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Chapter 1

Introdu
tion

Problem

Knowledge of atomi
 arrangement in 
rystal stru
tures has led to unpre
edented a
hievements

sin
e the beginning of the 20th 
entury. Determination of the stru
tures of the �rst

organi
 
ompounds (1930s), myoglobin (Kendrew, 1958, awarded Nobel Prize in 1962), DNA

(Franklin, Wilkins, Watson & Cri
k, 1952-1954, awarded Nobel Prize in 1962) and ribosome

(Ramakrishnan, Steitz & Yonath, early 2000s, awarded Nobel Prize in 2009), to name a few, have

resulted in novel insights into both the stru
ture and fun
tion of the main driving 
omponents

of life. All of these breakthrough studies were 
arried out thanks to 
rystallography, whi
h

provides mathemati
ally sound methodology to relate di�ra
tion patterns from the 
rystals of


hemi
al 
ompounds to their atomi
 models [1℄.

X-ray 
rystallography, a prominent method of 
rystal stru
ture determination, 
onsists of

non-trivial steps leading to the 3D 
oordinates of atomi
 stru
ture of a material in question.

Usually data from X-ray di�ra
tion alone is not enough to determine all parameters of

a ma
romole
ule independently. Small mole
ules, whi
h require orders of magnitude less

parameters to de�ne, are used as a referen
e for the geometry of ma
romole
ules. In this

way additional observations are introdu
ed in model building of ma
romole
ules as �restraints�,

or model parameters are eliminated by de�ning �
onstraints�. Restraints and 
onstraints are

usually applied to interatomi
 bond lengths, bond angles and dihedral angle sizes. Additionally,

a group of atoms may be for
ed to stay on a same plane or move together as a rigid body

(retaining internal distan
es and angles) during the re�nement. It is obvious that both the

supplemental observations and the stri
t geometri
 relations should be derived from top quality

stru
tures [2, 3, 4℄ and re�e
t the geometry of highly similar 
ompounds [5, 6, 7, 3, 8, p. 221�250℄.

Both requirements are not trivial to a
hieve.

The number of small mole
ule stru
tures solved ea
h year is in
reasing with time [9℄. Number

of entries in the Cambridge Stru
tural Database (CSD), the largest ar
hive of small mole
ule

stru
tures, has doubled over the last de
ade, reporting growth rate of over 50 000 new stru
tures

ea
h year

1

. However, this number of novel stru
tures is mu
h larger than the number of

1

https://www.

d
.
am.a
.uk/solutions/
sd-system/
omponents/
sd/, a

essed on 2017-07-12

1

https://www.ccdc.cam.ac.uk/solutions/csd-system/components/csd/


CHAPTER 1. INTRODUCTION

experien
ed 
rystallographers and journal referees [10℄, thus low quality or in
orre
t stru
tures

sometimes get published [11℄. Software tools are often employed to dete
t su
h stru
tures by

spotting unusual features in them, 
omparing the stru
tures in question to the libraries of

geometri
 knowledge of 
rystal stru
tures. Commonly, these libraries are 
ompiled manually

by the experts in the �eld. Re
ently, attempts of automati
 
onstru
tion of geometri
 libraries

have taken pla
e [7, 12℄, using the CSD as a sour
e [13℄. However, data derived from the CSD is

subje
t to the restri
tive CSD li
ense and not suitable to be used and disseminated freely

2

[14℄.

Obje
tives

• Develop methods and software for the extra
tion of geometri
 parameters from small

mole
ule 
rystal stru
tures. Employ the developed software to 
olle
t geometri


parameters of 
rystal stru
tures from the Crystallography Open Database (COD

3

[15℄).

• Develop methods and software to 
onstru
t a library of geometri
 knowledge of small

mole
ule 
rystal stru
tures. Use the developed software to organise and des
ribe the

parameters 
olle
ted from the COD.

• Develop methods and software for validation of small mole
ule 
rystal stru
tures against

the 
onstru
ted library of geometri
 knowledge.

S
ienti�
 novelty, results and their value

Usually data and software from the CSD is used for the 
onstru
tion of geometry libraries. As

the CSD is a proprietary database, its data, programs and the derived libraries are subje
t to the

CSD li
ense, therefore not suitable for publi
 domain. We have developed open-sour
e software

(released under GNU GPL2 or 
ompatible li
enses) and used it to extra
t data from the COD,

an open-a

ess 
olle
tion of small mole
ule 
rystal stru
tures. Using the COD instead of the

CSD allows unrestri
ted dissemination of the results.

Most of the libraries postulate that ea
h geometri
 parameter follows the normal distribution.

In pra
ti
e, however, asymmetri
, multimodal or otherwise non-normal distributions are

observed by almost all resear
hers of the �eld. In our study we have repla
ed the normal

distribution with mixtures of lo
ation-s
ale family distributions. This substitution allows �exible

des
ription of all aforementioned 
ases.

The most 
ommon method for outlier dete
tion (validation) assuming normal distribution

is Z s
ore, that is a measure of deviation from the mean of a normal distribution [16℄.

Having distributions of geometri
 parameters des
ribed as mixtures, we have employed Bayesian

framework for outlier dete
tion.

Developed software for geometry extra
tion, distribution des
ription and validation is fully

automated and is prepared for unsupervised data pro
essing. Software to extra
t the geometri


parameters and des
ribe their distributions is prepared to be used for automated periodi


updates of the COD geometry library. The validation interfa
e is open for general publi
,

2

PURY li
ensing poli
y. http://pury.ijs.si/beta_servers.html, a

essed on 2017-07-12

3

http://www.
rystallography.net/
od

2

http://pury.ijs.si/beta_servers.html
http://www.crystallography.net/cod


CHAPTER 1. INTRODUCTION

and it is as well ready to be integrated into the COD data deposition pipeline to 
he
k the


rystal stru
tures prior to their deposition in the database.

Propositions to be defended

• Crystallography Open Database 
an be used as a sour
e of stru
tural small-mole
ule

information to build a knowledge library of 
rystal geometry.

• The developed method for unsupervised extra
tion and organisation of small-mole
ule

geometry information is suitable to des
ribe the variety and features of small-mole
ule


rystal geometry.

• The developed library is suitable for outlier dete
tion using unsupervised Bayesian

methods.

3



Chapter 2

Literature overview

2.1 Organisation of atoms in 
rystals

Crystals are generally regarded as formed by stable (under arbitrary 
onditions) arrangements

of atoms that are periodi
 in three dimensions. Although highly ordered aperiodi
 stru
tures

(quasi
rystals) are known to exist [17℄, only periodi
 ones are 
onsidered in this resear
h.

Organisation of atoms and mole
ules in 
rystals are mostly governed by intra- and inter-

mole
ular, and 
rystal pa
king intera
tions. First two 
an be des
ribed (in the most simple way)

using theories of valen
e shell ele
tron pair repulsion (VSEPR) and Lennard�Jones potential,


orrespondingly. Intermole
ular and 
rystal pa
king intera
tions are extensively modelled using

the 
on
ept of van der Waals surfa
es [18℄. Despite the fa
t that the fundamental rules of atom

organisation in 
rystals are well-known to the point of making predi
tions of 
rystal stru
tures

possible [19℄, in
ontrovertible results are a
hieved only by experimental means.

2.1.1 Conne
tivity

Classi�
ation of atom 
onta
ts as either intra- or inter-mole
ular plays a pivotal role in 
rystal

stru
ture understanding and determination, sin
e modelling of these intera
tions di�er vastly:

intra-mole
ular for
es are shown to be stronger than their inter-mole
ular 
ounterparts [20, p. 6℄.

This 
lassi�
ation depends on the 
on
ept of �
onne
tivity�, that is, per
eption of the network

of mole
ular bonds between the atoms of a 
ompound. A bond is in most 
ases understood as

a relation between stri
tly two atoms. For ma
romole
ules and other organi
 
ompounds whi
h

are des
ribed well by the valen
e bond theory (VBT), 
onne
tivity is well-de�ned and usually

known a priori to the stru
ture determination. However, the 
on
ept of 
onne
tivity is not

de�ned absolutely and unambiguously for all types of 
ompounds, thus its extension outside

the organi
 subset (for example, purely ioni
 and metalli
 
ompounds, boranes, metallo
enes)

depends on 
onventions [21℄.

Given a set of atoms in spa
e it is possible to dete
t their 
onne
tivity algorithmi
ally: two

atoms are deemed to be 
onne
ted if their distan
e is shorter than a sum of their bonding radii,

typi
ally 
ovalent radii, whi
h is the experimentally observed 
ontribution of an atom to 
ovalent

bond distan
es in di�erent 
ompounds and 
rystals [20, p. 221�222℄. This method is known sin
e

4
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as early as the publi
ations by William Lawren
e Bragg [22℄. It has been shown that the varian
e

of atom's 
ovalent radii is small in di�erent environments, therefore, 
ovalent radii are usually

treated as 
onstant values [20, p. 221�222℄. However, there is no single univo
al table of 
ovalent

radii, sin
e methodologies for de�ning them di�er strongly. It has been noted that 
lear gaps

exist in the atom pair distan
e distributions, allowing to di�erentiate between bonded (shorter

distan
es) and non-bonded (longer distan
es) intera
tions. Unpopulated ranges in between

them 
orrespond to the so-
alled van der Waals gaps, regions of energeti
ally unfavourable

interatomi
 distan
es, whi
h may in some 
ases be �
ontaminated� due to the presen
e of non-


ovalent intera
tions. Furthermore, distan
e distributions of some elements, su
h as alkaline

elements, 
opper, silver, mer
ury, iron, tin, do not have su
h 
lear van der Waals gaps and pose

a di�
ulty in �tting them to the aforementioned approa
h [18℄. Nevertheless, distan
e 
riterion

for 
onne
tivity is widely used, and 
ovalent radii for problemati
 elements are approximated

using, for example, quantum 
hemi
al 
al
ulations [23℄.

2.2 Crystal stru
ture determination

Crystal stru
ture determination, like the most of the s
ienti�
 experiments, is a work�ow


onsisting of sample preparation, instrumentation, measurement, 
al
ulation and interpretation.

Crystals of the material under study are prepared during the pro
ess of 
rystallisation. The

resulting samples are then 
hara
terised by re
ording di�ra
ted X-ray or neutron re�e
tions

in a few di�erent orientations. Measured di�ra
tion intensities are 
onverted into ele
tron

density, whi
h is in the last stage used to 
onstru
t an atomi
 stru
ture [24℄, usually by �tting

(�re�ning�) spheri
al atoms into the densest regions of ele
tron density map. Ea
h step from

the a
quisition of the experimental data to the re�nement is 
omplex and 
ould be potentially

insolvable [8, p. 251�269℄. Clarity of the ele
tron density map depends on quality of di�ra
tion

data, whi
h in turn relies on intrinsi
 order of the 
rystal. Su

essful stru
ture determination

results in the 
oordinates, o

upan
y and displa
ement parameters for all atoms of the stru
ture.

Stru
ture determination by 
rystallography follows a 
lear mathemati
al pro
edure, produ
ing

ele
tron density dire
tly from the experimental data [3℄. Therefore, 
areful and well-do
umented

re�nement of su�
iently high quality data leaves no doubt about the atomi
 stru
ture of a


rystal. However, the lower the data quality, the more assumptions have to be made about the

underlying stru
ture.

2.2.1 X-ray di�ra
tion

X-ray di�ra
tion is prominent in the 
rystallography, as the wavelength of X-rays is 
omparable

to the mole
ular dimensions [8, p. 333�342℄. X-rays are re�e
ted from ele
trons of the 
rystal

stru
tures, therefore, in fa
t, positions of ele
trons are determined using this method [25℄. This

property results in systemati
ally displa
ed ele
tron 
loud positions with respe
t to nu
lei of

hydrogen atoms, that are determined shifted towards the atom to whi
h the hydrogen atom

is 
ovalently bonded. Consequently, resulting ele
tron density maps show C�H and C�N

bonds 0.1 Å shorter as 
ompared to spe
tros
opi
 measurements and neutron di�ra
tion [8,

p. 205�219℄. This may as well lead to in
orre
t interpretations of 
hemi
al atom types at low

5
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resolution: C (6 ele
trons) might be dete
ted as N (7 ele
trons), and N in turn might be

dete
ted as O (8 ele
trons) due to inability to tell the atta
hed hydrogen atoms from their


ovalent neighbours.

2.2.2 Neutron di�ra
tion

Capabilities of X-ray 
rystallography are partially 
overed by neutron di�ra
tion. In neutron

di�ra
tion experiment, an in
ident beam of neutrons is used instead of X-rays. As neutrons

are s
attered by nu
lei, atomi
 positions are determined without the biasses 
aused by bonding,

lone pairs and other valen
e-ele
tron density features. This is parti
ularly relevant for H atoms,

whose ele
tron density is usually shifted towards the adja
ent atom 
ausing systemati
 bond

shortening in X-ray studies. The same holds for other light atoms. In addition to that, neutron

di�ra
tion is better than X-ray in distinguishing between atoms of neighbouring elements in

the periodi
 table, as for su
h atoms X-ray gives very similar s
attering, rendering telling them

apart di�
ult. As neutron s
attering 
an be very di�erent for even the neighbouring elements

of the periodi
 table, this method may be 
ru
ial for reliable stru
ture determination, espe
ially

for metal alloys and mixed-metal 
omplexes [8, p. 333�342℄.

2.2.3 Powder di�ra
tion

In 
ases when single 
rystals of material under study are not available, di�ra
tion from multitude

of randomly oriented tiny 
rystals (�powder�) is analysed using either X-ray, neutron or ele
tron

di�ra
tion. Rietveld method [26, 27℄ is then used for re�nement against 
olle
ted data, although

starting 
oordinates are needed for the re�nement, as the data alone is not enough to 
onstru
t

the initial 
rystal density map. However, reports on ab initio 
rystal stru
ture determination

from powder data have started to appear re
ently [8, p. 251�269℄.

2.2.4 Re�nement

Interpretation of ele
tron (or, in the 
ase of neutron di�ra
tion, neutron) density leads to the


onstru
tion of the initial rough model by pla
ing its atoms inside the density map. The starting

model usually 
ontains a lot of small errors in its geometry. These errors are then removed in

the re�nement pro
ess, in whi
h model's parameters are iteratively improved until best �t to the

experimentally derived density is rea
hed [3℄. The re�nement is driven by measures of agreement

between the observed data and the 
onstru
ted model. The most 
ommonly used measures are

the R fa
tor, goodness-of-�t and shift/standard un
ertainty ratio. The �rst one takes into the


onsideration the average di�eren
es between observed (Fobs) and 
al
ulated (Fcalc) stru
ture

fa
tors:

R =

∑

i

|Fobs,i − Fcalc,i|
∑

i

|Fobs,i|
, (2.1)

In goodness-of-�t measure the di�eren
es are squared and the denominator is repla
ed by

the di�eren
e between the numbers of used individual re�e
tions and model parameters.

Shift/standard un
ertainty ratio measures the maximum or average di�eren
e between the

parameter estimates in two 
onse
utive re�nement iterations. Weighted, or generalised R fa
tor,

6
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denoted Rw, is sometimes used instead by introdu
ing weights wi for ea
h member of sums in

both the numerator and denominator of Equation 2.1. Both R and Rw are usually 
riti
ised,

as they 
an be adapted (�massaged�) to prove a better �t to the data [8, p. 221�250℄. In

addition to that, anomalous stru
ture features, su
h as heavy atoms, may dominate the rest

of the features by in�uen
ing the R fa
tor, thus unwittingly hiding mis�ts [28℄. For example,

the 
ontribution of an oxygen atom (8 ele
trons) is extremely low in the vi
inity of a bismuth

atom (83 ele
trons) [29℄. �Free� R fa
tor (R
free

), introdu
ed as a means of 
ross-validation, is


al
ulated using observed data not used in the model 
onstru
tion. Causing a lot of dis
ussions

in the last de
ades of the 20th 
entury, R
free

has be
ome a 
ommon pra
ti
e, and was reported

in 92% of all protein 
rystal stru
ture studies of the year 2000 [30℄.

Re�nement is an optimisation of either empiri
al energy fun
tion, least-squares residual [1℄

or likelihood [31, 32, 33℄. For the re�nement without additional prior information, the number

of observations per re�ned parameter has to be more than 10, what is only possible at atomi


resolution of at least 1.2 Å. However, su
h resolutions are generally limited to the stru
tures

of small mole
ules (<900 Da), allowing these stru
tures to be determined with great a

ura
y

and pre
ision [3℄. And even stru
ture determination with data of atomi
 resolution in some


ases requires the use of prior knowledge to resolve disordered regions [34℄. Crystallography

of ma
romole
ules usually ranging from tens to thousands kDa (proteins) generally uses lower

resolution data; for this reason typi
al observation to parameter ratio for ma
romole
ules ranges

from 0.5 to 5 [5℄ and requires either restraints or 
onstraints for re�nement [3℄. Introdu
tion

of restraints in
reases the number of observations, whereas appli
ation of 
onstraints redu
es

the number of model parameters. Thus either way the ratio of observations per parameter is

modi�ed in favour of better model 
onvergen
e [5℄. Although prior knowledge is a powerful tool

to drive poor initial model towards 
orre
t stereo
hemistry, it should be used only if other initial

models are not available, as better out
ome is always a
hieved by starting from a high quality

initial 
oordinate set [4℄. Furthermore, it should be noted that the less experimental data is

available, the more the model is based on prior geometri
al knowledge [3℄. Both a restraint and

a 
onstraint is held as an expression of prior 
hemi
al or physi
al knowledge of the system and

is usually expressed as a target value for a single geometri
 parameter: bond length, bond angle

or dihedral angle (expressed either dire
tly or by distan
es between 
onstituent atoms [35, 36℄),

nonbonded 
onta
ts, planarity [1℄ and 
hiral volume [37℄, plus an indi
ation of deviation allowed

from the asso
iated value [33, 5℄. Usually restraints and 
onstraints are 
olle
tively referred to

as restraints, as a 
onstraint 
an be viewed as a spe
i�
 kind of restraint having zero allowed

varian
e. In the 
ase of a value following normal distribution, the allowed deviation (in other

words, the 
on�den
e in it) is indi
ated by the standard deviation (σ) [33℄. For least-squares

7
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re�nement the following penalty fun
tion 
ould be used [35℄:

P = w
re�e
tions

∑

i

wi(|Fobs,i| − |F

al
,i|)2+

+w
bonds

∑

b∈bonds

wb(dobs,b − d
ideal,b)

2+

+w
angles

∑

a∈angles

wa(αobs,a − α
ideal,a)

2+

+w
dihedrals

∑

d∈dihedrals

wd(αobs,d − α
ideal,d)

2+

+P
nonbonded

,

(2.2)

where wb, wa and wd are weights whi
h are used to 
ontrol the signi�
an
e of geometri


parameters and might be de�ned as wi = σ−2
i . Improper usage of weights 
an result in


ompletely deformed models. For parameters with too few or none observations, quantum

me
hani
s 
al
ulations may be used to derive the standard deviation values [4℄. Typi
al weights

both in protein and ligand re�nement are 0.02 Å for bonds and 2

◦
for angles [5℄.

In the beginning of protein 
rystallography the protein itself was the main target of the

resear
h [3℄. For the re�nement of their stru
tures geometri
al knowledge was 
olle
ted from X-

ray and neutron di�ra
tion stru
tures of small-mole
ule stru
tures of individual amino a
ids or

oligopeptides. Later on this knowledge was improved based on analysis of large databases [38℄,

resulting in 
omprehensive restraint libraries. Re
ently the highlight shifted to small mole
ules

that are bound to ma
romole
ules and a
ting as ligands, 
ofa
tors, inhibitors, metal 
lusters,

ions, solvent mole
ules or drugs [35, 3℄. A re
ent study 
on
luded that more than 75% of the

protein stru
tures in the Protein Data Bank (PDB) 
ontained one or more small mole
ules

alongside their protein 
ontent [4℄. Modern methods allow �freezing� of su
h 
omplexes during

rea
tions or mole
ular binding pro
esses providing insight into intermediate states of their

me
hanisms [25℄. However, the restraints for 
hemi
ally synthesised ligands bound to proteins

are mu
h more di�
ult to generate reliably sin
e the stru
tures of most of these ligands are not

observed at high resolution, and even if they are, observations are often s
ar
e. This is 
hie�y

due to the diversity of 
hemi
al 
omposition and 
onformation of ligands [3℄. As a 
onsequen
e

ligand stru
tures in protein-ligand 
omplexes su�er from poor model quality more often than it

would be desirable [5℄. La
k of usable stereo
hemi
al knowledge of inorgani
 
ompounds results

in poorly de�ned parts of stru
tures and is per
eived as a serious bottlene
k in high-throughput


rystallography. Furthermore, restraints used for su
h re�nements are hardly ever mentioned in

stru
ture reports preventing their reprodu
tion [39℄.

Taylor et al. have 
lassi�ed methods to obtain the prior knowledge to two groups: theory- and

database-derived, the former 
onsisting of 
al
ulations of for
e �elds and quantum me
hani
s,

and the latter relying on 
rystal stru
ture data from stru
tural databases [13℄. Although results

of appli
ation of theory-based approa
h 
an be promising [39℄, Taylor et al. argue in favour of

database-derived stereo
hemi
al information over theoreti
al as the former better represents

the in vivo environment. Theoreti
al energy 
al
ulations almost always are performed in

va
uum, e�e
tively limiting their use for modelling of aqueous solutions, what protein 
rystals

usually are [40, 13℄. For example, 
arboxyl group would always be protonated in va
uum,

8
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although the protonation state and the geometri
 details of ligands depend on their environment.

