dis or ders can carry new chem i cal in for ma tion. For
ex am ple, the po si tional dis or der of 3-pyridylmethanol

ligand shows pos si bil i ties existences mononuclear mo lec u -
lar com plex (form ing hy dro gen-bond ing supra mo lecu lar
chains) and co or di na tion poly meric forms of cop per(II)
com plex (See Fig ure 6). Sec ond ex am ple new chem i cal in -
for ma tion from dis or der has been ob served in crys tal struc -
ture of iron(II) com plex with 3,3’-(1,2,4- thiadi azole-
3,5-diyl)dipyridine lig ands. The both 3,3’-(1,2,4-
thiadiazole-3,5-diyl)dipyridine lig ands have been mod eled 
us ing dis or der of 1,2,4-thiadiazole rings, which al low two
al ter na tive pos si bil i ties of bind ing to iron atom. The crys tal 
struc ture of iron(II) com plex shows su per po si tion of three
regioselective iso mers (See Fig ure 7). 

In this con tri bu tion possibilities and com par i sons of
two the most pop u lar pro gram for chem i cal crys tal log ra -
phy SHELXL and CRYSTALS will be shown.

1. G. M. Sheldrick, Acta Cryst., A64, (2008), 112.

2. L. J. Farrugia, J. Appl. Cryst., 45, (2012), 849.

3. L. J. Barbour, J. Supramol. Chem., 1, (2001), 189.

4. O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K.
Howard, H. Puschmann, J. Appl. Cryst., 42, (2009), 339.

5. C. B. Hübschle, G. M. Sheldrick, B. Dittrich, J. Appl.
Cryst., 44, (2011), 1281.

6. A. L. Spek, Acta Cryst., D65, (2009), 148.
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Fig ure 4. Dis or der of bring ing N-methylnicotinamide ligand
around spe cial.

Fig ure 5. Dis or der of caf feine ligand around spe cial po si tion.

Fig ure 7. Dis or ders of 3,3’-(1,2,4-thiadiazole-3,5-diyl) dipy -
ridine lig ands form ing three struc tural iso mers ron(II) com plex.

Fig ure 6. Dis or der of 3-pyridylmethanol ligand form ing co or di -
na tion chain or hy dro gen-bond ing supra mo lecu lar chain.
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STRUCTURAL SURPRISES IN ORGANOMETALLIC CHEMISTRY
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Since its dis cov ery in early 1950’s [1] when it was looked
upon as a real struc tural sur prise, ferrocene and its de riv a -
tives grad u ally spread over and in flu enced nearly all chem -
is try fields, find ing ap pli ca tions in ar eas as di verse as
ca tal y sis, ma te rial de sign and bioinorganic chem is try [2].
Prob a bly the most spec tac u lar ap pli ca tions of ferrocene
com pounds were achieved in organometallic ca tal y sis
where ferrocene-based lig ands, pre dom i nantly phosphines, 
have of ten played a piv otal role [2]. The nu mer ous suc cess -
ful prac ti cal ap pli ca tions of ferrocene lig ands in ca tal y sis
nat u rally en cour aged search for new ferrocene phosphines
with spe cific physicochemical and co or di na tion prop er ties
and in ves ti ga tions into the re ac tions of ferrocene com -
pounds in gen eral.

This con tri bu tion will pres ent some un ex pected re ac -
tions of ferrocene al kynes with 6,9-(Me2S)2-arachno-
B10H12 en coun tered dur ing our stud ies on ferrocenyl-sub -
sti tuted 1,2-dicarba-closo-dodecaboranes [3] and will fur -
ther fo cus on the struc tur ally un pre dict able Cu(I)
com plexes re sult ing from the re ac tions of a sim ple

phosphinoferrocene ligand 1¢-(diphenyl phosphino) -1-
cyanoferrocene with Cu(I) pre cur sors (Scheme 1) [4]. In
both these cases, sin gle-crys tal X-ray dif frac tion anal y sis
played a vi tal role in elu ci da tion of the struc tures of the
compounds formed.

1. a) P. L. Pauson, T. J. Keally, Na ture, 168, (1951), 1039;  b) 
S. A. Miller, J. A. Tebboth, J. F. Tremaine, J. Chem. Soc.,
(1952),  632; c) G. Wilkinson, M. Rosenblum, M. C. Whit -
ing, R. B. Wood ward, J. Am. Chem. Soc., 74, (1952), 2125; 
d) E. O. Fischer, W. Pfab, Z. Naturforsch., 7b, (1952), 377.