Moreover, high-level theoreti
al 
al
ulations usually require large 
omputational resour
es [25℄.

Another argument in favour of database-derived stereo
hemi
al information is the similarity

of assumptions made during the determination of the stru
tures in the sour
e database to the

�re
ipients� of the derived information. A 
ommon example of in
orre
t usage is the appli
ation

of 
arbon�hydrogen bond length of 1.08 Å, a value determined spe
tros
opi
ally from simple

hydro
arbons, for X-ray determined stru
tures. As 
arbon�hydrogen lengths are systemati
ally

shorter in X-ray analyses, spe
tros
opi
ally derived restraint will try to push one or both


onne
ted atoms out of their ele
tron density maxima [8, p. 221�250℄.

An assumption is held that the geometry of ligands in small mole
ule 
rystals quite well

re�e
ts the geometry attained by the ligand in protein-ligand 
omplexes [41, 3, 42℄. However,

this is not always true, as 
rystal pa
king e�e
ts in small mole
ule 
rystals 
ause non-bonded


onta
ts to be 
omparatively shorter and hydrophobi
 
onta
ts less 
ommon than in protein-

ligand 
omplexes [40, 43℄. Stru
tures of isolated ligand should not be ex
lusively relied upon to

model ligands in protein-ligand binding sites [41℄, as studies of ligands at protein binding sites in

the PDB report ligand 
onformations out of their energeti
 minima. It is reported that average

strain energy per torsional angle is 0.6 k
al mol

−1
with a maximum of 3 k
al mol

−1
total strain

energy per ligand. Others suggest strain energies greater than 9 k
al mol

−1
in as mu
h as 10%

of analysed ligands [2℄.

2.3 Mole
ular databases as a sour
e of the knowledge

Sin
e the beginning of the 21st 
entury, publi
 Web databases have be
ome valuable resour
es

among resear
hers, who trust and rely upon them for their data for the use in 
heminformati
s,

bioinformati
s, systems biology, medi
ine and drug resear
h [44℄. Virtual high-throughput

s
reening is performed on large amounts of 
rystallographi
ally derived mole
ule models for

feature mining, protein-ligand do
king and mole
ular superposition [40, 43℄. Distributions

of geometri
 parameters in small mole
ule 
rystal stru
tures are used for the 
onstru
tion of

probability spa
es. For example, if a parti
ular mole
ular fragment with a rotatable bond

is found in a set of 
rystal stru
tures, it is likely that lower energy 
onformations will o

ur

more often than higher energy 
onformations. Therefore, the potential energy fun
tion for

this bond 
ould be repla
ed by the observed distribution of dihedral angles [40℄. Derived

probability spa
es 
an serve as input in Bayesian methods for 
hemi
al stru
ture assignment,

whi
h attempts to answer the question �what is the most likely 
hemi
al stru
ture of a 
ompound

given its geometry?� [45℄. A mu
h promising feature of online stru
tural databases is their


onstant growth. Taylor et al. (2014) envisaged and developed a robust and future-proof

automated system for the derivation of knowledge database of mole
ular geometry (reviewed

in detail in Se
tion 2.8.8), 
apable of performing unsupervised periodi
 updates. Authors

also implemented manually populated set of �problem fragments� whi
h would be deemed as

intra
table automati
ally [13℄. The distin
tive property of small mole
ule stru
ture databases is

that the stru
tures in su
h databases should be determined without prior knowledge of mole
ular

geometry, with a possible ex
eption of parameters of hydrogen atoms, solvent and disordered

regions. For stru
tures determined in single 
rystal studies, this means using full matrix least

9
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squares re�nement without any assumptions on mole
ular geometry [15℄. Therefore, knowledge

derived from su
h resour
es does not 
arry prior assumptions, e�e
tively preventing from falla
y

of 
ir
ular reasoning. However, there is still some 
ontroversy as to how far the abstra
tions

of 
rystallographi
ally derived data 
ould be employed in other �elds of study. For example, it

is noted that mole
ules in 
rystals are exposed to 
onditions that usually do not exist in the

environments of interest [46℄. Nevertheless, Cruz-Cabeza et al. (2012) 
on
luded that geometry

in 
rystallographi
ally derived stereo
hemistry of protein�ligand binding sites are 
loser to reality

than 
oming from theoreti
al 
al
ulations of gas phase or in va
uo [47℄. In 
on
lusion, the

knowledge extra
ted from 
rystallographi
ally derived data should be appli
able to other 
rystal

stru
tures, provided that the same or similar assumptions were made.

The largest to date resour
e of small mole
ule 
rystal stru
tures is the Cambridge Stru
tural

Database

1

(CSD), 
ontaining around 900 000 organi
 and organometalli
 
rystal stru
tures [12℄.

Inorgani
 Crystal Stru
ture Database

2

(ICSD) [48℄ and Crystal Data for Metals Database

3

(CRYSTMET) [49℄ are 
omplementary to the CSD by 
olle
ting stru
tures of inorgani



ompounds, metals and their alloys [8, p. 327�331℄. The CSD, developed by Cambridge

Crystallographi
 Data Centre (CCDC), has been a prominent sour
e for stereo
hemi
al

knowledge derivation sin
e the study by Engh & Huber in 1991 (reviewed in Se
tion 2.8.2) [4℄.

However, usage and distribution of data derived from the CSD is limited by its li
ense to the

subs
ribers of the database. While traditionally it has been per
eived that requiring readers to

pay for monographs or database a

ess should support the human e�ort to 
ompile them from

the s
ienti�
 literature, largely in
reased amount of data, advent of 
omputer networks and

automated systems not needing human supervision has led to so
ial and politi
al debates about

the ownership and intelle
tual property asso
iated with the s
ienti�
 data [50℄. Furthermore,

results abstra
ted from the CSD are of limited use for the studies of inorgani
 materials, as

the CSD does not 
ontain 
rystal stru
tures of this kind. Cir
umventing this limitation, CSD

software 
ould be used to derive results from 
omplementary inorgani
 databases, su
h as ICSD,

PDF

4

and Pauling �le

5

[29℄. Another alternative sour
e is the Crystallography Open Database

6

(COD). Founded in 2003 and totalling more than 390 000 entries, the COD aims at 
olle
ting

all available organi
 nonpolymeri
, inorgani
, metal-organi
 
ompounds and minerals into a

single publi
 domain database [51℄. Having the whole spe
trum of small mole
ules simpli�es

multidis
iplinary resear
h [15℄, while open-a

ess nature of the COD, allowing immediate

a

ess to the data and putting no bounds on sharing it, en
ourages data 
ross-linking and

derivation of knowledge, as evident in the re
ent studies [52, 53℄. Openness of s
ienti�


data and knowledge without any arti�
ial barriers is being re
ognised by a growing number

of institutions as pivotal in global development. United Nations Edu
ational, S
ienti�
 and

Cultural Organisation (UNESCO) has expressed a 
ommitment for support and promotion of

open a

ess to the s
ienti�
 information [54℄.

It is a well known fa
t that the utility of data 
ru
ially depends on its quality. Williams

1

http://www.

d
.
am.a
.uk/produ
ts/
sd/

2

http://www2.fiz-karlsruhe.de/i
sd_home.html

3

http://www.toth
anada.
om/databases.htm

4

http://www.i
dd.
om/produ
ts/pdf4.htm

5

http://paulingfile.
om

6

http://www.
rystallography.net/

10

http://www.ccdc.cam.ac.uk/products/csd/
http://www2.fiz-karlsruhe.de/icsd_home.html
http://www.tothcanada.com/databases.htm
http://www.icdd.com/products/pdf4.htm
http://paulingfile.com
http://www.crystallography.net/
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and Ekins (2011) point out that the quality of the 
hemi
al stru
ture-based data in the publi


domain is poor [44℄. Spek (2002) notes that even peer-reviewed publi
ations tend to des
ribe

interesting features of mole
ular stru
tures that turn out to be based on overlooked artefa
ts [10℄.

Thus, individual entries in database pools should not be trusted ultimately, despite the fa
t that


areful manual analysis of every entry is usually not feasible. Surely only high-quality stru
tures

provide enough 
on�den
e in the unique features reported [11℄. Another limiting fa
tor for

usage in ma
romole
ular re�nement is underrepresentation of ligands in the small mole
ule

databases [4℄. As dis
ussed before in Se
tion 2.2.4, the diversity of 
hemi
al 
omposition and


onformational freedom of small mole
ules is overwhelming. Andreja²i£ et al. (2008) noti
ed

that only 12% ligands found in 
omplexes in the PDB had an exa
t mat
h in the CSD [7℄.

Therefore, heuristi
s for fuzzy mat
hing may be ne
essary.

2.3.1 Knowledge extra
tion from small mole
ules

As an initial step, 
rystal stru
tures are usually �ltered in order to remove low quality,

inappropriate or intra
table entries. The most of the studies impose a 
uto� for 
rystallographi


R fa
tor as a means for quality 
ontrol. Then appli
ation-spe
i�
 
he
ks usually 
ommen
e. For

example, virtual s
reening studies of the COD tend to ex
lude 
rystal stru
tures with partial

o

upan
ies of atom sites [53, 55℄.

Crystallographi
 des
riptions then have to be 
onverted to 
hemi
al in a pro
ess sometimes


alled �stru
ture assignment�: they have to get 
hemi
al bonds identi�ed, polymers dete
ted

and limited to representative units (if needed), disorder re
ognised, bond types and formal


harges assigned as well as missing hydrogen atoms lo
ated [45℄. This pro
ess involves many

parametrised heuristi
s, heavily sensitive both to the input and the sele
tion of parameters.

Algorithmi
 stru
ture assignment was deemed to have a su

ess rate of 85% in 2005 [43℄, leaving

for manual 
orre
tion the rest of the features, that 
an be easily overlooked. Ina

ura
ies and

errors may lead to 
ompletely in
orre
t results [56℄. As 
rystal stru
tures exhibit symmetry,

they are almost always des
ribed redu
ed to an asymmetri
 unit, a

ompanied by either

identi�er of the symmetry group or expli
it symmetry operators [8, p. 20℄. To measure the

geometri
 parameters of mole
ules in 
rystal, its 
ontents have to be re
onstru
ted given the

set of atoms in asymmetri
 unit and the group of 
rystal symmetry operators. In short,

every symmetry operator is applied to every atom, all resulting atoms are translated to the

unit 
ell and 
oin
iding atoms are merged together. Sin
e 
rystal stru
ture determination

rarely provides 
onne
tivity information, 
hemi
al bonds between atoms are �dis
overed� using

distan
e heuristi
s: two atoms are 
onsidered bonded if distan
e between them is less than

the sum of their 
ovalent radii [57℄. However, there are many 
ovalent radii sets, re�e
ting

di�erent opinions about 
ovalent bonding [45℄. Blake (2009) argues that this well-known

method is generally valid for organi
 
ompounds, but spe
ial 
are is required for other types

of 
ompounds where 
ovalent radii are not so well de�ned [8, p. 299�317℄. Automated

topology determination is frequently deemed unreliable [4℄, however, its usage is inevitable unless

author-provided topology des
ription is present, what is rarely the 
ase. Bruno et al. (2011)

report a number of 
hemi
ally annotated stru
tures whose bonding and non-bonding distan
e

distributions overlap substantially, 
on
luding that opinions of the authors are sometimes

11



CHAPTER 2. LITERATURE OVERVIEW

often 
ontradi
tory regarding bonding intera
tions. Authors also report many 
ompli
ations

in algorithmi
 
hemistry dete
tion originating from the metallo-organi
 
rystal stru
tures,

parti
ularly in asserting the oxidation states, 
oordination numbers and aromati
ity. Disorder is

also noted as di�
ult to ta
kle [45℄. Small mole
ule 
rystals usually have high symmetry, whi
h

has to be taken into a

ount when lo
ating independently observed geometri
 parameters. For

example, four-
oordinate metal atom on an inversion 
enter parti
ipates in only two independent

bond lengths and one independent bond angle [8, p. 299�317℄. Therefore, symmetri
ally

equivalent measurements have to be programmati
ally �ltered out in order to prevent unwanted

overrepresentation.

2.3.2 Crystallographi
 data formats

The need of ma
hine-readable 
rystallographi
 data was �rst addressed in 1976 by Protein

Data Bank (PDB) by de�ning a data format for ma
romole
ular stru
tures, named PDB

format [58, 59℄. International Union of Crystallography (IUCr) followed the suit in 1990 by

de�ning the Crystallographi
 Information Framework/Format (CIF) [60℄. In 1999 yet another

data format, Chemi
al Markup Language (CML) [61℄ was developed. Based on XML, the CML

allowed the dire
t in
lusion of 
hemi
al and 
rystallographi
 data in XML do
uments as well as

the analysis of this data using many XML-oriented tools.

The PDB format �les are human-readable and 
onsist of �xed-width lines, ea
h identi�ed by

pre�xes of up to six 
hara
ters long. These features made the data straightforward to browse

and read. However, with the in
rease of protein size the PDB format be
ame too restri
tive and

was repla
ed by PDBx/mmCIF, whi
h aimed to retain the best features of the PDB and CIF

formats.

During a quarter of a 
entury of its existen
e, CIF has been widely adopted and used

as a standard by most of 
rystallographi
 journals as well as stru
tural databases (ICSD,

CSD, CRYSTMET and COD) [50℄. New CIF di
tionaries have been developed with the aim

of unambiguously de�ning ontologies in order to uniformly present data in various �elds of


rystallography, with notable examples in
luding ma
romole
ular 
rystallography [64℄, powder

di�ra
tion [65℄, and ele
tron density studies [66℄. It is assumed that main reasons for the

popularity of CIF format are the use of human-readable text, a relatively simple syntax,

extensibility, 
ontinued support by the IUCr and an in
reasing availability of software for CIF

pro
essing [67℄. As probably all other formats, CIF is sometimes 
riti
ised for stri
tness of its

syntax, as parsing failures 
aused by minor mistakes are usually di�
ult to tra
e by 
onsulting

parser error messages only. Blake (2009) lists missed termination marks of text strings and text

blo
ks among the most 
ommon syntax mistakes [8, p. 319�326℄. A wide variety of software

tools have been developed for reading, writing, validating, manipulating and visualising CIF

�les [68℄. The unpre
edented development in the �eld of in sili
o materials simulation initiated

the emergen
e of high-level software suites for materials analysis, su
h as AiiDA [69℄, ASE [70℄

and pymatgen [71℄, whi
h support stru
tural data input/output in the CIF format. In 2016 a

se
ond version of CIF format, named CIF 2.0, was announ
ed [72℄. As version 2.0 of the format

is 
urrently in its early adoption stage, this study 
on
entrates ex
lusively on CIF 1.1 format,

ex
ept in passages with expli
it indi
ations.

12
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CIF format provides a well-de�ned framework for reporting details of all the pro
esses during

the 
rystal stru
ture determination from the 
rystallisation and 
rystal preparation to the

re�nement. At some point it was suggested that CIF �les 
ontaining text of the reporting

arti
le in IUCr-de�ned data items should be
ome a standard means for arti
le submissions, at

least to the IUCr journals. However, 
urrent usage of CIF is primarily to report the 
onditions of

the experiment, 
oordinates and in some 
ases the di�ra
tion data. It must be noted, however,

that 
rystallographi
 data is the primary aim of the CIF format: CIF �les are produ
ed by

data 
olle
tion and re�nement software providing inputs and outputs of these pro
esses, on

top of whom the inferen
es 
on
erning the 
hemistry of a 
ompound under study are built.

Therefore, reporting of neither pre
ise 
onne
tivity nor systemati
 
hemi
al name is enfor
ed by

the publishers, thus these data are usually not in
luded in CIF �les albeit it is obvious that both

further 
hemi
al studies and independent validation would bene�t if these data were required in

CIF �les [45, 50℄. Geometri
 parameters in CIF reports are also optional. There is some sense

in omitting these as they 
an always be derived from the 
oordinates. Furthermore, restrained

parameters should not be mixed with parameters determined from just di�ra
tion data alone [8,

p. 319�326℄.

The CML was designed as an ontologi
ally neutral markup language 
hie�y for the usage on

the Web. Di�erently from PDB and CIF, CML was developed using XML � an already existing

data 
arrier format, allowing to use variety of XML tools to query, transform and validate the


rystal stru
ture des
riptions [61℄. Re
ently an extension of CML for 
omputational 
hemistry

was developed [73℄.

2.4 Errors

Errors 
an happen in virtually any step of 
rystal stru
ture determination and, if

undete
ted, may subsequently 
ause in
orre
t 
on
lusions in studies based on them [74℄.

An editorial of Drug Dis
overy Today in 2011 has stressed the need of government-

funded data 
uration programs to improve publi
 
hemi
al resour
es on the Web to

stop error proliferation, whi
h happens as the data is 
ited and reused. Apart

from government-funded programs, 
rowd-sour
ed e�orts to validate publi
 data with

limited resour
es were also a
knowledged. It was reported that as mu
h as 10% of

datasets used for quantitative stru
ture a
tivity relationship (QSAR) studies published in

Journal of Medi
inal Chemistry and in QSAR and Combinatorial S
ien
e have errors either in

their 
hemi
al stru
tures or biologi
al a
tivities (or both). Analysis of NIH Chemi
al Genomi
s

Center's NPC browser, 
ontaining 
urated mole
ular stru
tures of 
lini
ally approved drugs,

identi�ed fundamental errors in stereo
hemistry, valen
e and 
harge balan
e of some of the

entries. A �s
reening data set� was found to have 5-10% �awed mole
ules. Furthermore, these

errors 
an easily be spread [44℄ and, in 
ase of automated analyses, lead to in
orre
t 
on
lusions

owing to the prin
iple of �garbage in, garbage out�, known sin
e the works of Charles Babbage [75,

p. 67℄. It is of no surprise that more experien
ed resear
hers tend to produ
e 
rystal stru
tures

of higher quality [76℄. However, independent quality 
ontrol is usually harnessed to �nd and

possibly 
orre
t the errors. Nevertheless, a signi�
ant number of 
rystal stru
tures published in

peer-review journals 
ontain errors, meaning that neither the authors, nor reviewers or editors

13
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have spotted at least some symptoms of errors [11℄.

Signi�
ant portion of errors in 
rystal stru
tures is due to in
orre
t assumptions made during

the 
onstru
tion of an initial model. In
orre
t identi�
ation of atom 
hemi
al types during

the model building is 
redited as a 
ommon error [11℄. A study 
on
entrated on tautomers,


ompounds that are readily inter
onvertible by a movement of an atom (usually hydrogen) or

a group of atoms between two sites of the mole
ular stru
ture [77℄, has 
on
luded that around

10% of the stru
tures from the CSD 
ontain in
orre
t tautomeri
 forms of mole
ules [78℄.

Choi
e of lower than true symmetry is quite 
ommon in 
rystal stru
ture determination. In

the most 
ases su
h misassignment makes stru
tural re�nement more di�
ult by leaving the

parameters of symmetri
ally equivalent fragments to be re�ned independently. On the other

hand, in some 
ases re�nement in a false spa
e group may lead to the assignment of an in
orre
t


hemistry [79℄. Baur and 
olleagues (1986, 1992) predi
t that around 3% of all published small

mole
ule 
rystal studies may have been re�ned using lower than true symmetry. Authors noti
e

that an inversion 
enter is most often overlooked in spa
e groups C2/
 and Pnma. C
 is named

the most often in
orre
tly as
ribed symmetry spa
e group with as mu
h as 10% C
 
rystal

stru
tures possibly belonging to higher true symmetry [80, 79℄.

In
reasing automation of 
rystal stru
ture determination pro
ess is in need of even more


riti
al assessment of quality and reliability of the determined models. Although the automation

is supposed to redu
e the introdu
tion of human errors in the pro
ess of model building, it may

lead to an in
rease of errors should the automated means be used as �bla
k boxes� with an

ultimate faith in their out
ome [30, 81℄. Leaving out the human reasoning and intuition may

be detrimental. It has been noti
ed that automated analyses of ma
romole
ules also rarely pay

any attention to the interpretation details of input models, expe
ting all of them to be equally


orre
t [76℄. Deller et al. (2015) 
on
ludes that as mu
h as 12% of protein�ligand models in

the PDB are only partially based on eviden
e (ele
tron density) and should only be used after


areful investigation [3℄. Usage of su
h data without at least automati
 �ltering of problemati


stru
tures easily proliferates the errors.

Despite the fa
t that the most of numeri
al data in 
rystallography nowadays is generated

and stored by 
omputers (therefore 
alled �born-digital�), non-negligible 
ompendium of 
rystal

stru
ture des
riptions have been produ
ed in pre-CIF, moreover, pre-digital era, surviving to day

mostly in printed form. Usage of su
h material is subje
t to possibility of typographi
al errors

that may distort the meaning of the data. Allen and Taylor (2005) 
on
lude that around 10%

of typeset stru
tures from pre-CIF era 
ontain at least one numeri
al error [43℄. In addition,

transferring these des
riptions to a digital form is 
ompli
ated due to the amount of e�ort

required and possibility of introdu
ing more errors, be it human or opti
al 
hara
ter re
ognition

introdu
ed errors. Therefore, digitalisation must be 
oupled with a means of error dete
tion

and, if possible, 
orre
tion.

Noteworthy sour
e of in
orre
t stru
ture reports is the push to report results, as summarised

very well by the phrase �publish or perish�. Brown and Ramaswamy (2007) have noti
ed the

trend for the most prestigious general s
ien
e journals to publish 
rystal stru
tures of mu
h

lower quality than they would be expe
ted [76℄. Signi�
ant in
rease of publi
ations retra
ted

due to fraud, error, plagiarism or dupli
ate publi
ation during the 2000s is noted, espe
ially in

high impa
t fa
tor journals [82℄, resulting in as mu
h as 500-600 retra
tions ea
h year [83℄. This
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�nding may signal either the greater s
rutiny of their peer-review pro
ess, or resear
hers giving in

to the in
entive to desperately get their publi
ations in prestigious journals for higher payo�s [82℄.

Re
ently fraudulent reports were dete
ted both in the �eld of protein 
rystallography [84, 85℄

and small mole
ule stru
tural studies [86℄. The large portion of retra
tions due to fraud or

suspe
ted fraud (67% [82℄) is troublesome, however, 
arefully 
rafted hoaxes 
an only be dete
ted

by repli
ation attempts.

Terwilliger and Bri
ogne (2014) 
on
lude that albeit lo
ating model errors or inadequa
ies

in protein 
rystal stru
tures in the PDB is relatively easy as 
rystallographers usually stumble

upon them, 
orre
ting issues that 
ould not be remedied automati
ally is di�
ult as so
iologi
al

fa
tors 
ome into play. As 
ontributions to the database are done personally, deposited

stru
tures are usually regarded as one's own due to the e�orts leading to the determination

of the stru
ture. Furthermore, su

essive studies of the same s
ientist/group might be based

on the 
urrent interpretation of the stru
ture. Shortage of motivation and funding to revisit

previously published stru
tures plays a substantial role in this pro
ess too. Corre
tion of other

resear
hers work might be easily per
eived as 
riti
ism, invoking defensive behaviour of original


ontributor(s), possibly even unwillingly [87℄.

2.5 Validation

Validation of the determined models should be the �nal and 
ru
ial step of the 
rystal stru
ture

determination, and it should �rstly be 
arried by the authors, then by the reviewers during the

peer-review pro
ess prior to publi
ation [10℄. General publi
 of readers may also be 
ounted

on for the post publi
ation peer-review, although 
urrent trend to publish less and less raw

data (
oordinates, displa
ement and mole
ular geometry parameters) makes su
h validation

di�
ult [8, p. 299�317℄. From the viewpoint of the s
ienti�
 method, validation is a 
ontinuous

pro
ess of 
omparing the data against the ever evolving model, therefore, 
rystal stru
tures

should be analysed with the newest validation tools even years after their determination [87℄.

In fa
t, repli
ation of results or the 
omparison of redundant albeit independently a
hieved

observations 
ould be employed as a method of validation. For example, dihedral angles are

in pra
ti
e rarely restrained during the re�nement, therefore, they may be used for geometry


he
ks [35℄. Availability of ele
tron density maps makes easier to distinguish genuine unusual

features from model building errors or artefa
ts [30℄. Availability of stru
ture fa
tor �les


ontributed greatly in the 
on�rmation and subsequent retra
tion of over 70 fraudulent 
rystal

stru
tures, unwittingly published in the IUCr journals [86℄. There has been a lot of dis
ussions

about the need to store and share raw data of ma
romole
ular stru
ture determinations for the

subsequent redeterminations on
e methods and software improve (see for example Terwilliger &

Bri
ogne, 2014 [87℄ and Helliwell et al., 2017 [81℄). However, Kleywegt and Jones (2002) 
on
lude

that low quality of stru
tures (parti
ularly signaled by high R
free

values) dis
ourage the authors

to publish the experimental data whi
h the model is expe
ted to explain [30℄. A very reasonable

means of validation is the analysis of 
hemistry of determined 
rystal stru
tures. Authors usually

provide their 
hemi
al interpretation of stru
ture models in a form of formulae and diagrams.

Day et al. have analysed several thousand stru
tures from A
ta Crystallographi
a Se
tion E

by 
omparing systemati
 
hemi
al names and author provided stru
tural diagrams with the
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oordinates. Almost in no 
ases mismat
hes between the 
rystallographi
 and 
hemi
al data

were dete
ted [50℄. We have performed a 
omparison between manually 
onstru
ted SMILES

des
riptors [88℄ with the ones derived from author provided systemati
 
hemi
al names [21℄.

Over 60% of entries were found to have identi
al des
riptors whereas almost 14% 
ontained

mismat
hes that 
ould not be explained by di�erent 
onventions of SMILES generation used

by manual 
onstru
tion and OPSIN [89℄, a software tool to 
onvert 
hemi
al names to SMILES

des
riptors.

Programmati
 tools, whi
h are mu
h more abundant for the validation of proteins than for

other types of mole
ules [6℄, 
an be harnessed to inspe
t large amounts of 
rystal stru
ture

reports automati
ally. Some of these tools are overviewed in Se
tion 2.8. Validation software

usually follows the Bayesian method to assess the quality of a 
rystal stru
ture model: stru
ture's

properties are 
ompared with �known� properties of similar stru
tures. This method requires the

reviewer to 
orre
tly identify the known properties and their values. Evidently, su
h method

highlights �wrong� stru
tures, but is unable to answer whether a stru
ture is �
orre
t� [28℄.

Theoreti
al 
al
ulations based on experimentally determined 
rystal stru
tures are regarded

as a means to tell novel features from erroneous aberrations even in the absen
e of reports

of similar �ndings in the s
ienti�
 literature. The downside of theoreti
al approa
h is the

amount of resour
es required for 
al
ulation of even small mole
ules (approximately 800

hours on a single 1 GHz Opteron pro
essor for an average organi
 
rystal stru
ture from

A
ta Crystallographi
a Se
tion E) [90℄. Therefore, fully automated analysis of the 
orre
tness of

a 
rystal stru
ture is not possible to a
hieve. On the other hand, 
omputer programs 
ould be

used to dete
t and report every unusual feature of the stru
ture under study, leaving throughout

investigation to the author or a referee [10℄. An example of su
h program is PLATON, reviewed

in Se
tion 2.8.1.

Many parameters of a 
rystal stru
ture determination report 
an be 
onsulted during the

quality assessment, both manually and programmati
ally, the most obvious being the R fa
tor

values. However, there are many ways to manipulate this and similar 
riteria [9℄. A lower

limit for the ratio of observation 
ount to parameter number is postulated by the IUCr as

a guideline, suggesting that the ratio of ten or more observations per parameter (in some


ases lowered to eight due to smaller number of independent re�e
tions) redu
es the possibility

of publishing fundamentally wrong stru
ture signi�
antly [36℄. Unusual atomi
 displa
ement

parameters (ADPs) are usually regarded as warning signs of various systemati
 errors in data,

atom misassignment, inappropriate model building and re�nement, as ADPs are easier a�e
ted

by these de�
ien
ies than the 
oordinates [11, 8, p. 205�219℄.

2.5.1 Geometri
 
he
ks

Various errors in 
rystal stru
tures, besides already reviewed quality 
riteria, often manifest in

unusual geometry and intera
tions [79, 11℄. Investigation of �suspi
ious� geometry has led to

the dis
overy of aforementioned fraudulent 
rystal stru
tures in the PDB as well as published in

the IUCr journals [84, 86℄. One of the �rst knowledge-based geometri
 
he
k for the 
orre
tness

of ma
romole
ular models was the Rama
handran plot [91℄, developed in the early 1960s. The

plot was an attempt to organise theoreti
al knowledge about likely and unlikely 
onformations
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of adja
ent amino a
ids in the protein 
hain [92℄. The Rama
handran plot has been used widely

ever sin
e in both protein 
rystallography and stru
ture predi
tion. However, an alternative

to the Rama
handran plot for small mole
ule geometry is far mu
h more di�
ult to devise,

mainly due to the many possible 
hemi
al environments and their in�uen
e on the mole
ular

geometry [29℄. Nevertheless, there have been many attempts to 
onstru
t knowledge databases

and tools for dete
tion of unusual geometri
 features in small mole
ule 
rystals (reviewed in

Se
tion 2.8).

It is a well known fa
t that in
orre
t lo
al geometry is rarely plausible in small mole
ule


rystals [28℄. In their study of ligands in protein stru
tures Liebes
huetz et al. (2012) 
on
lude

that portion of unusual dihedral angles of ligands deemed to be poorly re�ned are over 20% [2℄.

Besides, unusual bond lengths may signal in
orre
t 
ell dimensions of small mole
ule 
rystals, low

quality of di�ra
tion data, inappropriate re�nement or unresolved disorder. �Bumps�, unusually

short 
onta
ts between non-intera
ting atoms (shorter than the sum of their van der Waals radii),

are also very informative, suggesting either missing intera
tions or errors in atom positions [10℄.

A simple and widely used visual aid for the dete
tion of outliers � a histogram � is sometimes

also used by software. Liebes
huetz et al. (2012) demonstrates the usage of histogram-derived

dihedral angle frequen
y ratio in Gibbs free energy (∆G) 
al
ulation:

∆G = −RT log(F
max

/F
query

), (2.3)

where F
max

is the size of the most populous histogram bin and F
query

is the size of the histogram

bin in whi
h the observed value falls. The smaller the ∆G, the less favourable the dihedral

angle is [2℄. Nevertheless, histogram-based methods for outlier dete
tion are known to be highly

sensitive to the 
hoi
e of bin width and end points, all of them arbitrary. Kernel density

estimation is often used to remedy these disadvantages, however the problem of parametrisation

of the kernel fun
tions persists [93℄. Mu
h less sensitive to the initial assumptions is the Z s
ore,

inspired by the so-
alled three-sigma rule in normally distributed populations. Z s
ore provides

the number of multiples of the standard deviation for ea
h data point xj :

Zj =
xj − x

σ
, (2.4)

where x is the target value and σ is the standard deviation of the distribution. For multiple

values, root mean squared Z s
ore (RMSZ) is used:

RMSZ =

√

√

√

√

1

N

N
∑

j=1

Z2
j . (2.5)

For high resolution (<1 Å) small mole
ule 
rystal determinations, Deller and Rupp give RMSZ

values of 0.02 Å for bond lengths and 2.0

◦
for bond angles. Individual outliers of RMSZ > 5

are in
luded in PDB validation reports as highly unusual [3℄.

Studies report abundan
e of unusual ligand stereo
hemistry in protein�ligand 
omplexes in

the PDB, mostly attributing them to in
orre
t usage of restraints. Liebes
huetz et al. (2012)

estimated that 70% then re
ently determined stru
tures of 
omplexes 
ontained geometri
 errors,
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and that these errors 
ould have been averted by using better restraint libraries [6, 2℄. Parti
ular


are should be taken to distinguish unusual stereo
hemistry arising due to poor restraint libraries

and due to the fa
t that ligands in protein binding po
kets do exhibit slightly unfavoured


onformations, as dis
ussed before [2℄.

2.5.2 Voids

Due to the laws of physi
s, voids or empty spa
es are very unfavourable in 
rystal stru
tures,

with a notable ex
eption of fullerenes, whi
h 
ontain va
uum bubble of 4 Å diameter, whi
h

is not a

essible from the outside of the mole
ule. Therefore, in most 
ases voids in 
rystal

stru
tures suggest either errors or omissions. However, highly disordered solvent, espe
ially in

ma
romole
ular 
rystals, is impossible to model by the standard approa
h of assigning dis
rete

positions. Thus the mole
ules of the solvent are either left out or, as in the 
ase of PLATON

SQUEEZE method [94℄, marked as displa
ed within de�ned regions. Nevertheless, dete
tion

of voids in small mole
ule 
rystal stru
tures is used in validation proto
ols. Most of 
urrent

methods for void dete
tion employ sampling of dis
reet grid points a
ross the unit 
ell, trying

to �t a probe of 1.2 Å radius (approximate solvent a

essible void spa
e for a water mole
ule)

between van der Waals surfa
es of mole
ules in the 
rystal [95, 96℄. Whereas dis
reet grid

approa
h might overlook some voids, small grid steps (approximately 0.2 Å, as given by [95℄)

redu
e su
h possibility signi�
antly at the pri
e of more intense 
omputations.

2.6 Building geometry libraries

Usually, the generation of geometry library and organisation of its knowledge pro
eeds as follows:

at �rst, so-
alled �atom types� are de�ned, observations of geometry involving atoms of these

types are extra
ted, then pooled together into �
lasses� (for example, a bond 
lass is de�ned

by the pair of types of atoms whi
h are involved in the bond) and analysed [35, 7, 4℄. This

te
hnique is present sin
e CHARMM library for peptide geometry, whi
h used a set of about 30

distin
t atom types [97℄. In this set, for example, there are six distin
t atom types for oxygen: O

for 
arbonyl, OC for 
arboxy oxygen, OH1 and OH2 for oxygen with one and two 
ovalently bound

hydrogens respe
tively, and OH1E and OH2E for one and two �atta
hed� hydrogens respe
tively,

meaning that hydrogens are not treated as separate atoms, but as part of �augmented� oxygen

atom. Con
erning the huge variety of small mole
ules, atom typing te
hniques are applied

in fuzzy mat
hing manner to treat atoms with similar 
hemi
al environments as the same in

all 
ompounds they o

ur in. Usually mat
hing is performed with the regard to the 
hemi
al

element type, hybridisation state, 
harge and the types of atta
hed atoms [5℄. Fuzzy mat
hing

was applied by Engh and Huber to the data in the CSD two de
ades after the publi
ation of

the CHARMM library. The authors have partitioned CHARMM set of atom types into an

even �ner set, having re
ognised that large errors were 
aused by the use of too few atom types

and that partitioning was ne
essary to redu
e the standard deviation of bond length and angle

samples [98℄. In 2008 Andreja²i£ et al. attempted to supplement Engh and Huber's library

with atom types from the so-
alled �hetero� 
ompounds � small mole
ules, found in 
omplexes

with bioma
romole
ules � and have extended the number of atom types to nearly 2000. To
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a
hieve that the authors have developed automati
 tools for the dete
tion of atom types and


olle
tion of geometri
 parameters. However, in
rease of the number of atom types may result in

underrepresentation of 
ertain 
lasses of observations. Andreja²i£ et al. noted that only a small

portion of the parameters, namely 2.2% of bonds, 0.7% of bond and 0.4% of dihedral angles

were really a

urately des
ribed. Authors 
on
lude that at least 30 observations are required

for a geometri
 parameter to be statisti
ally reliable [7℄. In their resear
h, Liebes
huetz et al.

lowered this threshold to 5 observations for bonds lengths and bond angles, and 15 for torsional

angles [2℄. For the underrepresented 
lasses, theoreti
al simulations 
ould be used to 
al
ulate

the missing parameters [4℄.

An alternative to atom typing method is the so-
alled monomer approa
h, parti
ularly aimed

at bioma
romole
ules. This method exploits the fa
t that these mole
ules 
onsist of repeating

units (amino a
ids in proteins, nu
leotides in DNA and RNA). Vagin et al. (2004) reported


onstru
tion of monomer library 
onsisting of 2000 distin
t monomers that 
an in turn be

linked and/or modi�ed in a number of des
ribed ways. This library is available for use with

maximum likelihood re�nement program REFMAC5, also equipped with atom type-based library

with around 200 atom types [34℄. Appli
ation of the monomer approa
h for ligands is di�
ult

due to their wide variety, although it is employed for the most 
ommon mole
ules. Des
riptors

for the ligand mole
ules are usually generated using a graph-based approa
h: all atoms of a

mole
ule are enumerated in a de�ned order (�linearised�), retaining information about 
y
li


edges and other 
hemi
ally or geometri
ally important features. Some of the most widely used

su
h methods are SMILES [88℄ or SYBYL line notation (also known as SLN) [99℄. SMILES

notation is widely used despite being based on VBT, whi
h is di�
ult to extend outside the

organi
 domain of 
hemistry [21℄. SYBYL line notation is an extension of SMILES devised

to over
ome the most of SMILES de�
ien
ies [99℄. SMILES notation was �rst employed for

automati
 des
ription generation in PRODRG [56℄ in 1996.

It is a 
ommon pra
ti
e to use the sum of least squares for the minimisation in the

re�nement [97, 98, 7℄. However, su
h approa
h requires all parameters to a
tually have a

single optimal value and be distributed a

ording to the normal distribution. Andreja²i£ et al.

have a
knowledged the existen
e of both multimodal and asymmetri
 distributions of geometri


parameters that 
learly would not be suitable for least squares minimisation and have attributed

su
h distributions either to short-sightedness of the atom type assignment or unreliable data [7℄.

At the same time the single optimal value approa
h was 
hallenged in the �eld of protein

re�nement [100℄. Subsequent studies have 
on�rmed the presen
e of distributions with heavy

tails and gross outliers [45℄. Another problem is posed by distributions of dihedral angles that


an 
ontain a number of distin
t peaks [2℄, often lo
ated periodi
ally due to the symmetry (for

example, immobilised methyl groups) or almost randomly due to possible free rotation around

bonds [1℄. Andreja²i£ et al. have des
ribed distributions of dihedral angles using histograms.

The authors de�ned all freely rotatable angles as periodi
 with a single ideal value, although


on
luding that su
h representation was suboptimal [7℄. It is true, however, that peaks of most

of parameter distributions 
ould be approximated by Gaussian distributions in the vi
inity of a

peak maxima, but su
h approximation might result in great loss of information 
on
erning the

shape of the original distribution.

Constru
ted geometry libraries should be subje
ted to s
rutiny before further appli
ations.
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Possible 
he
ks are based on manual inspe
tion [4℄. Kleywegt (2007) advises re�nement of

randomised set of 
oordinates against the library without the use of experimental data. Should

the re�nement arrive at 
hemi
ally infeasible geometry, the library would be deemed in
omplete,

erroneous or in
onsistent [5℄. Andreja²i£ et al. have reported that distributions of bond lengths

involving hydrogens usually display a few sharp, well separated peaks, reasoning that they

originate from the usage of restraints during their re�nement. The authors then have removed

non-neutron derived observations to dis
over single-peaked and narrower distribution with values

0.1 Å larger than averaged through the initial sample [7℄. This observation 
omes to show that

despite the fa
t that neutron-derived bond lengths may re�e
t reality better, they should be

applied for re�nement or validation of neutron experiments.

2.7 Statisti
al methods

2.7.1 Distributions

As des
ribed in Se
tion 2.6, geometri
 parameters are usually des
ribed as representing a single

ideal value with errors of unknown origin and are assumed to follow the normal distribution.

However, deviations from normal law are observed, suggesting for the sear
h of more suitable

statisti
al distributions. It is 
lear that histograms should not be used instead, as they are

very sensitive to the sele
tion of range and number of bins. Moreover, they are dis
rete, while


ontinuous models are usually preferred. Although similar density estimation methods, su
h as

the smoothing spline, might seem to be a good alternative, they are also sensitive to initial

assumptions whi
h should both have 
onvin
ing theoreti
al properties and perform well in

pra
ti
e [93℄. Instead, mixture models 
ould be applied for the des
ription of other than normal

distributions. Generally, a mixture model is a sum of any number of statisti
al distributions

(
alled 
omponents of the mixture) s
aled so as to maintain the integral of whole mixture equal

to 1:

F (x) =
∑

i

aifi(x), (2.6)

where F (x) is density of the mixture, fi(x) � density of its ith 
omponent and ai is the mixture

proportion of ith 
omponent. If for ea
h 
omponent i

∫

fi(x)dx = 1, (2.7)

what is the 
ase with the densities of all statisti
al distributions, it is enough to require that the

sum of mixture proportions is 1:

∑

i

ai = 1. (2.8)

A 
lass of algorithms, 
alled expe
tation maximisation (EM) algorithms [101℄, iteratively

sele
ts the parameters maximising the likelihood of the population. Resulting parameters are

hen
e 
alled �maximum likelihood estimates�. EM algorithms exist for mixture models, most
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importantly, for normal mixture models, often used in 
luster analysis. Normal mixture models


ould also be employed to des
ribe multimodal distributions of bond lengths and bond angles.

Distributions of dihedral angles, nevertheless, are poorly modelled by the normal distribution

due to the requirement to 
hoose a 
utting point in an otherwise 
ir
ular range. A 
ounterpart

of normal distribution for 
ir
ular data is the 
ir
ular normal distribution, better known as

von Mises distribution (see Se
tion 3.7.2 for probability density fun
tion). This distribution is

rarely used in 
hemi
al literature despite the existen
e of an EM algorithm for its parameter

sele
tion [93℄. A question on how many normal 
omponents should be used in su
h mixtures

per sample 
an be answered by 
onstru
ting a set of models with 1...M 
omponents via EM

and 
hoosing the best of them using some 
riterion. Model sele
tion 
riterion should prevent

over�tting: allowing the data to sele
t a model will almost always result in the 
on
lusion

that a mixture of n + 1 
omponents �ts the data better than n 
omponents. Over
oming

this de�
ien
y are Akaike information 
riterion (AIC [102℄) and Bayesian information 
riterion

(BIC [103℄), both a
ting as O

am's razor and a
hieving per
eivably the best �t with the least

model parameters [104℄. It is held that in general both AIC and BIC tend to favour models with

more parameters as the sample size in
reases, arriving at overparametrised models for larger

samples [105, 104, 106℄. On the other hand, BIC has a tenden
y to oversimplify models of

smaller sample sizes [104℄. In the �eld of 
luster analysis, every mixture 
omponent is usually

per
eived as originating from a separate 
luster, what is not always the 
ase [106℄. In essen
e,

EM for mixture models prefers �exible models, 
apable to a

ommodate the non-normality of

the data indi�erent to its interpretation. Therefore, the presen
e of n 
omponents in the mixture

model per
eived as the best does not ne
essarily mean that ea
h of them stands for a separate


hemi
al of physi
al property [104℄.