2. Ferrocenes: Lig ands, Ma te ri als and Biomolecules, ed ited
by P. Štìpnièka (Chichester: Wiley), 2008.

3. A. Korotvièka, I. Šnajdr, P. Štìpnièka, I. Císaøová, Z.
Janoušek, M. Kotora, Eur. J. Inorg. Chem., (2013), 2789.

4. K. Škoch, I. Císaøová, P. Štìpnièka, Inorg. Chem., 53,
(2014), 568.

The re sults pre sented in this con tri bu tion were ob tained
with fi nan cial sup port from the Czech Sci ence Foun da tion
(pro ject nos. P207/11/0705 and 13-08890S).

Scheme 1. Re ac tions of 1¢-(diphenylphosphino)-1-cyanoferrocene with var i ous Cu(I) pre cur sors.
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It can be pre dicted from the o ret i cal cal cu la tions, how much 
com plex struc ture can be solved from pow der dif frac tion
data [1]. The the o ret i cal limit for per fect syn chro tron data
is about 300 DOF (de gree of free dom) while cur rent ex ist -
ing re cord solves only 42 DOF prob lem sim pli fied by
heavy atom pres ence [2]. We have tried to de ter mine a re al -
is tic DOF limit based on per fect sim u lated pow der dif frac -
tion data. For the sim u la tion we have cho sen pep tide
struc tures from CSD: 1 sin gle pep tide mol e cule in asym -
met ric unit cell, 2-8 amino ac ids, 10-39 DOF. The pa ram e -
ters of the sim u lated pow der diffractogram used were close 
to typ i cal perfect mea sure ment on ID31 of ESRF - wave -

length 0.5 C, range 0.5°-15°, step 0.002°, FWHM 0.01°.
The struc ture so lu tion tests were done by SA (sim u lated
an neal ing) in DASH 3.2 soft ware [3]. To speed up the com -
pu ta tion of struc tures with more than 20 DOF we have used 
par al lel pro cess ing ob tained by MDASH ex ten sion. In flu -
ence of Mo gul CSD based tor sion an gles bias on the cal cu -
la tion ef fec tive ness was in ves ti gated as well. The re sults
dem on strate the re quired num ber of SA steps de pends ex -
po nen tially on the prob lems DOF. This re quires for prob -
lems close to 30 DOF about 10E+10 SA steps and years of
sin gle CPU com pu ta tional time. The Mo gul based bias can
sig nif i cantly help for com pounds like pep tides - e.g. for
sim u la tion based on com pound CSD code AHAREH (4
pep tides, DOF 24) the Mo gul based cal cu la tion gives 50

times more of ten cor rect re sult than non-re stricted SA run.
We be lieve the 40 DOF struc tures can be solved rou tinely
on 16-32 CPU clus ters from per fect data not in flu enced by
pre ferred ori en ta tion when the Mo gul CSD tor sion an gels
bi ased will be used (re quired to tal com pu ta tional time
about 1 month). With out de vel op ing a more ef fi cient al go -
rithm than SA so lu tion we do not see a way how to get re -
ally close to the 300 DOF the o ret i cal lim its. The prom is ing
new al go rithm can be a brute-force so lu tion space sam -
pling fol lowed by lo cal minimization as de scribed in [4].
R&D of a code uti liz ing this idea is un der prog ress.

1.  Da vid, W.I.F., Shankland, K. (2008). Acta Cryst A64,
52-64.

2. Fernandes, P., Shankland, K., Flor ence, A. J.,Shankland N., 
Johnston A. (2007) Jour nal of Phar ma ceu ti cal Sci ence
96-5, 1192-1202.

3. Da vid, W.I.F., Shankland, K., Streek J., Pidcock, E.,
Motherwell S., Cole J. (2006). J. Appl. Cryst. 39, 910-915.

4. Shankland K., Markvardsen A.J., Rowlatt Ch., Shankland
N., Da vid W.I.F.: (2010). J. Appl. Cryst. 43,401-406.

This work was sup ported by the Grant Agency of Czech Re -
pub lic, Grant No. 106/14/03636S.
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Figure 1. De pend ence of re quired sim u lated an neal ing steps num ber re quired to get one
so lu tion on DOF and the use of Mo gul based bias.