Mixture models, derived from the data using EM, 
onstitute an elegant Bayesian framework

to treat a

umulating observations: at some point number of observations not represented by

the model (outliers) rea
hes 
riti
al point and is �re
ognised� by the algorithm as deserving

a separate mixture 
omponent, by so be
oming a part of the �theory�. Therefore, putative

outliers in the EM input have to be 
he
ked per-
ase prior to the removal to s
rutinise their

authenti
ity. Otherwise the ex
lusion of genuine unrepresented observations might distort the

resulting model [104℄.

2.7.2 Outlier dete
tion

There are many theoreti
al methods of outlier treatment, however, none of them is unanimously

a

epted. The most 
ommon of them is based on Z s
ore (des
ribed in Se
tion 2.5.1) and

requires the data to follow a normal distribution. A more �exible is Bayesian theory-ba
ked

method to 
ompute the odds that an observation was sampled from the population rather than

from the distribution of outliers [16℄. Along these lines Sain et al. (1999) have demonstrated

a su

essful outlier dete
tion te
hnique based on ratio of likelihoods that an observation under

study is sampled from either the population or outlier distribution. The authors used EM for

mixture parametrisation and AIC for the sele
tion of number of 
omponents. However, they


on
lude that EM tends to dedi
ate a 
omponent for numerous identi
al or 
lose outliers in the

training sample, 
onsequently 
easing to 
onsider this part of population as outliers [104℄. On
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the other hand, given no additional information it is hard to tell the observations belonging

to the population from outliers. Nevertheless, su
h eventual �transformation� of a group of

outliers to a part of the �rule� �ts very well with the s
ienti�
 method. In the 
ourse of eviden
e


olle
tion, a 
ertain group of events arises, whi
h is not explained well by the 
urrent hypothesis.

Therefore, if allowed by O

am's razor, the hypothesis is extended to a

ommodate the newly

observed feature. Thus the initial hypotheses about stereo
hemistry should be modi�ed by

the introdu
tion of new observations, otherwise there is no need for further 
olle
tion of the

eviden
e [28℄.

2.8 Existing libraries and tools

2.8.1 PLATON

PLATON was developed in 1980 as a program for the automati
 
al
ulation of stereo
hemi
al

parameters for stru
tures re�ned with SHELX76, in
luding bond lengths, bond and dihedral

angles. Eventually the program was improved to in
lude and evaluate even more stereo
hemi
al

parameters, su
h as unusual or forbidden 
onta
ts and voids [10, 107, 108℄. PLATON attempts

to dedu
e hybridisations from the 
onne
tivity information reporting every failure as it may

help lo
ating missing atoms in the model. Many other heuristi
s are applied to identify errors,

most of them based on features that rarely o

ur naturally: isolated oxygen atoms (most likely

water mole
ules missing hydrogens), isolated hydrogen atoms (possibly in
orre
t 
oordinates)

and many more [10℄. Che
ks of PLATON are in
orporated into 
he
kCIF

7

Web servi
e by the

IUCr, whi
h is employed in validation of 
rystal stru
tures prior to their publi
ation. Sour
e of

PLATON is open and the program is free for a
ademi
 usage.

2.8.2 Engh & Huber, 1991

Library of stereo
hemi
al parameters for the re�nement of protein stru
tures by Engh and Huber

(1991) was derived from small mole
ule 
rystal stru
tures in the CSD (thus it is also referred

to as CSD-X) and is still widely used today [38, 4℄. The authors analysed the stereo
hemistry

of mole
ule parts equivalent to protein ba
kbone and amino a
ids. At that time, the CSD


ontained around 100 000 entries [12℄. In their study, the authors have supplemented the set of

CHARMM atom types with 14 novel atom types, arguing that su
h additions were ne
essary

when a distin
tion between parameters of two di�erent 
hemi
al fragments was apparent [98℄.

Parameter values were given for 59 distin
t types of bonds and 108 types of angles. Over 15

years later Jaskolski et al. (2007) analysed the 
ontents of the CSD and near-atomi
 resolution

stru
tures from the PDB, 
on
luding that ideal stereo
hemi
al values, as reported by Engh &

Huber, required only minor adjustments [38℄. It was, however, noti
ed that protein ba
kbone

bond length between 
arbon and nitrogen depends on the type of amino a
id residue that is

atta
hed to the 
arbon [109℄. Subsequent dis
ussions have arrived at a 
on
lusion that the

angle of protein ba
kbone (N�Cα�C, so-
alled τ angle) is in�uen
ed by more fa
tors than it was

thought initially and that all of them should be a

ounted for [100, 109℄. Cole et al. (2017)

7

http://
he
k
if.iu
r.org
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proposed a 
onstantly updated library of protein-relevant restraints, automati
ally generated

from small mole
ule stru
tures 
ontaining small peptides, as opposed to amino a
ids only.

Su
h in
lusion of ligated amino a
ids should improve the quality of protein ba
kbone-related

parameters [12℄.

2.8.3 MIMUMBA

MIMUMBA, a generator of biologi
ally relevant 
onformations of ligands, was introdu
ed in 1994 by

Klebe and Mietzner [110℄. The authors have employed atom typing te
hnique similar to SYBYL

line notation to query the CSD. Stru
tures with R < 0.1 were analysed, ring and open-
hain

fragments were treated separately. Fused rings (rings that share bonds) were split into smallest

possible rings of up to seven members. 216 distin
t dihedral angle parameters that 
over the

most important fragments in typi
al organi
 mole
ules were identi�ed and analysed. Probability

distributions of dihedral angles were smoothed using �fth order polynomial spline and 
onverted

into empiri
al potentials by the approa
h of Murray-Rust [111℄. The authors argue that the

generated 
onformations have some probability to resemble geometries that ligands adopt at

the protein binding sites [110℄.

2.8.4 PRODRG

PRODRG is a program developed to re
ognise ligands from their 3D 
oordinates using SMILES-like

des
riptor strings, 
alled �MOLDES�. Des
riptors in
lude topology information of whole ligands.

PRODRG is also 
apable of generating 3D 
oordinates for input des
riptors. MOLDES des
riptors

en
ode atom 
hemi
al types by arbitrary integer 
odes, therefore, they are less human-readable

than SMILES and in
lude only 
hemi
al types most usually found in ligands [56℄.

2.8.5 Mogul

Mogul is a library of small mole
ule geometry, derived from observations from over 800 000 
rystal

stru
tures in the CSD [12℄. The library des
ribes most often observed bond lengths, bond angles

and a
y
li
 dihedral angles as well as preferred 
onformations of ring systems. Atom typing

approa
h is used to fa
ilitate exa
t substru
ture sear
h inside the library. The developers of

Mogul have put the upper limit for large samples: prior to the analysis, bond lengths, bond and

dihedral angles are redu
ed to 10 000 observations by random sele
tion, whereas ring samples are

redu
ed to 500. Su
h a limit 
ould be useful, sin
e storage and interpretation of large samples

may be problemati
 [112℄. Furthermore, Mogul does not in
lude fragments with hydrogen atoms,

as their positions may not be reliable (dis
ussed in Se
tion 3.4.4). Parameters of these fragments

are summarised by a mean and standard deviation. Bond and dihedral angles 
ontaining metal

atoms are also ex
luded as well as rings of less than �ve atoms [113℄. Angle dire
tion (
hirality)

of dihedral angles is not retained as all distributions are assumed to be symmetri
 around 0

◦
[13℄.

Mogul is used to evaluate the geometry of input stru
tures: Z s
ores are 
al
ulated for bond

lengths and bond angles, distan
es from the nearest observations in the database are returned for

dihedral angles. Fun
tions for the dete
tion of unusual geometry have been in
luded in 
rystal

stru
ture solution program CRYSTALS, allowing also to use CSD-derived values as targets in its
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least-squares re�nement [43℄. Alongside Mogul, a 
omplementary library IsoStar is developed

for non-bonded intera
tion between parts of mole
ules. Program Isogen is used to produ
e

geometry distributions for these observations [114℄. Usage of Mogul, IsoStar and Isogen is

limited to CSD/CCDC li
ense holders, as is the 
ase with all the other produ
ts of the CCDC.

2.8.6 VaLigURL

Kleywegt and Harris (2007) have presented VaLigURL, a Web server for 
omparison of user-

supplied 
rystal stru
tures with all analogous entries in the PDB. The server also enables

studies of ligand 
onformational diversity and quality a
ross the PDB. The authors suggest

using VaLigURL as a means for the evaluation of sets of 
andidate models in sear
hes for the

best model, as models are judged by how 
ommon their geometries are. However, VaLigURL uses

neither atom typing nor the monomer-based approa
h. Instead it relies upon atom labels, that

are quite standard in ma
romole
ular PDB �les. The authors a
knowledge that in
onsistent or

erroneous atom names in the input result in unre
ognised atoms or high deviation from �regular�

bond lengths and angle sizes [6℄.

2.8.7 PURY

In 2008 Andreja²i£ et al. reported the 
reation of PURY, an online database of geometri


parameters of 
hemi
al 
ompounds, derived from the CSD. PURY is 
omprised of lists of bond

lengths, bond and dihedral angles, 
hirality, planarity and 
onformation parameters. A total of

1978 atom types were identi�ed, parti
ipating in 32 702 bond, 237 068 bond angle and 201 860

dihedral angle 
lasses. The authors emphasised that a vast part of these 
lasses 
onsisted of

just a few observations. Nevertheless, for 
lasses with a single observation that 
ould not result

in the derivation of standard deviations (important for the des
ription of 
onformation spa
es),

they have assigned meaningful values of σ, taken to be 
ompatible with the rest of parameter


lasses. However, due to the li
ensing poli
y of the CCDC being also appli
able to the produ
ts

derived from the CSD, PURY is only available to CSD/CCDC li
ense holders [7℄.

2.8.8 CV

Taylor et al. (2014) have developed the CV system, whi
h was used to 
onstru
t geometry libraries

for proteins, 
onsisting of parameters for bond lengths, bond and dihedral angles. A geometry

optimiser and a generator for 
onformational isomers (
onformers) were also presented. The

authors have stressed the importan
e of dihedral as well as bond angles to the overall mole
ular

form. Bond lengths were judged to be less in�uential to it, albeit of widespread interest. Mogul

was used as a starting point and was supplemented by taking into 
onsideration 
hirality,

three- and four-membered rings, fused rings and symmetry. Novelties (
ompared to Mogul)

were introdu
ed in dihedral angle analysis by in
luding all single, double and aromati
 bonds,

both a
y
li
 and 
y
li
. Distributions of dihedral angles span full 360

◦
range and are not by

design symmetri
 around 0

◦
. Only stru
tures with R ≤ 5% were 
onsidered, solvate mole
ules

were ex
luded. Lower and upper quartiles were used for the outlier dete
tion. Large samples

were redu
ed to 250-1000 observations by random sampling and the 
onstru
tion of the library
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was 
arried out automati
ally. Several libraries were 
onstru
ted using atom types of de
reasing

degree of pre
ision for sear
hing in 
as
ading fashion. The authors have 
on
luded that 
orre
t

handling of 
hirality by CV improved the results, as 
ompared to Mogul [13℄.

2.8.9 CSD-KBF

CSD-KBF, a knowledge-based optimisator of organi
 mole
ules, was reported by Cole et al. (2016).

Again, 
ustomised version of Mogul was used to analyse the data in the CSD to 
onstru
t

empiri
al for
e �elds, in a manner similar to that of CV. Geometri
 distributions were smoothed

and plugged in the obje
tive fun
tion as terms 
on
erning bond lengths, bond and dihedral

angles, planarity and bumps. Terms for previously unseen fragments were based on input 3D


oordinates, allowing a small degree of variation around values. In the 
on
lusion the authors

state that empiri
al for
e �elds result in similar out
ome as density fun
tional theory (DFT)

based 
onformational s
an [113℄.

2.8.10 A
eDRG

A
eDRG is a program for automated derivation of geometri
al information from the 
rystal

stru
tures of small mole
ules. Long et al., the authors of the program, have applied A
eDRG

to extra
t 
hemi
al knowledge from the COD and 
on
luded that their results were in 
lose

agreement to those derived using Mogul, albeit both programs implement di�erent algorithms.

The authors have devised SMILES-like atom types and many methods for a posteriori 
leaning

up of the observations. Extreme outliers with Z s
ore over 5 were removed, as well as whole

mole
ules having either exa
tly the same or too di�erent lengths for the same 
lass of bonds.

Bond 
lasses having parti
ularly small standard deviations were given spe
ial treatment due

to the possible bias, 
aused by 
onstrained re�nement. Classes of less than 100 observations

were ignored as not signi�
ant. Afterwards, tests for skewness, kurtosis and multimodality were

performed to identify departures from the normal distribution. The authors have 
on
luded

that bond lengths are a�e
ted by even their third 
ovalent neighbours [115℄.
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Methods and algorithms

3.1 Extra
tion of 
rystallographi
 data

The �rst step of the analysis of 
rystal stru
tures (diagram of the whole work�ow for building

the geometri
 library is given in Figure 3.1) is the extra
tion of data from the CIF format �les.

It was noti
ed that minor deviations from both the CIF 1.1 syntax [67℄ and semanti
s [15℄

appear to be relatively 
ommon in the supplementary CIF �les of the published arti
les. Some


onstraints of the format 
ould be relaxed without any harm (allowing, for example, in
lusion

of Uni
ode 
ode points past the single byte limit). Moreover, introdu
tion of additional rules

to the formal grammar 
ould a

ount for error-
orre
ting heuristi
s, for example, dete
tion of

runaway 
losing quotes. The absen
e of su
h error-dete
ting and 
orre
ting features in the

existing CIF parsers motivated us to develop our own parser, to whi
h we refer to as COD::-

CIF::Parser [67℄. In general, in the development of our parser we have followed the prin
iple

of robustness as formulated by Postel [116℄: �be 
onservative in what you do, be liberal in what

you a

ept from others�. Therefore, COD::CIF::Parser is able to automati
ally �x the most


ommon and the most obvious synta
ti
 errors. Both tra
table and intra
table de�
ien
ies are

a

urately reported, in
luding their pre
ise lo
ation and nature. Based on COD::CIF::Parser

we have developed 
od-tools

1

� a set of tools for manipulating the CIF �les in the COD. The


od-tools pa
kage is su

essfully used in the automated COD data deposition pipeline and the

validation of the COD data against the IUCr data validation guidelines

2

. The pa
kage has been

intensively used and developed during the 
urrent resear
h.

Conversion of the CIF �les into internal data representations (parsing) is obviously of great

importan
e to all CIF handling tools. It is important to stress that grammars of both CIF 1.1

and CIF 2.0 are 
ontext-free (type of CIF 1.1 grammar 
ould be disputed due to the existen
e

of rules showing the 
hara
ter of 
ontext-sensitive grammar), therefore regular expressions are

not enough to parse CIF format.

A spe
ial kind of CIF handling software is general purpose parsers that are developed to serve

1

Available under the GPL2 free software li
ense at svn://www.
rystallography.net/
od-tools/tags/v2.

0, this study refers to version 2.0 (sour
e revision 5425), whi
h 
an be also obtained from http://www.


rystallography.net/ar
hives/2017/software/
od-tools/
od-tools-2.0.tbz2

2

ftp://ftp.iu
r.org/pub/dvntests
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COD

Data extra
tion from CIF �les

COD::CIF::Parser

Crystal 
ontent re
onstru
tion


if_mole
ule

Extra
tion of mole
ules


if_mole
ule

Atom type assignment


if_bonds_angles

Extra
tion of geometri
 parameters


if_bonds_angles

Model sele
tion

MixtureFitting

geometry

library

Figure 3.1: Diagram of the 
onstru
tion of geometry library from the data in the COD. Software

used for ea
h of the pro
esses is shown in orange ba
kground.

as CIF reading libraries for other software tools. Examples of CIF 1.1 parsers in
lude v
if

3

[117℄,

v
if2 (also known by the name of the exe
utable �le 
if2
bf) [118℄ and 
if_api [119℄ in C

language, gemmi [120℄ and u
if [121℄ in C++ language, 
if2
if [122℄ in Fortran language,

ASE [123℄ and PyCIFRW [124℄ in Python [125℄ language. Another noteworthy tool is the ZINC

pa
kage [126℄, whi
h provides a set of 
onverters from CIF to its own ZINC format and allows


onvenient manipulation of data in the 
ommand line environment. Finally, sin
e the syntax of

CIF 1.1 is a subset of a more general STAR 1 [127℄ format, STAR parsers like STAR::Parser [128℄

in Perl [129℄ and StarTools [130℄ in Java 
ould also be used to read CIF �les.

Most of the parsers are well-suited for reading synta
ti
ally 
orre
t CIF 1.1 �les, however,

departures from the CIF standard o

asionally o

ur in the supplementary material of the

published arti
les. Su
h �les trigger problems in pro
essing, for example when s
reening or

viewing. In the pro
ess of depositing supplementary CIF �les to the COD, minor departures

from the standard (missing quotes or data blo
k headers, dupli
ated data names or forbidden


hara
ters, et
.) appeared to be 
ommon and too numerous to be remedied manually by the

human editors. It was deemed too ine�
ient to require the CIF editors (usually volunteers


ontributing in their spare time) to �x these departures from the CIF syntax.

3

http://www.iu
r.org/resour
es/
if/software/ar
hived/v
if-1.2
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3.1.1 Programming tools

The COD::CIF::Parser was implemented in both Perl and C in parallel due to 
onvenien
e

reasons. High-level Perl language, permitting 
on
ise formulation of algorithms and ri
h in text

pro
essing features su
h as native support for enhan
ed regular expressions, has been 
hosen

for COD::CIF::Parser for CIF 1.1 initially. Long history of 
onsistent Perl development and a

wide 
ommunity of users and developers helped us gain experien
e in using this programming

language. Large number of 
ommunity-developed Perl libraries in the Comprehensive Perl

Ar
hive Network (CPAN)

4

is at hand to supplement our own developments. COD::CIF::Parser,

developed in Perl, is robust and fast with a performan
e 
omparable to those of other interpreted

languages (see Se
tion 4.1.3 for the 
omparison). Therefore, Perl was deemed suitable for our

�rst CIF 1.1 parser prototype and 
ontinues to serve as a helper for future developments.

However, relatively low speed (in 
omparison to the 
ompiled languages) of COD::CIF::-

Parser in Perl is the only drawba
k. To 
ounter this we have reimplemented the CIF 1.1

parser in lower-level C language. Developing and maintaining COD::CIF::Parser in C requires


onsiderably more e�ort than Perl 
ode, nevertheless, COD::CIF::Parser in C retains its

portability and 
ould be linked by a wide range of high-level 
omputer languages by the use

of bindings. We have developed binding for Perl, allowing for drop-in repla
ement of Perl

parser with its C 
ounterpart. In order to redu
e the otherwise doubled e�orts in developing

and maintaining parser 
ode in two languages we have implemented CIF 2.0 parser in C only.

CIF format parsers were implemented using generators for bottom-up synta
ti
 analysis

parsers instead of writing them �by hand� (e.g., using re
ursive des
ent method). As the

grammar rules for parser generator 
ould be put 
on
isely, expli
itly and in a readable form

in a single input �le, �xing, updating and extending the language is easier. These features are

espe
ially important as the IUCr introdu
es further developments of the CIF format as well as

we devise spe
ial error-
orre
ting extensions. For Perl parsers the Yapp tool [131℄ is employed,

while for C parsers the Bison parser generator is used [132℄. These tools a

ept nearly identi
al

input syntax based on well-known Ya

 parser generator [133, 134℄, whi
h is in turn based on

somewhat simpli�ed Ba
kus-Naur Form (BNF) syntax. Sin
e the CIF grammar is published in

BNF-like notation [135, 136℄, 
orresponden
e between it and Ya

 input is often straightforward.

Histori
ally, CIF 1.1 parser in C was implemented by porting the Yapp grammar to the Bison

input �le and repla
ing Perl 
ode by the 
orresponding C 
ode. Binding for Perl and, in turn,

Python, were generated using automati
 binding generator SWIG [137℄. Resulting parsers for

CIF 1.1 adhere to the same CIF syntax and produ
e identi
al internal representation of parsed

input �les. However, due to the di�eren
es in the parser generators the error reporting slightly

di�ers among the parsers in the di�erent languages. Nevertheless, the stri
t syntax of error

messages (see Se
tion 3.1.4) and identi
al internal representations of the CIF �les make the

seamless substitution of the CIF parser in Perl with the binding of parser in C possible without

disrupting the dependent software. The availability of C 
ompilers, Perl ports (available in more

than 100 
omputing platforms [138℄) and target programming languages of SWIG (over 20 at the

moment of writing) allow for relatively easy porting and linking of the COD::CIF::Parser.

4

https://www.
pan.org/
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Key Value

name S
alar. String denoting the name of a CIF data blo
k.

tags Array. Lower-
ased data names present in the CIF data blo
k.

values Hash. Keys are equal to the values of the tags array. Values are arrays


ontaining values for ea
h data item.

types Hash. Keys are equal to the values of the tags array. Values are arrays


ontaining lexi
ally derived data types for ea
h data item.

pre
isions Hash. Keys are equal to the values of the tags array. Values are arrays


ontaining standard un
ertainties for ea
h data item.

loops Array of arrays. Ea
h inner array 
orresponds to a loop from the CIF data

blo
k and 
ontains a list of data items present in the loop.

inloop Hash. Keys are equal to the values of the tags array. Values 
orrespond

to indi
es of the outer loops array. It is used as an index to optimise data

item-in-loop related sear
hes.

save_blo
ks Array of hashes. Contains the list of CIF save frames, where every frame is

represented using a data stru
ture, identi
al to a CIF data blo
k.


ifversion Hash. Has keys �major� and �minor�, 
orresponding to the major and minor

versions of CIF format, 
urrently 1.1 or 2.0.

Table 3.1: Key-value pairs of a hash that represents a single CIF data blo
k as 
onstru
ted by

COD::CIF::Parser

data_global

_journal_year 1998

data_example

_
ell_measurement_temperature 200.0(5)

_symmetry_spa
e_group_name_Hall '-P 1'

loop_

_spa
e_group_symop_id

_symmetry_equiv_pos_as_xyz

1 x,y,z

2 -x,-y,-z

Figure 3.2: An example of a CIF input for parsing

3.1.2 Data stru
tures

In the Perl language parser/binding a CIF �le is internally represented by an array of Perl

hashes, ea
h of them representing a single CIF data blo
k. Key-value pairs of the data blo
k

hash are shown in Table 3.1. For example, upon parsing of the CIF �le from Fig. 3.2, a Perl data

stru
ture shown in Fig. 3.3 is 
onstru
ted. The same data stru
ture is retained in the Python

binding (it should be noted that Perl arrays and hashes are straightforwardly represented by

Python lists and di
tionaries, a

ordingly).

Both textual and numeri
 CIF values are stored as strings. If present, standard un
ertainties

are preserved for numbers, just as found in the original CIF �le. Therefore, numeri
 pre
ision

is not lost during the parsing. To ease the appli
ation of the un
ertainties, they are provided in

the pre
isions subhash. CIF 
omments are ignored by the parser, as they should not 
ontain

important ma
hine-readable data and sin
e the order in whi
h they appear in input �les might

be di�
ult to reprodu
e if an appli
ation 
hooses to reorder data items in the parsed CIF.

Out of order 
omments, in turn, may introdu
e false interpretation of (meta)data if used for

inferen
e. The same 
onvention is found to be followed by PyCIFRW. Additional justi�
ation for
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[

# 0:

{

"
ifversion" => {

"major" => "1",

"minor" => "1",

},

"name" => "global",

"pre
isions" => {

"_journal_year" => [ undef ℄,

},

"tags" => [ "_journal_year" ℄,

"types" => {

"_journal_year" => [ "INT" ℄,

},

"values" => {

"_journal_year" => [ "1998" ℄,

},

},

# 1:

{

"
ifversion" => {

"major" => "1",

"minor" => "1",

},

"inloop" => {

"_spa
e_group_symop_id" => "0",

"_symmetry_equiv_pos_as_xyz" => "0",

},

"loops" => [

[

"_spa
e_group_symop_id",

"_symmetry_equiv_pos_as_xyz",

℄,

℄,

"name" => "example",

"pre
isions" => {

"_
ell_measurement_temperature" => [ "0.5" ℄,

"_spa
e_group_symop_id" => [ undef, undef ℄,

},

"tags" => [

"_
ell_measurement_temperature",

"_symmetry_spa
e_group_name_hall",

"_spa
e_group_symop_id",

"_symmetry_equiv_pos_as_xyz",

℄,

"types" => {

"_
ell_measurement_temperature" => [ "FLOAT" ℄,

"_spa
e_group_symop_id" => [ "INT", "INT" ℄,

"_symmetry_equiv_pos_as_xyz" => [ "UQSTRING", "UQSTRING" ℄,

"_symmetry_spa
e_group_name_hall" => [ "SQSTRING" ℄,

},

"values" => {

"_
ell_measurement_temperature" => [ "200.0(5)" ℄,

"_spa
e_group_symop_id" => [ "1", "2" ℄,

"_symmetry_equiv_pos_as_xyz" => [ "x,y,z", "-x,-y,-z" ℄,

"_symmetry_spa
e_group_name_hall" => [ "-P 1" ℄,

},

},

℄,

Figure 3.3: An internal CIF data stru
ture 
reated by the COD::CIF::Parser after pro
essing

the CIF �le from Figure 3.2

30



CHAPTER 3. METHODS AND ALGORITHMS

our de
ision is provided by the absen
e of language features to a

ommodate 
omments in su
h

widely used data formats as JSON.

3.1.3 Error dete
tion and 
orre
tion

COD::CIF::Parser is developed with the abilities to �nd and report CIF syntax errors as well

as apply heuristi
s to remedy the most 
ommon ones: insert missing data_ headers and quotes,

resolve multiple o

urren
es of the same data item and so on. The error dete
tion is fa
ilitated by

the extended CIF grammar that re
ognises synta
ti
ally in
orre
t 
onstru
tions. For example,

all CIF values appearing before the header of the �rst CIF data blo
k are dete
ted as CIF

data values and are ignored when parsed in the error 
orre
ting mode as malformed initial


omment lines. The full list of dete
table errors and their solutions is presented below. Ea
h of

the heuristi
s 
an be enabled or disabled via providing 
orresponding parser options (given in

bold):

• stray CIF values before the �rst data blo
k � ignored (�x_data_header);

• no data_ header � ignored (�x_data_header);

• stray CIF values after the data blo
k name � appended to the data blo
k name

(�x_datablo
k_names);

• dupli
ate data items � if all data items report the same value, dupli
ate items are skipped

(�x_dupli
ate_tags_with_same_values). The error is not 
orre
ted if two data

items with the same name have di�erent values � this is not done in order to prevent

in
orre
t interpretation of the input;

• items with dupli
ate data names, where only one data item 
ontains a known value (i.e. a

value that is not equal to a single question mark or a single period) � only the data item

with the known value is retained (�x_dupli
ate_tags_with_empty_values);

• more than one value for a single non-loop data item � all values are taken as quoted

(�x_string_quotes);

• unquoted strings starting with opening square bra
ket ([) � treated as single-quoted strings

(allow_uqstring_bra
kets);

• �Z symbols � removed (�x_
trl_z);

• other non-ASCII symbols � these are en
oded as XHTML 
hara
ter referen
es [139℄

(�x_non_as
ii_symbols);

• missing

single or double 
losing quote � an appropriate quote is inserted at the end of the line

(�x_missing_
losing_single_quote and �x_missing_
losing_double_quote).

All of the aforementioned heuristi
s 
an be enabled with the �x_all parser option. Reports


on
erning the errors and the performed 
hanges are 
olle
ted and either printed to the standard

error 
hannel (default behaviour) or 
olle
ted and returned as an array (when no_print option
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is present). Message format, des
ribed in detail in Se
tion 3.1.4, is designed to be both human-

and ma
hine-readable. In addition, the total number of errors is returned from the parser.

3.1.4 Error reporting

Most of the programs typi
ally issue informational messages 
on
erning the en
ountered

problems during the pro
essing of the input. Commonly, the addressee of su
h messages is

the human user and the purpose of their 
ontent is to inform about the nature of an emerged

problem and how to �x it. Therefore, the messages are usually written in informal language. As


od-tools pa
kage (and the most of our other software) is intended to be integrated into larger

systems su
h as the COD data deposition server, we have strived to make diagnosti
 messages

both human- and ma
hine-readable. We have found that:

1. in the absen
e of error 
odes, text in error messages be
omes the publi
 API and their


hanges should be strongly dis
ouraged (unless between major software versions);

2. stri
t, formal spe
i�
ation of the error message format is advantageous.

As the 
omposition of program systems is 
ommon in Unix-type operating systems, our solution

might be appli
able outside both the 
od-tools and the 
urrent study.

We have 
omposed a formal grammar des
ribing our error message format in the Extended

BNF (EBNF) form [140℄. The format 
an be readily adopted and used by the software authors

for further development of formatters and parsers of the error messages. In order to ensure the


ompleteness, unambiguity and 
orre
tness of the devised grammar, we have employed EBNF

parser and analyser as a means of 
omputer-aided veri�
ation of desired properties. To do so we

have implemented simple BNF and EBNF parser grammatiker

5

by using Grammati
a [141℄ parser

generator. Grammati
a is one of the parser generators that are 
apable of keeping the grammar

and the pro
essing 
ode in the separate �les in order to ease both the readability and reuse. The

output �les are generated in Java, thus the EBNF pro
essors were developed in this language.

The grammar of error messages has to be initially 
onverted into an input �le for Grammati
a,

from whi
h a parser in Java is generated. The initial step ensures that all grammar rules

are properly de�ned, and further pro
essing with Grammati
a ensures its unambiguity and


orre
tness. The generated parser may in turn be used to 
he
k the error message syntax

against the initial error message format grammar.

Top-level rules of the error message syntax are given in Figure 3.4. The progname is the

name of the program, whi
h issued the message, the �lename 
orresponds to the name of a �le

where the error was dete
ted. In order to better lo
alise the error, optional line and 
olumn

numbers (lineno and linepos, a

ordingly) may be provided in parentheses immediately after the

�le name, as well as additional information: the CIF pro
essing programs of 
od-tools pa
kage

output CIF data blo
k name (additional_position). The message text (message) 
orresponds

to human-readable problem des
ription, whi
h is optionally pre
eded by the level of severity

(status):

5

The BNF and EBNF parsers are available as a grammatiker pa
kage at svn://saulius-grazulis.lt/

grammatiker and https://github.
om/sauliusg/grammatiker
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error_report = progname, ':', [spa
es℄, [lo
ation℄, ':', [spa
es℄,

(status, ',', [spa
es℄ | lower
ase_word), [message℄,

[ ':', [spa
es℄, newline, { spa
e, 
ode_line } ℄,

{newline};

lo
ation = file_position, [spa
es℄, [ additional_position ℄ ;

file_position = filename, [spa
es℄, [ file_line_
olumn ℄ ;

file_line_
olumn = '(', lineno, [ ',', linepos ℄, ')';

Figure 3.4: The top-level grammar rules de�ning error message syntax for COD::CIF::Parser

• ERROR � indi
ates unre
overable situation, rendering the output (if any) of the program

unusable;

• WARNING � indi
ates that the output of the program 
ould in prin
iple be pro
essed

further, although it may 
ontain results that were not intended in the 
urrent situation

and thus should be treated with additional 
are;

• NOTE � an informative message; su
h message may be dismissed and the pro
essing

should pro
eed as usual.

If appropriate, messages 
on
erning syntax errors are followed by an ex
erpt of the original �le

(one or more 
ode_line). The origin of the error is signaled by a 
aret symbol (���). A few

examples 
onforming to our message grammar are provided in Figure 3.5.

As some symbols are used by the grammar as the delimiters of synta
ti
 
omponents,

they must not appear in �le names and the message texts. As is evident from the EBNF

grammar, to be parsed 
orre
tly, �le names must not 
ontain 
olons (�:�) and parentheses,

while message texts must not 
ontain 
olons. Sin
e these �forbidden� 
hara
ters may be found

in any of the aforementioned parts of the message, they have to be repla
ed by arbitrary es
aping

sequen
es. Despite the fa
t that the provided grammar does not de�ne any parti
ular es
aping

s
heme leaving it to be de�ned by the appli
ation-level agreement, programs of 
od-tools

pa
kage use the XHTML 
hara
ter entity referen
es, a 
ompromise between the simpli
ity of the

es
aping/unes
aping algorithms and the readability for the human user (an example of es
aped

�le name is given in the last line of Figure 3.5). Therefore, any text 
an be en
oded and pla
ed

in an error message without any loss of information, with the bene�ts of being both human- and

ma
hine-readable.

3.1.5 Writing CIF �les

The 
onstru
tion of an initial �le from the data stru
ture of a parsed CIF �le is straightforward,

sin
e the data stru
ture 
ontains all the required information. The algorithm to determine the

appropriate CIF data type from a value is relatively easy: values with spa
es are en
losed by

quotes, and values for whi
h quotes are not enough are put in CIF text �elds. We have developed
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if_parse: stray.
if(2): ERROR, stray CIF values at the beginning of the input file.


if_parse: noquote.
if(2,25) data_I: ERROR, in
orre
t CIF syntax:

_journal_name_full A
ta Crystallographi
a

^


if_parse: loops.
if(14,1) data_I: ERROR, wrong number of elements in the loop starting at line 7:

loop_

^


if_parse: d.
if(2,6) data_I: ERROR, dollar symbol ('$') must not start an unquoted string:

_tag $value

^


if_parse: non&
olon;existent.
if: ERROR, 
ould not open file -- no su
h file or dire
tory.

Figure 3.5: Examples of COD::CIF::Parser diagnosti
 messages

COD::CIF::Tags::Print Perl module of the 
od-tools for writing CIF �les. The parser and

writer pair was shown to perform su

essful round-trips for its own written CIF �les [67℄.

CIF format has a potential to be used as a universal data 
arrier for any data available as

key-value pairs, in the manner similar to JSON, XML or YAML. This feature is already used

by SHELXL2014 [142℄ to embed its input and output �les in CIF in order to store the providen
e

information next to the data itself. However, embedding of any data in CIF text �elds is limited

by the restri
tions on the 
hara
ter set, line length and their non-nestable nature (lines inside

text �eld must not start with a semi
olon, as su
h 
onstru
tion is used to mark the termination

of a text �eld). The last two limitations were lifted by the introdu
tion of the text �eld folding

and pre�xing proto
ols in CIF 2.0 [143, 72℄. Although, stri
tly speaking, the line pre�xing

proto
ol is standardised only in CIF 2.0, we have implemented both folding and pre�xing in

COD::CIF::Parser and COD::CIF::Tags::Print as methods to 
ir
umvent the limitations of

CIF 1.1, treating line pre�xing as an appli
ation-level agreement. Indeed, su
h agreements


ould be used to bypass all limitations of the format as long as the reading appli
ations are

aware of these methods. On the other hand, pre�x-unaware software should pro
ess su
h �les


orre
tly unless programmati
 interpretation of pre�xed text �eld 
ontents is attempted. In

su
h 
ase failure is likely inevitable. Should the unpre�xing or unfolding of read CIF values

be undesired in COD::CIF::Parser, either or both fun
tions 
an be disabled by using parser

options do_not_unpre�x_text and do_not_unfold_text, respe
tively.

Apart from the folding and pre�xing, whi
h are de�ned by the Committee for the

Maintenan
e of the CIF Standard (COMCIFS), we have devised and implemented a 
ouple more

methods for e�e
tive evasion of the restri
tions of the 
hara
ter set, present in both CIF 1.1 and

CIF 2.0 versions [144℄:

• Numeri
 Chara
ter Referen
e (NCR): used in 
od-tools pa
kage (explained in

Se
tion 3.1.4) to es
ape non-ASCII and other 
ontext-dependent forbidden symbols.

Sparse usage of NCRs in texts with preserves the readability;

• Quoted-Printable [145℄: has the same properties as NCRs plus the line folding ability;

• Base64 [145℄: over
omes all the limitations of CIF by en
oding the 
ontent in base 64

system using printable ASCII symbols; used only when the 
ontent is purely binary;

• gzip+Base64 [145, 146℄: same as Base64 with the 
ompression.

34



CHAPTER 3. METHODS AND ALGORITHMS

The 
hoi
e of the en
oding 
an be made a

ording to the requirements of readability and

�le size. It is evident that the gzip+Base64 en
oding de�nes a sta
k of two layers: Base64-

en
oding of gzipped 
ontents. In order to implement su
h sta
ks we have de�ned a set of

_t
od_
ontent_en
oding_* CIF data items to des
ribe en
oding sta
ks of any 
omplexity in

a dedi
ated human- and ma
hine-readable CIF loop.

3.2 Usage of 
rystallographi
 data

3.2.1 Data sour
e

We have 
hosen the COD as a sour
e for small mole
ule stru
tures due to its open a

ess nature

and in
lusion of the whole spe
trum of small mole
ule stru
tures. The COD provides many

means to obtain its data. One of them is using Subversion, a version 
ontrol system, allowing

to a

ess any version (�revision� in Subversion language) of the COD data at any time. This

method was 
hosen as preferred, sin
e it allows to pinpoint a spe
i�
 immutable version of the

data in the database. For the 
urrent study, revision 199925 was 
hosen, having 382 807 entries.

3.2.2 Data 
uration

Responding to the 
alls from the publishers and the 
ommunity for the higher quality

standards of publi
ly available 
rystallographi
 data, developers of the COD (in
luding me)

have implemented stri
ter 
he
ks for in
oming data and automati
 �xes/regularisations. The

following automati
 
he
ks were implemented:

• Semanti
 validation of powder di�ra
tion reports using powder di�ra
tion CIF do
uments,

as des
ribed by Toby et al. [65℄;

• Dete
tion of in
omplete symmetry operator lists. In addition to these data, CIF �les

usually 
ontain symmetry spa
e group symbols (Hermann�Mauguin and/or Hall) that

must 
orrespond. Failure to mat
h these would signal a possible error.

• Semanti
 validation of supersymmetri
 stru
tures. The IUCr has de�ned methods to

des
ribe symmetry in more than three dimensions and these des
riptions 
ould be 
he
ked.

3.2.3 Measurements and 
onne
tivity

CIF format de�nes data items for storing geometri
 measurements, namely _geom_bond_*,

_geom_angle_* and _geom_torsion_*. Although these items are not mandatory, it was found

that 321 762 of 382 807 COD entries (∼85%) 
ontain them. Nevertheless, there is no guarantee

that these lists of measurements are 
omplete and free of typographi
al mistakes. Therefore it

is a 
ommon pra
ti
e to independently 
al
ulate the geometri
 parameters from the 
oordinates

and 
onne
tivity. CIF format also de�nes data items for the former, _
hemi
al_
onn_bond_*,

albeit they are virtually never present in the published CIF �les (only three o

urren
es were

dete
ted in the COD so far). Algorithmi
 dete
tion of 
onne
tivity is widely used, our approa
h

is detailed in Se
tion 3.3.2. As CIF format uses fra
tional 
oordinate system, where the base is
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formed from the 
ell ve
tors, we 
onvert atom 
oordinates to the orthogonal system as des
ribed

in Parsons & Clegg (2009) [8, p. 205�219℄.

3.2.4 Dete
tion of 
hemi
al spe
ies

Despite the fa
t that the 
ore CIF di
tionary de�nes a means to spe
ify the 
hemi
al spe
ies

for the observed atoms, it is often ignored or misused. The IUCr re
ommends to use the

_atom_site_type_symbol data item that is designated just for this purpose. Alternatively, one

or two letter 
hemi
al symbol 
an be prepended to atom labels (values of _atom_site_label

data item). For example, C11, Au and Pb* labels would be used to spe
ify 
arbon, gold and lead

atoms a

ordingly, following this naming s
heme. The latter approa
h seems to be preferred

in pra
ti
e, despite that it introdu
es a lot of ambiguities. First of all, it is un
lear whether

the author meant to use the labels for this purpose or that one simply forgot to in
lude the

_atom_site_type_symbol data item. Furthermore, dete
tion of 
hemi
al spe
ies from a label

is also ambiguous. Usually, it is su�
ient to per
eive the �rst one or two letters from the atom

label as its 
hemi
al symbol (/̂([A-Za-z℄{1,2})/ in regular expression form). However, this

approa
h may fail with 
ases when labels 
ontain some additional information, for example, HO

and HOH, whi
h are often used to indi
ate hydroxide and water mole
ules a

ordingly, would both

be per
eived as holmium (Ho). Labels often used for water mole
ules (Wat, W and Ow) show
ase

the other �aws of su
h simplisti
 approa
h. The maintainers of the COD have adopted a pra
ti
e

of manually adding the 
hemi
al spe
ies as values of _atom_site_type_symbol data items (if

none given) thus removing any ambiguity. However, this is not yet done automati
ally for

reasons mentioned earlier.

For this study the simplisti
 approa
h for the dete
tion of 
hemi
al spe
ies is employed.

If present, values of _atom_site_type_symbol are preferred, hoping that in the long run all

ambiguous atom labels will be resolved by the 
urators of the COD. As usual, stru
tures

having syntheti
 
hemi
al elements are ex
luded from the 
onsideration [147℄ starting with

darmstadtium. Deuterium is also deemed intra
table in this study.

3.2.5 Multiple o

upation of sites

Atom sites that are modelled as mixtures of two or more di�erent 
hemi
al types are 
ommonly

represented in CIF by multiple entries of _atom_site_* loop, identi�ed by (almost) identi
al


oordinates. For example, grunerite stru
ture in COD entry 9000000 (as of revision 176465)


ontains four iron-magnesium sites. Eight _atom_site_* entries are used to des
ribe this

property. Collated by their 
oordinates these entries result in o

upan
y values summing up to

1 at ea
h of the sites. Four Br/Cl sites are as well found in COD entry 2218544 (Figure 3.8, e

and f). To present downstream appli
ations with semanti
ally 
onne
ted _atom_site_* entries

of su
h sites, we have adopted a pra
ti
e to mark su
h sites as alternative using CIF format's

_atom_site_disorder_* data items if the sum of their o

upan
ies

∑

omaintains the inequality

|1 − ∑

o| ≤ 0.1. Instead of modifying all COD CIF �les, however, we apply this 
onvention

on-the-�y via 
ommand line tool 
if_mark_disorder from 
od-tools pa
kage. The approa
h

proved itself handy sin
e as mu
h as 6% of the COD CIF �les had been shown to 
ontain

unmarked multiply o

upied atom sites. Nevertheless, vast majority (around 90%) of su
h
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Figure 3.6: Angle density histogram of polyyne 
arbon (atom type C(CC)2, yellow) and alkane


arbon (atom type C(CCHH)2(H)2, violet) fragments from the COD. While normally polyynes

are linear 
ompounds (C�C�C angle is 180

◦
), this distribution of angles is distorted by the


ontamination with observations from saturated alkane 
hains (peak at around 107

◦
) without

both expli
itly and impli
itly modelled hydrogens. 3D visualisations of mole
ular stru
tures for

this and the rest of illustrations are produ
ed with Jmol [148℄.

stru
tures did not produ
e geometri
 measurements, largely (∼60%) due to disorder-dependent


onne
tivity (des
ribed in detail in Se
tion 3.3.5).

It is possible to go even further and employ an algorithm to 
he
k all the atoms of in
omplete

o

upan
y for possible assemblies, as it was done by Bruno et al. [45℄. However, the number

of potential variants tends to grow exponentially. Moreover, it is easy to misassign atoms to

disorder groups, thus we argue that automati
 dete
tion of disorder should better be 
oupled

with human supervision.

3.2.6 Impli
it hydrogen atoms

Low resolution 
rystallography extra
ts very little to no information about the lo
ations of

hydrogen atoms in 
rystal stru
tures, mostly due to tiny 
ontributions of these atoms to the

di�ra
tion patterns. In studies 
on
erning positions of heavy atoms only, hydrogen atoms

are usually 
ompletely eliminated from the determined 
rystal stru
tures. Nevertheless, there

are many methods for hydrogen position treatment even when little stru
tural information is

available about them, for example restraints and geometri
 predi
tion, just to name two of

them. However, employed hydrogen treatment methods and possible lo
ations are of great

importan
e for 
hemi
al interpretation of 
rystal stru
tures and subsequent stru
ture-based

studies. Usually, simple heuristi
s are applied to dete
t 
ounts and atta
hment sites of hydrogen

atoms. For example, isolated oxygen atoms in 
rystal stru
tures are generally treated as
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water mole
ules missing atta
hed hydrogen atoms [10℄. However, they also may stand for

hydronium (H3O
+
) or hydroxide (OH

−
) ions, as CSD 5.32 
ontained 954 and 317 entries with

su
h 
ompounds, a

ordingly [45℄. To eliminate ambiguities CIF standard de�nes data item

_atom_site_atta
hed_hydrogens to indi
ate a known number of hydrogen atoms atta
hed

to a known site, albeit not modelled. On the other hand, no re
ommended notation exists

for a known number of hydrogen atoms whose atta
hment sites are unknown. A widespread

tenden
y is to introdu
e dummy atoms (marked as su
h via _atom_site_
al
_flag data item)

with 
oordinates (−1.,−1.,−1.) and either o

upan
ies or atta
hed hydrogens numbers giving

the quantity. Su
h behaviour might disrupt programs that are not prepared for interpretation

of _atom_site_
al
_flag or spe
ial treatment of (−1.,−1.,−1.) 
oordinates. We have de
ided

to put the total number of impli
it hydrogen atoms without known atta
hment sites as a value

of _atom_site_atta
hed_hydrogens of a dummy atom with unknown 
oordinates (all equal to

�.�; see COD entry 2000135 for example) manually during the 
uration of the COD as a means

to unify their representation throughout the COD.

Although observations from fragments with missing hydrogens were found to seriously


ontaminate the otherwise s
ienti�
ally sound distributions (see Figure 3.6 for example), we

have made no attempt to automati
ally dete
t and ex
lude them judging by geometry only.

Although this would have resulted in 
onstru
tion of �
orre
t� models, the aim of the 
urrent

resear
h is to des
ribe the 
urrent geometry in the COD thus being suited to �a

ept� data

with features similar to those already existing in the database. Therefore, further stru
tures

with missing hydrogens would not be treated as unusual, sin
e in a sense they do not 
ontain

anything previously unseen.

3.2.7 Missing atoms

A wider 
lass of 
rystal stru
ture features is related to missing parts of the stru
ture, that

range from disjoint atoms to whole moieties. Usually, small solvent mole
ules are ex
luded

from 
rystal stru
ture des
riptions, as their ele
tron density is too widely distributed to allow

lo
alisation of individual atoms, even disordered. Missing atoms seriously a�e
t 
rystal property


al
ulations, su
h as ele
troni
 band stru
tures. Therefore, su
h studies tend to ex
lude 
rystal

stru
tures, whose de
lared summary 
hemi
al formulae do not 
orrespond to ones 
al
ulated

from their unit 
ell [53℄. However, internal solvent geometry is rarely of interest for the studies

of stereo
hemistry. Thus we also have not employed any heuristi
s to ex
lude potentially

in
omplete stru
tures from this study, but we have performed s
ans for voids in the COD

as a part of the database 
uration e�ort.

For the dete
tion of voids in 
rystal stru
tures in the COD we have developed a program


if_voids

6

, whi
h reads in CIF �les, re
onstru
ts atoms in P 1 (see Se
tion 3.3.1) and tries to

�t spheres between van der Waals surfa
es of the 
rystal. The empty sphere lookup is 
arried

out using voronota [149℄, a tool intended for Voronoi tessellation 
onstru
tion for mole
ular

models. 
if_voids reports all empty spheres (�voids�) with radii larger than some arbitrary

Rmin, either modelled as regions of disordered solvent, or originating from errors.

6

Available under the GPL2 free software li
ense at svn://saulius-grazulis.lt/
rystalvoids/trunk, this

study refers to sour
e revision 64.
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Sin
e 1988 PLATON's SQUEEZE method is used to model disordered solvent during mole
ular

re�nement. Program's reports about modelled voids are usually appended to the resulting CIF

�les [94℄, thus they 
an be 
onsulted in order to tell �natural� voids from unintentional. In

revision 199925 the COD 
ontained around 12 000 stru
tures with PLATON's SQUEEZE reports

appended in _platon_squeeze_* CIF data items.

3.3 Crystal re
onstru
tion

3.3.1 P 1 re
onstru
tion

We have investigated two approa
hes to the 
rystal re
onstru
tion. In the �rst approa
h the

asymmetri
 unit of the 
rystal is expanded to the P 1 unit 
ell, then ex
ess symmetri
ally

equivalent moieties are removed preserving however 
orre
t ratios of them. This results in

the generation of all moieties in the unit 
ell. In the se
ond approa
h unique moieties are

re
onstru
ted by using symmetri
ally equivalent atoms (if ne
essary), then those symmetry

operators are applied whi
h were not yet applied to them, but are required to generate their


ounterparts in the 
rystal. The �rst approa
h is simpler, however, super�uous moieties are

generated, only to be dis
arded afterwards. The se
ond approa
h uses some algebra, but is less


omputationally intense. For further 
omparison we have implemented both algorithms in Perl

programming language in the 
od-tools pa
kage. Below is the informal des
ription of the �rst

approa
h:

1. Every symmetry operator of the 
rystal symmetry spa
e group is applied to every

atom, and the resultant image is redu
ed modulo 1, i.e. moved to a representative unit


ell (unit 
ell 
losest to the origin in the �rst o
tant, spanning fra
tional 
oordinates

[0..1), [0..1), [0..1)). Ea
h generated atom image gets a unique identi�er �
ell_label�, a list

is initiated for all �
ell_label� identi�ers whi
h are already used in moieties, originally

empty.

2. For neighbour sear
h the representative unit 
ell is used to generate 3×3×3mesh (so-
alled

�super
ell�). Super
ell is ne
essary to 
apture 
onne
tions 
rossing unit 
ell boundaries.

In order to speed up the neighbour sear
h, all atoms of all 27 unit 
ells of the super
ell

are moved into an array of 
ubi
 �boxes�, with ea
h box having an edge equal to the

longest possible 
ovalent bond, that is twi
e the largest 
ovalent radius of an atom in

the analysed 
rystal with the addition of 
on�gurable margin. This way the dete
tion

of 
ovalent neighbours for an atom is 
arried out in only 27 adja
ent 
ubi
 boxes. This

method is signi�
antly less 
omputationally intensive 
ompared to the sear
h in all 27

unit 
ells of the super
ell (see for example Levinthal (1966) [150℄), making the algorithm's


omplexity linear if the density of atoms remains 
onstant. An impli
it assumption is

made that all lengths of the unit 
ell are longer than the longest bond in the 
rystal.

3. An atom with yet unused �
ell_label� is taken as a starting point of a new mole
ule.

Starting from this atom a 
onne
ted graph (a mole
ule) is built by re
ursively sear
hing

for 
onne
ted atoms in the surrounding �boxes�. When neighbours are sear
hed for an
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atom outside the representative 
ell, its 
oordinates are redu
ed modulo 1. The translation

(former integer part of the 
oordinates) is later added to the 
oordinates of the neighbours.

By doing so we ensure that atoms outside the super
ell are also found. When no more


ovalently 
onne
ted atoms 
an be added to the graph, its 
onstru
tion is 
omplete and

the step is repeated for the next atom with yet unused �
ell_label�. The sear
h is stopped

when all �
ell_label� identi�ers of the representative unit 
ell are used.

4. Symmetri
ally equivalent mole
ules are generated during the previous step if at least one

of their atoms is present in the representative unit 
ell. Su
h mole
ules fall into groups,

where ea
h mole
ule of the group is a symmetri
ally equivalent image of the other mole
ule

in the group. For the minimal stoi
hiometri
ally 
orre
t representation of the substan
e

not all equivalent images are required. Ea
h group of equivalents originate from the same

set of atoms in the original CIF �le, thus they have the same atom site labels (same values

of _atom_site_label CIF data items) in ea
h of the equivalent mole
ules. We identify

ea
h of the generated mole
ules by key K, formed from sorted and 
on
atenated atom site

labels. Grouping mole
ules by K we a
quire 
ounts of mole
ules under ea
h keys and �nd

the greatest 
ommon divisor D of these 
ounts. We then 
onstru
t the stoi
hiometri
ally


orre
t des
ription of the substan
e by outputting only Ni/D mole
ules from i-th group

with the total 
ount of Ni mole
ules.

5. Constru
ted des
ription is not yet minimal as a 
rystal may 
ontain more than one


hemi
ally identi
al, albeit symmetri
ally nonequivalent mole
ules in an asymmetri


unit, and all su
h mole
ules would be present in the output of the previous step.

To eliminate dupli
ates a 
hemi
al �ngerprint, for example, Morgan �ngerprint [151℄


ould be used for key K generation instead of site labels in step 4. Morgan algorithm

establishes 
anoni
al numbering of the mole
ular graph thus interpreting mole
ules with

identi
al 
onne
tivity as equal and 
hemi
ally di�erent mole
ules as di�erent. Therefore,


hemi
ally identi
al mole
ules of the asymmetri
 unit are grouped together yielding even

more redu
ed stoi
hiometri
ally 
orre
t representation. As �ngerprint usage introdu
es

additional assumptions about the mole
ular identity from di�erent 
hemi
al properties,

key generation using Morgan method has been implemented as user-sele
table alternative

in the algorithm.

The se
ond approa
h is similar to the algorithm des
ribed above; instead of using all unit


ell atoms as starting points of mole
ules, in step 3 we use only atoms of the asymmetri
 unit,

as des
ribed in the original CIF �le. By doing so we determine a minimal set of mole
ules

with ea
h mole
ule having at least one atom in the asymmetri
 unit. As some mole
ules

may 
ontain symmetri
ally equivalent atoms while others not, this set of mole
ules is not

stoi
hiometri
ally 
orre
t. For example, for COD entry 2231955 su
h algorithm would produ
e

one naphthalene-1,5-disulfonate and one dimethyl(4-methylphenyl)ammonium moiety as the

most of the 
ommonly used algorithms. Sin
e an inversion 
entre operator is applied to the

atoms of naphthalene disulfonate moiety to restore full moiety from the atoms in the asymmetri


unit, to preserve stoi
hiometry, the same operator (more than one operator, in general) has to

be applied to all other moieties of the 
rystal as well, only if this operator was not used to
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generate these mole
ules.

We have developed a program, 
if_mole
ule [152℄, to re
onstru
t 
rystal des
riptions from

asymmetri
 units, des
ribed in CIF �les. The output of this program is a CIF �le with 
rystal

des
ription in P 1 with additional information given in _
od_mole
ule_* data items:

• _
od_mole
ule_atom_*: a CIF loop listing details of symmetri
ally-restored atom sites:

� _
od_mole
ule_atom_label: a generated unique atom label;

� _
od_mole
ule_atom_orig_label: original atom label from the input CIF �le;

� _
od_mole
ule_atom_symmetry: symmetry operator, applied to the original atom

to produ
e this symmetri
 equivalent, expressed as S_ABC, where S is a numeri


identi�er of 
rystal symmetry operator and A, B and C denote translation (in unit


ells) along x, y and z axes, 
orrespondingly, augmented by 5. Therefore, 1_555

means identity operator with no translation. Some of the atoms might be in a

�spe
ial position�, that is, there is more than one symmetry operator pla
ing images

of an original atom at the same point in spa
e. For su
h images the symmetry

operator with the smallest number S is stored, the rest of the operators are pla
ed in

_
od_mole
ule_transform_* CIF loop.

� _
od_mole
ule_atom_symop_id: numeri
 identi�er of 
rystal symmetry operator

used to produ
e this symmetri
 equivalent;

� _
od_mole
ule_atom_symop_xyz: string representation of symmetry operator's

transformation matrix;

� _
od_mole
ule_atom_transl_id: translational part (ABC) of

_
od_mole
ule_atom_symmetry value;

� _
od_mole
ule_atom_transl_{x,y,z}: translation along x, y and z axes,


orrespondingly (integer);

� _
od_mole
ule_atom_mult_ratio (�multipli
ity ratio�): number of 
rystal

symmetry operators that map this atom site to itself;

� _
od_mole
ule_atom_mult: number of total 
rystal symmetry operators divided

by site's multipli
ity ratio. This value is usually provided in CIF �les as

_atom_site_site_symmetry_multipli
ity, however, we have noti
ed that in as

many as 200 000 CIF �les multipli
ity ratios were provided instead of multipli
ity

values.

� _
od_mole
ule_atom_assembly: identi�er of disorder assembly (if any), as des
ribed

in Se
tion 3.3.4;

� _
od_mole
ule_atom_group: identi�er of disorder group (if any), as des
ribed in

Se
tion 3.3.4.

• _
od_mole
ule_transform_*: a CIF loop listing symmetry operators that map the

original atom to its symmetri
 equivalents:

� _
od_mole
ule_transform_label: �
ell_label� of an image site;
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Figure 3.7: Comparison of three sets of 
ovalent radii: CCDC [153℄, whi
h is used in the


urrent study; Cordero et al. (2008) [22℄ (missing data points are interpolated); Pyykkö &

Atsumi (2009) [154℄.

� _
od_mole
ule_transform_symop: string representation of symmetry operator's

transformation matrix;

• _
od_mole
ule_is_polymer: yes indi
ates that the 
rystal stru
ture 
ontains at least

one moiety that spans in�nity unit 
ells at least in one dimension (for more information

refer to Se
tion 3.3.6). Absen
e of the data item or value no indi
ates otherwise.

Human- and ma
hine-readable des
riptions of these data items and their values are provided in

CIF di
tionary 
if_
od.di


7

.

However, with our method, high symmetries, 
ompli
ated 
onne
tivities and large unit


ells usually require vast 
omputational resour
es. To spare the resour
es we have limited the

exe
ution of 
if_mole
ule to 600 se
onds of pro
essor time and 1 GB of virtual memory. In

order to eliminate blo
ked pro
esses that do not 
onsume neither CPU time nor memory, ea
h

pro
ess is limited to an hour of wall 
lo
k time. limit them to 600 se
onds of pro
essor time and

1 GB of virtual memory. Pro
esses ex
eeding these limits are killed o�.

3.3.2 Conne
tivity

For the 
urrent resear
h we have employed 
ovalent radii table as reported in 2008 by the

CCDC [153℄, based on tables published as early as 1979 [155, 156℄. As an alternative, we have

also investigated the study of Pyykkö & Atsumi (2009) [154℄, whi
h provides a list of 
ovalent

radii for single bonds, and sin
e single bonds usually are the longest, this table is su�
ient for the

purpose of 
onne
tivity determination. When 
ompared with the CCDC table, radii of Pyykkö

7

http://www.
rystallography.net/
if/di
tionaries/
if_
od.di
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& Atsumi are generally shorter for d- and f-blo
k elements, with the greatest di�eren
es for


opper and 
admium, and 
onsiderably longer for s-blo
k elements (see Figure 3.7 for a detailed


omparison). Although the results of Pyykkö & Atsumi rely on well-established theoreti
al

ba
kground, radii of the CCDC are manually adjusted to better �t the 
onne
tivity as per
eived

by the resear
hers at the CCDC. Due to this reason we have 
hosen the table of CCDC 
ovalent

radii over the one of Pyykkö & Atsumi.

Di�eren
e of Cu�O distan
e 
uto�s deserves more attention. Harding (1999) [157℄ has

reported Cu�O distan
es in six-
oordinate 
opper-water 
omplexes in the CSD making up a

bimodal distribution with peaks at 2.00 Å and 2.38 Å, demonstrating the Jahn�Teller e�e
t [158℄.

As 
opper-water 
omplexes have well-de�ned geometry, we have deemed the in
lusion of su
h


omplexes in our library useful. Therefore, we had to treat these 
omplexes as 
onne
ted

moieties. The sum of Pyykkö & Atsumi 
ovalent radii for Cu�O is 1.83 Å and even with

the addition of 
ovalent sensitivity margin of 0.35 Å, as used in 
if_mole
ule by default, the

majority of long Cu�O �bonds� would not be treated as su
h. This observation, however, does

not mean that radii of Pyykkö & Atsumi are �awed, sin
e Cu�O relations in 
opper-water


omplexes are not proper 
ovalent bonds. Nevertheless, Cordero et al. (2008) have observed

in
reased plasti
ity of 
opper 
oordination sphere with respe
t to its neighbouring elements

even with the ex
lusion of observations a�e
ted by the Jahn�Teller e�e
t [22℄.

In order to determine 
orre
t 
onne
tivity for polymeri
 moieties (see Se
tion 3.3.6 for

dis
ussion), 
if_mole
ule 
onstru
ts and outputs up to 9 × 9 × 9 unit 
ells (super
ell) to

represent up to 93 repetitions of ea
h atom. Su
h large super
ells were deemed ne
essary for

proper atom type assignment, as des
ribed in Se
tion 3.5.4.

3.3.3 Bumps

The simplest method of bump dete
tion is a threshold value, 
onsidered to be the shortest

allowed 
onta
t distan
e: Su et al. (2017) used 0.6 Å whereas Long et al. (2017b) 
hosen even

stri
ter 
uto� of 0.1 Å [147, 115℄. Two atoms are 
onsidered as a bump by 
if_mole
ule if the

distan
e between them is less than a 
ertain fra
tion of the sum of their 
ovalent radii (
urrently,

a fra
tion of 0.75 is used by default) [152℄. Bumps are found in as mu
h as 10% 
rystal stru
tures

in the COD

8

. Reasons of bumps in
lude in
orre
t symmetry, unmarked alternative atoms,

presen
e of symmetri
ally equivalent atoms (several non-P 1 stru
tures having all symmetri


atoms listed have been identi�ed and 
orre
ted during s
reening of the COD

9

) or the la
k of

numeri
 pre
ision during the 
rystal re
onstru
tion. Stru
tures with bumps are often treated as


ontaining errors, therefore removed from the 
onsideration. Nevertheless, bumps usually o

ur

in unmarked disordered solvent moieties (su
h as water, toluene, ClO

−
4 , BF

−
4 and PF

−
6 anions [8,

p. 221�250℄), thus not a�e
ting the per
eived 
onne
tivity of the �main� moieties in 
rystals.

Removal of moieties with bumps might seem as a solution, although genuine large moieties

might also be ex
luded due to single unmarked variable groups, su
h as methyl. Therefore, we

have de
ided to pro
ess stru
tures with bumps alongside the others and inspe
t the in�uen
e of

suspi
iously short distan
es to the statisti
s afterwards.

8

Starting from here, statisti
s are taken from revision 1339 of svn://www.
rystallography.net/mole
ules-in-

COD/trunk/statisti
s/statisti
s.
sv

9

See, for example, COD entries 2101709�2101727

43

http://www.crystallography.net/cod/2101709.html
http://www.crystallography.net/cod/2101727.html


CHAPTER 3. METHODS AND ALGORITHMS

3.3.4 Pro
essing disorder

Disorder in 
rystal stru
tures is usually resolved (if possible) by providing 
oordinates of all

alternative positions for ea
h of the disordered atoms. A 
luster of atoms of a mole
ule, observed

to o

upy alternative positions simultaneously, is 
alled �disorder assembly�

10

. Parti
ipation in

an assembly (usually named with 
apital letters) is denoted in _atom_site_disorder_assembly

CIF data item. Alternative positions of an assembly are 
alled �disorder groups� (usually

identi�ed by integers)

11

. Therefore, an atom belonging to an assembly A that assumes three

alternative lo
ations 1, 2 and 3 is represented by three CIF atom sites identi�ed as { (A, 1),

(A, 2), (A, 3) }. Disordered regions are often di�
ult to a

ommodate in the frameworks of

stereo
hemi
al analysis. Common pra
ti
e is to ignore observations from minor groups taking

only the most prominent group of an assembly [45℄. We do not attempt to use o

upan
ies

as weights. Instead, all observations from disordered fragments are treated as equal in the


urrent study. We argue that su
h observations would provide genuine knowledge about possible

geometry in 
rystal stru
tures, as long as all atom sites representing disordered fragments are

measured independently. Thus we have attempted to in
lude all disordered atoms. We treat

atom as disordered if both the identi�ers of assembly and group are known (not �?�) and the

value of the latter is not �.�. If these requirements are not met, an atom is 
onsidered �stable�.

Therefore, all distan
es between stable and disordered atoms that mat
h 
onne
tivity 
riterion

are treated as 
onne
tions. Conne
tions between two disordered atoms are re
ognised unless

both belong to di�erent groups of the same disorder assembly. Thus 
onne
tions between atoms

of the same group and of di�erent assemblies are treated as bonds.

Cases o

ur when disordered moieties are lo
ated around spe
ial positions, resulting in


rystal stru
ture models with fragments that are not a�e
ted by 
rystal symmetry. IUCr

re
ommends pla
ing symmetry-independent sites in disorder groups identi�ed by negative

numbers in CIF �les. The COD was found to 
ontain around 2% of su
h stru
tures. We have

adapted 
if_mole
ule to skip symmetry re
onstru
tion of su
h atoms as they are symmetry-

independent.

3.3.5 Disorder-dependent 
onne
tivity

Alternative 
onformations, espe
ially multiple o

upations of the same site, 
ause 
hanges

in 
onne
tivity. In an imaginary situation, 
rystal 
ontains 50%/50% mixture of benzene

and pyrazine. Asymmetri
 unit 
ontains two 
arbon sites and one 
arbon/nitrogen site with

a

ording o

upations of 0.5/0.5. Su
h 
rystal has three independent observations of bond

lengths, but some of them have weights of 0.5. Sin
e the vast majority of the observations in the


urrent resear
h have weights of 1 and only 9% of stru
tures were dete
ted to have at least one


onne
tivity-
hanging site, we have de
ided to ex
lude su
h stru
tures from our resear
h, arguing

that the loss of observations from su
h stru
tures would not in�uen
e the results signi�
antly.

A real-life example is C18 atom of COD entry 4317305 (as of revision 179253), whose

neighbours are two 
arbon atoms in disorder group 1, or one 
arbon and one sulfur in disorder

group 2. From the stru
ture it is evident that the thiophene group obtains one of the two

10

https://www.iu
r.org/__data/iu
r/
ifdi
_html/1/
if_
ore.di
/Iatom_site_disorder_assembly.html

11

https://www.iu
r.org/__data/iu
r/
ifdi
_html/1/
if_
ore.di
/Iatom_site_disorder_group.html
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a)

b)


)

d)

e)

f)

Figure 3.8: Examples of disorder-dependent 
onne
tivity in the COD. a) and b) (COD 1502099)

display two possible 
onformations of thiophene group; although highlighted 
arbon atom has

the same atom type in both 
onformations, 
urrent implementation is unable to handle it.

Highlighted 
arbon atoms in 
) and d) (COD 1502045) di�er by the number of atta
hed

hydrogens that in�uen
e their types. Due to di�erent equatorial atoms in e) and f) (COD

2218544) the type of highlighted tin atom is di�erent between 
onformations.
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positions, however, 
urrently a single atom in a 
rystal stru
ture is allowed to have a single

atom type, thus su
h 
ases are not a

ommodated. More examples of this issue are shown in

Figure 3.8.

3.3.6 Polymer spans

Our de�nition of 
onne
tivity allows a stri
t determination of boundaries of moieties. However,

it is not un
ommon for moieties to be virtually endless in a sense that they span in�nitely many


rystal 
ells in any dire
tion. We refer to su
h moieties as �polymers� (a 
ollision with a 
hemi
al

meaning of polymer is avoided as the COD by de�nition ex
ludes biopolymers). A moiety is

polymer if and only if there is a ve
tor ~x su
h that

~x = l~a+m~b+ n~c, l,m, n ∈ Z, (3.1)

where ~a, ~b and ~c are 
ell ve
tors, whi
h maps ea
h atom of a moiety onto its symmetry equivalent

atom in the same moiety. As there may be more than one su
h ve
tor ~x, let us refer to them as

~xi:

~xi = li~a+mi
~b+ ni~c, li,mi, ni ∈ Z. (3.2)

The rank of matrix of all 
omponents li, mi, ni would be equal to �polymer dimension� d [53℄,

where d = 1 stands for linear, d = 2 � planar and d = 3 � three-dimensional polymer.

As pro
essing of the polymeri
 stru
tures requires substantial amount of resour
es, we have

de
ided to limit the number of �polymeri
 atoms�, that is, 
opies of the same initial atom in one

moiety. When maximum number of repetitions is rea
hed, 
if_mole
ule terminates with an

error message.

3.4 Stru
tural biasses

3.4.1 Model bias

In some 
ases initial assumptions about the determined 
rystal stru
ture 
an result in either

missed genuine or emerging arti�
ial features. For example, a group of atoms 
onstrained to lie

on the same plane would by no means reveal the out-of-plane pla
ement, and supersymmetri


stru
tures would exhibit huge displa
ements for at least some atoms. Cruz-Cabeza et al. (2012)

have investigated dihedral angles of biphenyl and 
y
lobutane to understand the reason of

anomalous 
onformational behaviour. The authors have 
on
luded that high-energy dihedral

angles in these 
ompounds 
orrelated with a 
rystallographi
 symmetry operator, relating one

part (usually a half) of the moiety to itself. Therefore, the 
hosen symmetry spa
e groups for
ed

systemati
 
onformational bias. To prevent it, the authors suggested ex
luding moieties having

parts related by symmetry operators from an analysed sample [47℄.

3.4.2 Observations related by symmetry

Crystals of small mole
ules usually display high-order symmetry. Thus it is of no surprise

that a list of 
rystal's geometri
 parameters, su
h as bond lengths, 
ontains a lot of values
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repeated due to the symmetry. In order not to bias statisti
s towards multiply repeated although

on
e measured observations, measurements of symmetri
 fragments have to be ex
luded from


onsideration.

In the simplest 
ase, repetitions arise from 
opies of whole moieties, for example, four 
opies

of hexaphenylbenzene moiety in COD entry 1503391. It is important though to noti
e that

symmetri
ally unrelated identi
al moieties are independent observations of the same moiety,

as their positions in the model are not mathemati
ally related. Therefore, they are measured

independently. Symmetri
ally equivalent moieties 
an be easily dis
arded by keeping just a

single 
opy of a moiety. Current algorithm in 
if_mole
ule a
hieves this by sele
ting moieties

of unique 
omposition. However, 
urrent algorithm does not distinguish between isomers, thus

only a single isomer is extra
ted from a 
o
rystal of a pair or more isomers. To avoid su
h

de�
ien
y, a more sensitive �lter of dupli
ates 
ould be employed, for example, 
omparison of

moieties by their Morgan �ngerprints [151℄. Nevertheless, Morgan �ngerprints do not distinguish

stereoisomers.

Sometimes parts of the same moiety are related by symmetry, for example, two halves of

benzene in COD entry 4501703. It is important to note that these two halves, related by an

inversion operator, 
ontain three independent 
arbon-
arbon bond lengths: two of them are

between the atoms in the asymmetri
 unit of the 
rystal and the third is between the �rst and

the third atoms of the fragment and its symmetri
 
opy, respe
tively. Other three 
arbon-
arbon

lengths are dupli
ates of aforementioned observations. In some 
ases an atom is proje
ted onto

itself by a symmetry operator (su
h atom is said to lie on a spe
ial position).

In order to ex
lude observations from symmetri
ally related fragments, we have implemented

the following algorithm:

1. All symmetry operators s1, s2, ..., sm are applied to ea
h atom xi of the asymmetri
 unif

of a 
rystal, resulting in an image xi,j of Si. A set of site symmetry operators Si,j = {sj}
is then de�ned for xi,j .

2. Copies xi,j1 and xi,j2 of an atom xi that appear at the same point in spa
e are merged and

their sets of symmetry operators are merged to 
ontain symmetry operators that appear

in either si,j1 or si,j2 : Si,{j1,j2} = Si,j1 ∪Si,j2 . Thus, symmetry operator sets for atoms on

a spe
ial position 
olle
t all the symmetry operators that map an atom onto itself.

3. An empty list Bi1,i2 of �a

epted� bonds between ea
h pair of parent atoms xi1 and xi2 is

de�ned.

4. After the dete
tion of a bond between atoms xi1,j1 and xi2,j2 , Si1,j1 and Si2,j2 are sear
hed

for a 
ommon symmetry operator that 
ould map atoms of any bond from Bi1,i2 onto

xi1,j1 and xi2,j2 . If su
h symmetry operator is found, the bond between xi1,j1 and xi2,j2

is reje
ted as symmetri
ally equivalent. Otherwise the bond is a

epted and in
luded in

Bi1,i2 .

The extension of this algorithm for bond (three-atom) and dihedral (four-atom group) angles is

straightforward.
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3.4.3 Physi
al biasses

Small di�eren
es in geometry 
an be 
aused by tautomerism, an ability of a 
ompound to readily

inter
onvert to an isomer. The most 
ommon type of tautomerism is 
aused by relo
ation of a

hydrogen atom or a proton. Su
h tautomers might not be told one from another by means of

X-ray 
rystallography [159℄. Interestingly, it has been noted that pairs of tautomers often tend

to 
rystallise together in the same 
rystal stru
ture [78℄.

It must be noted, however, that interatomi
 distan
es, among other parameters, depend also

on the temperature [160℄. Nevertheless, a large portion of the data in the COD is 
olle
ted at

or 
lose to the room temperature (∼ 1
3 of entries in the COD) with only around 3000 entries

ex
eeding 400 K. Therefore we made no attempt to spe
i�
ally treat the des
riptions of the


rystals measured in outstanding temperatures.

3.4.4 Hydrogen positions

In stereo
hemi
al studies hydrogen atoms usually require spe
ial treatment due to many issues

related to their pla
ement and re�nement. However, positions of hydrogen atoms are of high

importan
e from both stru
tural and 
hemi
al points of view. General omission of hydrogen

atoms during the re�nement introdu
es some shift in the positions of the atoms that they are

atta
hed to, as omissions of model features are 
ompensated for by other parameters. Therefore,

hydrogen atoms should not be left out [11, 28℄. It is argued that a widely used pra
ti
e to use

�riding model� for hydrogen positions during re�nement (atoms are atta
hed to some heavier

atom and are moved together) may have been used for the most of small mole
ule stru
ture

determinations so far [161, 115℄. Although neutron di�ra
tion largely averts these problems,

su
h stru
tures are rather s
ar
e (the number of su
h stru
tures in the COD is around 1100,

thus less than 0.3%). Furthermore, geometry of X-ray and neutron di�ra
tion determinations

should not be analysed together, as dis
ussed in Se
tion 2.3. Despite the fa
t that X-ray

di�ra
tion should obtain 
orre
t hydrogen positions at low temperatures [11℄, stereo
hemistry

of hydrogen-
ontaining fragments is rarely of interest in database-based knowledge extra
tion

due to the aforementioned reasons [113℄. In this study no spe
ial treatment is used for hydrogen

atoms, taking their positions from 
rystal stru
ture des
riptions as they are. Thus the resulting

distributions should re�e
t the geometry of fragments 
ontaining hydrogen atoms as they are

found in the database. Therefore, we make no 
laim to pre
isely re�e
t the �real� geometry of

hydrogen atom positions.

3.4.5 Results of theoreti
al simulations

In 2013 results of theoreti
al simulations being deposited to the COD were noti
ed for the �rst

time. This 
aused the poli
y of a

epting only experimentally dete
ted stru
tures to the COD to

be reiterated. A sister database, the TCOD

12

, was opened to 
olle
t all the kinds of theoreti
ally

de�ned stru
tures. Instead of removing those theoreti
al stru
tures that were already in the

COD, it was de
ided to mark them, as is being done with the rest of the 
rystal stru
tures not

�tting either the s
ope or 
riteria of the COD. A spe
ial value �theoreti
al� for CIF data

12

http://www.
rystallography.net/t
od
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item _
od_stru
t_determination_method was introdu
ed to distinguish bespoke stru
tures.

Sin
e the introdu
tion, more than 450 stru
tures were manually marked as theoreti
al in the

COD. Dete
tion and marking of su
h stru
tures remain mostly manual tasks, as it is di�
ult

to automati
ally identify theoreti
al stru
tures from the data given in CIF �les. However,

properties like high numeri
 pre
isions of 
ell 
onstants and 
oordinates, missing standard

un
ertainties and experimental details may be used to guide this task.

3.4.6 Dupli
ated data

The COD aims at 
olle
ting all small-mole
ule 
rystal stru
tures, published in peer-reviewed

journals with an addition of dire
t personal 
ommuni
ations to the database. The poli
y of

the COD is to avoid dupli
ates. This poli
y is also important for the aims of the 
urrent

study. Uniqueness of ea
h stru
ture in the COD is enfor
ed by 
omparison of the in
oming

stru
tures with the rest of the database in an attempt to identify possible dupli
ates. Currently,

two stru
tures are 
onsidered as dupli
ates if they originate from the same publi
ation, have

the same unit 
ell parameters and 
ontents, are measured under the same 
onditions and are

not enantiomers of ea
h other or deliberately deposited results of di�erent re�nement runs for

the same di�ra
tion data. It should be emphasised that the COD should not be treated as

dupli
ate-free at any given moment in time. However, methods for dupli
ate identi�
ation are

devised and deployed in the COD from time to time, in most of the 
ases requiring supervision.

Identi�ed dupli
ated entries are always marked with a spe
ial �ag instead of being removed from

the database. The �ag is also used as a pointer to the original, more 
omplete entry [15℄.

Thus observations whi
h originate from di�erent publi
ations are treated as genuine despite

their similarity. However, automati
 dete
tion of dupli
ates is far from being optimal. A single

di�eren
e, either an alternative spelling or a typographi
al error, 
orrupts the mat
hing of the

bibliographi
 information. We have resorted to using Digital Obje
t Identi�ers (DOIs), although

this pie
e of information is not known for at least 15% of the COD entries, and at least several

dozen of known DOIs are possibly in
orre
t. Nevertheless, a DOI is not a mandatory item for

in
oming entries. Other methods of semiautomati
 a posteriori dupli
ate dete
tion, su
h as

sear
h for identi
al 
oordinates, are under investigation at the COD. During the 
ourse of this

study over 800 dupli
ate stru
tures in the COD were dete
ted either manually or semi-manually

and marked as su
h.

A somewhat overlooked problem in data analysis is overrepresentation. Often one or more

resear
h groups produ
e a vast amount of 
rystal studies of the same or very similar stru
tures

under identi
al or slightly varied experimental 
onditions. While undoubtedly useful on their

own, results of su
h analyses bias quantitative studies by dominating samples of 
on
ern [115℄.

Current study does no attempt to downplay overrepresented fragments, as developing su
h

means would probably be worth a separate analysis of its own.

3.4.7 In
omplete models

Re
onstru
tion of 
hemi
ally 
orre
t 
rystal stru
tures requires the input models to be 
omplete,

that is, not missing any 
ovalently bound atoms. In the most 
ases, in
ompleteness of 
rystal

stru
tures arises from missing hydrogen atoms, as des
ribed in Se
tion 3.4.4. However, this is not
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the only 
ase, as highly disordered parts of 
rystals are sometimes ex
luded from their models,

espe
ially solvent and alternative 
onformations. As solvent mole
ules are usually intera
ting

with other mole
ules via non-
ovalent intera
tions they 
an be ex
luded from 
rystals in this

study without introdu
ing any bias. On the other hand, missing 
ovalently bound parts of

mole
ules may distort the statisti
s. In some 
ases in
ompleteness is 
aused by errors, for

example, in
orre
t setting of symmetry spa
e group in 
rystal stru
ture des
ription. Su
h errors

may lead to the disappearan
e of symmetri
ally equivalent mole
ules

13

or their parts. Loss of

whole mole
ules is again not as detrimental as their parts. To identify possibly missing stru
ture

parts, we have employed voronota. A 3 Å �lter for void's diameter was applied to ignore voids

so small that they 
ould not 
ontain a non-hydrogen atom. A dozen of in
omplete stru
tures

were dete
ted and 
orre
ted

14

.

3.5 Atom types

We have developed an atom typing s
heme, similar to already existing s
hemes whi
h take

into a

ount 
hemi
al 
onne
tivity, planarity and parti
ipation in rings [25, 115, 162, 163℄.

We have de
ided against using atom aromati
ity and bond orders, as assignment of these

properties of 
hemi
al stru
ture relies strongly on 
oordinate-based heuristi
s and is therefore

unreliable [43℄. Our s
heme partitions the spa
e of possible 
hemi
al environments into non-

overlapping atom types, whose names are 
ase-sensitive strings that provide pre�x expression of

re
ursive enumeration of atom's neighbours and their neighbours. The key 
on
ept in our s
heme

is �
lassi�
ation depth� whi
h denotes the farthest neighbour (�terminal atom�) of the atom in


onsideration (�
ore atom�) whi
h is taken into a

ount during the type assignment. Here the

distan
e is measured by the number of 
hemi
al bonds between two atoms or, in the language of

graph theory, number of joining edges. In this work we use a variant of our 
lassi�
ation s
heme

with depth of 2, that is, only 
ore atom's neighbours and their neighbours are 
onsidered. For

example, type of amino a
id's Cα will in
lude information about its atta
hed hydrogens, Cβ and

its hydrogens, Cγ , amino and 
arboxyl groups without oxygen-atta
hed hydrogens.

The type identi�er for every atom starts with its 
hemi
al type. It is the only pie
e of

information for the terminal atoms. If an atom is non-terminal and is deemed to be lo
ated in a

planar environment (des
ribed in Se
tion 3.5.1), the �rst letter of its 
hemi
al type is lower
ased;

the similar 
onvention is used for atoms in aromati
 environments in SMILES [164, 88℄. Chemi
al

type for every non-terminal atom is followed by ring parti
ipation information (des
ribed in

Se
tion 3.5.3) en
losed in square bra
kets. If an atom does not belong to any rings, the bra
kets

are omitted altogether. Type identi�ers of dire
t neighbours follow, always of de
remented


lassi�
ation depths. All atoms, ex
ept the 
ore and terminal, are en
losed in parentheses in

order to redu
e ambiguity. Identi
al types in the neighbour lists are 
ontra
ted to shorten

the type string. Thus the type of ammonia nitrogen is N(H)3 (
lassi�
ation depth = 2) or

NH3 (
lassi�
ation depth = 1). An example of atom type 
onstru
tion for organi
 mole
ule is

presented in Figure 3.9. The EBNF grammar for atom types is given in Figure 3.10. For the

assignment of atom types for 
rystal stru
ture des
riptions prepared by 
if_mole
ule, we have

13

Compare, for example, revisions 91933 and 118838 of COD entry 2001917.

14

See for example COD entries 2001521 and 7204155.
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)

Figure 3.9: Constru
tion of atom type for C4 atom of 
a�eine mole
ule. a) 
a�eine mole
ule

(COD entry 2100202) with C4 atom (
ore atom) marked with orange halo. b) the stru
tural

formula. 
) left � mole
ular tree for C4, right � atom types for ea
h 
orresponding atom (
olour


oded). Note that parent atom C4 is ex
luded from neighbour lists in types of depth = 1.

developed a program 
if_bonds_angles in atom
lasses software pa
kage

15

.

3.5.1 Planarity

Mole
ular geometries are usually di
tated by orbital hybridisation of their 
onstituents, thus

a

ommodating the latter in atom 
lassi�
ation is bene�
ial and is sometimes done [7, 25℄.

However, the determination of orbital hybridisations from 
onne
tivity information and

geometry only is not straightforward and is highly sensitive to the stereo
hemistry, therefore

we have de
ided to ex
lude this information from our s
heme. The only geometry-derived

information bit in our 
lassi�
ation s
heme apart from the 
onne
tivity is planarity. An atom

is 
onsidered planar if it has three or more 
ovalent neighbours and all of them are deemed to

be lying on the same plane. An atom is deemed planar if the largest ratio of its absolute 
hiral

volume [1, 37℄ to the produ
t of three bond lengths is less than 0.1:

|~v1(~v2 × ~v3)|
||~v1|| × ||~v2|| × ||~v3||

< 0.1, (3.3)

where ~vi is a ve
tor of a bond. Interpreting ~vi as ve
tors de�ning parallelepiped, Inequality 3.3


ould be rewritten as

√

1 + 2 cos(α) cos(β) cos(γ)− cos2(α)− cos2(β)− cos2(γ) < 0.1, (3.4)

15

Available under the GPL2 free software li
ense at svn://saulius-grazulis.lt/atom
lasses/trunk, this

study refers to sour
e revision 559

51

http://www.crystallography.net/cod/2100202.html
svn://saulius-grazulis.lt/atomclasses/trunk


CHAPTER 3. METHODS AND ALGORITHMS

(* The top-level rule: *)

AtomClass = CoreAtom, [ TreeList | FlatList ℄ ;

(* Two types of neighbour lists are available: *)

TreeList = '(', AtomClass, ')', [ Integer ℄, { TreeList } ;

FlatList = NonplanarAtom, [ Integer ℄, { FlatList } ;

(* CoreAtom is the root of the tree: *)

CoreAtom = Atom, [ Rings ℄ ;

(* Rules for the ring list: *)

Rings = '[', RingSize, { ',', RingSize }, '℄' ;

RingSize = Integer, [ 'x', Integer ℄ ;

Integer = ( '1' | '2' | '3' | '4' | '5' | '6' | '7' | '8' | '9' ),

{ '1' | '2' | '3' | '4' | '5' | '6' | '7' | '8' | '9' | '0' } ;

(* Rules for the 
hemi
al type: *)

Atom = PlanarAtom | NonplanarAtom ;

PlanarAtom = Lower
aseLetter, [ Lower
aseLetter ℄ ;

NonplanarAtom = Upper
aseLetter, [ Lower
aseLetter ℄ ;

(* Basi
 
hara
ter 
lasses: *)

Upper
aseLetter =

'A' | 'B' | 'C' | 'D' | 'E' | 'F' | 'G' | 'H' | 'I' | 'J' | 'K' | 'L' |

'M' | 'N' | 'O' | 'P' | 'Q' | 'R' | 'S' | 'T' | 'U' | 'V' | 'W' | 'X' |

'Y' | 'Z'

;

Lower
aseLetter =

'a' | 'b' | '
' | 'd' | 'e' | 'f' | 'g' | 'h' | 'i' | 'j' | 'k' | 'l' |

'm' | 'n' | 'o' | 'p' | 'q' | 'r' | 's' | 't' | 'u' | 'v' | 'w' | 'x' |

'y' | 'z'

;

Figure 3.10: The EBNF grammar for atom types
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Figure 3.11: Ring per
eption in graphene sheet (
ropped). Atoms are 
oloured a

ording to the

order of visiting: the most green atom is the original atom, and the most yellow is visited the

last; in this 
ase it is the ring 
losing atom.

where α, β and γ are the smallest angles between ve
tors. In 
ase of equal angles, inequality

holds for angles of less than ∼ 19.7◦ (
hemi
ally 
orre
t fragments should not fall into this range)

or more than ∼ 119.9◦. Environments involving an atom bound to more than three neighbours

are assumed planar if Inequality 3.3 holds for all possible permutations of its neighbours. Cuto�

of 0.1 is deemed suitable to tell planar geometry from, for example, trigonal pyramidal (all

internal angles ∼ 107◦), tetrahedral (∼ 109.5◦), or �attened tetrahedral arrangements in highly

strained fenestranes (angles up to 130◦, COD entry 4127219).

3.5.2 Disorder-dependent planarity

As with disorder-dependent 
onne
tivity, des
ribed in Se
tion 3.3.5, planarities of atoms 
an

also be a�e
ted by the disorder. The 
urrent resear
h has identi�ed that 4% of stru
tures in

the COD have this issue. For example, C18A atom of COD entry 1502901 is lo
ated either on

the same plane as its neighbours (disorder group 1) or not (disorder group 2). Theoreti
ally,

all piperidines, whose N�H bond takes either axial or equatorial 
onformation, fall to this


ategory. Sin
e atom typing in
ludes information about planarity, di�erent 
onformations of

su
h 
ompounds a�e
t types of neighbouring atoms. Due to the di�
ulties of a

ommodating

su
h observations, we have de
ided to ex
lude stru
tures with disorder-dependent planarity from

the further pro
essing.

3.5.3 Rings

Information about parti
ipation in rings is in
luded into atom types by listing numbers and

sizes of all rings the atom of interest is in. Only rings of seven and less atoms are 
onsidered.

We argue that parti
ipation in larger rings is of limited in�uen
e as lo
al 
onformations in large

rings be
ome more similar to those of non-ringed 
hains, although rings up to 12 atoms are used

by PURY 
lassi�
ation s
heme [7℄. If deemed ne
essary, maximum ring size in our s
heme 
an

be in
reased by a 
ommand line option of 
if_bonds_angles. However, 
onsideration of larger

rings would be more 
omputationally intensive.

The list of rings for an atom is provided in square bra
kets. Inside the bra
kets, rings are

ordered by their sizes, grouped and separated by 
ommas. Thus, ring parti
ipation part of atom
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Figure 3.12: Hypotheti
al 
rystal stru
ture with rings spanning four unit 
ells in one dire
tion.

type for benzene 
arbon is [6℄, 
ubane 
arbon � [3x4℄, meaning �three rings of size four�, 
arbon

of the �bridge� in 
a�eine mole
ule � [5,6℄. It should be noted, however, that grouping starts

from three rights of the same size (see 
ubane for example). Bra
kets are omitted altogether if

an atom does not belong to any rings.

The smallest set of smallest rings [165℄ for ea
h atom is determined using a modi�ed version

of algorithm by Downs et al. (1989) [166℄ and others [167, 168, 169℄. The algorithm uses

depth-�rst sear
h to �nd all 
hordless 
y
les 
ontaining the atom in question. The size of 
y
les

is limited to the size of the largest allowed ring (seven atoms in the 
urrent study, with the

possibility to be modi�ed). As ring parti
ipation has to be determined for every atom, ea
h

of them is used as a starting point (�original atom�) for the modi�ed depth-�rst sear
h. The

algorithm is des
ribed below:

1. Upon visiting an atom it is set as the �
urrent atom�.

2. If 
urrent atom is not the original atom, is not pre
eding the 
urrent atom and it is in the

list of already visited atoms, it is 
alled a �Na
hbarpunkt� (�neighbour point� in German,

terminology is taken from Downs et al. (1989) [166℄). The sear
h is then terminated.

3. If no Na
hbarpunkt is dete
ted, neighbours of the 
urrent atom are sear
hed for the original

atom. If the original atom is found among the neighbours of the 
urrent atom, a ring is


onsidered 
losed. Original atom is 
onsidered as a Na
hbarpunkt, thus the sear
h is

terminated.

4. If Na
hbarpunkt is not found in the previous steps, the depth is in
reased. If the maximum

depth is rea
hed, the depth-�rst sear
h is resumed from step 1 without 
onsidering

neighbours of the 
urrent atom. Otherwise, the 
urrent atom is put in the list of �seen

atoms�. Pre
eding atom is then set as the 
urrent atom and step 1 is performed for ea
h

its unvisited neighbour.

An example of visiting order is given in Figure 3.11.

3.5.4 Polymers

While individual moieties are always fully re
onstru
ted for nonpolymeri
 
rystal stru
tures,


orre
t representation of 
hemi
al environments in polymeri
 
rystals requires additional

heuristi
s. Our algorithm trims virtually in�nite moieties of polymeri
 
rystals along the sides

of the unit 
ell, introdu
ing so-
alled �polymer 
uts�. It is evident that 
hemi
al environment of

atoms situated on these 
uts is in
orre
t as it la
ks 
onne
tions a
ross the 
uts. This problem
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a) b)

Figure 3.13: An example of 3D polymer with a tiny unit 
ell from a high-pressure sili
on

stru
ture, COD entry 9012918. a) unit 
ell with a single Si atom, b) 2 × 2 × 2 super
ell,

displaying 
onne
tivity of a single Si atom with analogous atoms in 8 neighbouring 
ells.

is avoided by using super
ells su�
iently large to guarantee 
orre
t representation of 
hemi
al

environments of atoms of the 
entral unit 
ell. However, very small unit 
ells or 
ells with very

a
ute angles need larger unit 
ells for 
orre
t dete
tion of rings, atom types and fragments:

• An atom is 
onne
ted to its translational equivalent along at least one of the 
rystal axes.

Thus its �rst (
losest) neighbours reside in adja
ent 
ells, and se
ond neighbours � in 
ells

−2 and +2. An example of su
h 
rystal is high-pressure sili
on (COD entry 9012918,

Figure 3.13). Atom type dete
tion for this 
rystal requires at most 5× 5× 5 super
ell for


lassi�
ation depth of 2.

• A four-atom fragment in previously des
ribed 
rystal 
an span at most 4 unit 
ells,

requiring a 7 × 7 × 7 super
ell; otherwise, its dihedral angles would not be possible to

measure.

• A seven-membered ring in 
rystal spanning 4 unit 
ells in one dire
tion (see Fig. 3.12, more

is di�
ult to imagine), therefore requiring at least 7× 7× 7 super
ell for its dete
tion.

For polymer representation by 
if_mole
ule we have 
hosen little larger, 9× 9× 9 super
ells.

If during the 
onstru
tion of the super
ell the limit of maximum number of polymer atoms (see

Se
tion 3.3.6) is rea
hed, the size of the super
ell is redu
ed by two (from 9× 9× 9 to 7× 7× 7)

and the pro
edure is repeated. Su
h redu
tion is 
ontinued, if needed, until the super
ell is

redu
ed to the unit 
ell.

3.6 Geometri
 measurements

While the length of a bond is unambiguously de�ned as the distan
e between two points in

spa
e, the two other measurements � bond and dihedral angle � need to be addressed in more

detail. It is important though to emphasise that bond length takes a value from range [0, lc],

where lc is maximum distan
e between two atoms that is 
onsidered as a bond. In this study,

bond angle is measured as a smallest angle between two ve
tors expressed in degrees, and as

su
h takes a value from in
lusive range [0, 180◦]. The following formula is used to measure angle
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φ ≈ 60◦ φ ≈ 300◦

Figure 3.14: Cir
ular histogram of N�C�C�N dihedral angles (atoms highlighted) in TEMED

stru
tures. Well-pronoun
ed peaks at roughly 60

◦
and 300

◦

orrespond to two enantiomeri


forms of the 
ompound, illustrated on both sides of the histogram.

α between bond ve
tors ~a and

~b:

c = cosα =
~a ·~b

||~a|| ||~b||
(3.5)

α = atan2(
√

1− c2, c), (3.6)

where atan2 fun
tion is implemented as in C and Perl programming languages.

Dihedral angle of bonded atoms A�B�C�D is de�ned as interplanar angle in degrees between

planes (A, B, C) and (B, C, D). As su
h, it takes a value from range [0, 360◦). The following

formula is used to measure dihedral angle φ between planes de�ned by ve
tors ~a, ~b and ~c, ~d:

c = cosφ =
(~a×~b) · (~c× ~d)

||~a×~b|| ||~c× ~d||
(3.7)

φ = atan2(
√

1− c2, c). (3.8)

If the ve
tors 
ompose a left-handed system ((~c×~a)· ~d < 0), the angle is 
orre
ted by subtra
ting

it from 2π. It should be noted though that the dihedral angles A�B�C�D and D�C�B�A are

always equal, and 
orresponding dihedral angles of a pair of enantiomers sum up to 360

◦
[8,

p. 205�219℄ (Figure 3.14). Geometry measurements from the 
rystal stru
tures are extra
ted by


if_bond_angles.

Cal
ulation of un
ertainties, although possible as standard un
ertainties of the atomi


positions are most often provided in CIF �les, are deemed out of s
ope of this study. It

is generally held that the standard un
ertainties, resulting from 
rystal stru
ture re�nement,

are usually underestimated by a fa
tor of 1.5-2. Spe
ial features of the re�nement, su
h as

applied 
onstraints, usage of rigid groups (only 
entroid and three rotations are re�ned) or the

riding model for hydrogen atoms, turn standard un
ertainties of stereo
hemi
al parameters to

zero. Free re�nement of hydrogen atoms result in larger positional un
ertainties than for other

atoms [8, p. 205�219℄. Therefore, a

ommodation of un
ertainties is 
umbersome.
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3.7 Statisti
al model

It has been reported by the previous studies that observations of geometri
 parameters of

mole
ules (bond lengths, bond and dihedral angles) are not always normally distributed,

therefore, they are in need of better-�tting models. A well-known example is bond lengths

in�uen
ed by Jahn�Teller e�e
t, elongation of axial bonds in o
tahedral 
omplexes of transitional

metals.

Sele
tion of best �tting model for a distribution of measurements 
an be formulated as

follows. From the Bayesian point of view, we have data set ~x, sampled from some unknown

model, and a set of hypotheti
al models M. The problem is to 
hoose the model M̂ from M,

whi
h has the highest probability of being the �real� unknown model (model sele
tion), and

de�ne a parameter ve
tor

~̂θ whi
h des
ribes the observed data the best (parameter estimation).

In other words,

M̂ = argmax
M

Pr(M ∈ M|~x), (3.9)

~̂θ = argmax
~θ

Pr(~θ|~x, M̂). (3.10)

3.7.1 Model sele
tion

Assuming we have a prior distribution Pr(~θ|M) for ea
h model M from M, where

~θ is the

parameter ve
tor for M ,

Pr(M |~x) ∝ Pr(M)Pr(~x|M) ∝

∝ Pr(M)

∫

Pr(~x|~θ,M)Pr(~θ|M)d~θ.
(3.11)

By assuming that Pr(M) = 1
||M|| for all M , Equation 3.11 is simpli�ed to

Pr(M |~x) ∝ Pr(~x|M). (3.12)

Following the approximations and simpli�
ations of [170, p. 234℄,

logPr(~x|M) = logPr(~x|~̂θ,M)− d(~̂θ)

2
log ||~x||+O(1), (3.13)

where

~̂θ is maximum likelihood estimate of the parameter ve
tor, d(~̂θ) is the number of

independent parameters in

~̂θ. Putting all together we get

M̂ = argmax
M

Pr(M |~x) = argmax
M

logPr(~x|~̂θ,M)− d(~̂θ)

2
log ||~x||. (3.14)
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3.7.2 Distributions

We assume all observations of a geometri
 parameter to be independent and identi
ally

distributed variables. Thus the probability of a data ve
tor ~x is

p(~x|~θ,M) =

n
∏

j=1

p(xj |~θ,M), (3.15)

whereM is a distribution model, parametrised by a ve
tor

~θ of latent parameters. n is the length

of data ve
tor ~x. In the 
urrent resear
h we have used the following distribution mixture models:

Gaussian, von Mises, Cau
hy and Student's t. Several methods were employed to obtain the

best approximation

~̂θ for latent parameters. These methods are reviewed in Se
tion 3.7.3.

Initially we have used Gaussian mixture model for bond lengths and bond angles assuming

independen
e of measurement errors. However, existen
e of longer than normal tails in some

of the distributions for
ed us to look for better statisti
al models like Cau
hy. We have

also employed Student's t model as a natural interpolation between Gaussian and Cau
hy

distributions [171℄, sin
e its probability density fun
tion be
omes Gaussian when its degrees

of freedom parameter ν → ∞, and be
omes Cau
hy when ν → 1. Gaussian, Cau
hy and

Student's t distributions possess an inherent limitation on modelling dense areas at the edges

of support domain, for example, frequent observations of angles s
attered around 0 or 180

◦
,

what would possibly be better modelled by 
hi-like distributions. On the other hand, we have

treated dihedral angle distributions as 
ir
ular, using von Mises distribution, whi
h is a 
ir
ular


ounterpart of Gaussian model.

Given the Gaussian mixture model M with m 
omponents and parameter ve
tor

~θ,

probability of a single data point is

pG(x|~θ,M) = p(x|A1, ..., Am, µ1, ..., µm, σ1, ..., σm,M) =

=

m
∑

i=1

Ai

σi
√
2π

exp(− (x− µi)
2

2σ2
i

),
(3.16)

where Ai is the mixing proportion of the i-th 
omponent,

m
∑

i=1

Ai = 1, µi is the mean of the i-th


omponent and σi is the standard deviation of the i-th 
omponent.

Given the von Mises mixture model M with m 
omponents and parameter ve
tor

~θ,

probability of a single data point is

pvM (x|~θ,M) = p(x|A1, ..., Am, µ1, ..., µm, κ1, ..., κm,M) =

=

m
∑

i=1

Ai exp
(

κi cos(x− µi)
)

2πI0(κi)
,

(3.17)

where parameters Ai and µi are equivalent to those of Gaussian mixture model and κi is


on
entration parameter (1/κ is analogous to σ2
), In(x) is the modi�ed Bessel fun
tion of

the �rst kind of order n.

Given the Cau
hy mixture modelM with m 
omponents and parameter ve
tor

~θ, probability
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of a single data point is

pC(x|~θ,M) = p(x|A1, ..., Am, c1, ..., cm, s1, ..., sm,M) =

=

m
∑

i=1

Ai

π

si
(x− ci)2 + s2i

,
(3.18)

where Ai is 
omponent's proportion, ci is lo
ation parameter and si is a s
ale parameter, equal

to semi-interquartile range [172℄:

s =
1

2
(F−1(0.75)− F−1(0.25)). (3.19)

Student's t distribution

Given the univariate Student's t distribution mixture model M with m 
omponents and

parameter ve
tor

~θ, probability of a single data point is

pSMM (x|~θ,M) = pSMM (x|A1, ..., Am, µ1, ..., µm, σ1, ..., σm, ν1, ..., νm,M) =

=

m
∑

i=1

AiΓ(
νi+1
2 )

√
πσiνiΓ(

νi
2 )

(

1 + ν−1
i (x−µi

σi
)2
)

νi+1

2

,
(3.20)

where parameters Ai, µi and σi are equivalent to those of Gaussian mixture model and νi is the

degrees of freedom of the i-th 
omponent [173℄. Γ(x) is the Gamma fun
tion.

Student's t distribution is known to en
ompass both Gaussian and Cau
hy distributions

as well as interpolate between them by employing the parameter of degrees of freedom ν to

regulate the heaviness of distribution's tails: with ν = 1, pS(x) is the same as pC(x), and

with ν = +∞, pS(x) is the same as pG(x) [174℄. Latter property and the existen
e of EM

algorithms [175, 173, 176, 174℄ make the distribution noteworthy for the robust modelling [174℄.

However, it was 
on
luded that the 
onvergen
e of ν parameter is very slow [176℄ and highly


orrelated with the starting value [177℄. We have observed that while approximating a ve
tor

with random values from Gaussian distribution with pS(x), value of ν tends to approa
h in�nity

almost logarithmi
ally: an approximation of a ve
tor of 20 000 values and 
onvergen
e 
riterion

∀i : |θt+1
i − θti | < 0.01, where θti is the ith 
omponent of parameter ve
tor

~θ at tth step, took

over 500 000 EM iterations to pi
k a value ν = 459.1563. This deemed unsatisfa
tory for our

purpose. Apparently, the 
onvergen
e of ν parameter does not fare well as one 
an not simply

interpolate between 1 and +∞. We have thus studied a 
ouple of distributions that perform

the interpolation between Gaussian and Cau
hy distributions [178, 179℄ as well as symmetri


α-stable [180℄ distribution, however, either their EM algorithms were not published yet or even

their probability density fun
tions were deemed too 
omplex to 
ompute for our task.

3.7.3 Parameter estimation

For the approximation of

~̂θ we have employed EM algorithms with variable numbers of mixture


omponents m. It should be noted, however, that EM depends very heavily on its starting

parameters and may mistake a lo
al optimum for a global one [181℄. Moreover, as m mixture
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omponents 
an have m! permutations, the hypersurfa
e of the optimised fun
tion has m!

identi
al global optima [182℄. We assume that distribution of ea
h geometri
 parameter should


onsist of no more than ten 
omponents, thus we obtain

~̂θ for ea
h model with di�erent number

of 
omponents and sele
t the model with the smallest BIC value:

BIC = −2 log p(~x|M) + dM logn, (3.21)

where p(~x|M) is maximum likelihood of data given the model M , dM is the number of free

parameters in the model and n = ||~x||. For all mixture models having three parameters per


omponent

BIC = −2 log p(~x|~θ) + (3m− 1) logn. (3.22)

As a spe
ial 
ase, for the Student's t distribution, whi
h has an extra �degrees of freedom�

parameter,

BIC = −2 log p(~x|~θ) + (4m− 1) logn. (3.23)

Collapses of mixture 
omponents (σt
i → 0 as t → ∞) are sometimes observed while

�tting mixtures with EM. As suggested by Ar
hambeau et al. [183℄, 
omponents 
ollapse due

to over�tting (i) outliers or (ii) repeated observations. In our study models with 
ollapsed


omponents are ex
luded from the 
onsideration. We argue that 
omponent 
ollapse is a sign

of a mixture already having more 
omponents than is ne
essary to des
ribe a sample, therefore,

ex
lusion of su
h models should not a�e
t the 
hoi
e of the best model for a sample.

Several di�erent methods of sele
ting the initial estimates for Ai(0), µi(0) and σi(0) were

examined, in
luding random sele
tion, sele
tion of equidistant points as means with equal mixing

proportions and standard deviations (shown to work well in Bohning et al. [181℄), using the

output of less 
ostly iterative �tting and k-means 
lustering as suggested in Gupta & Chen and

Bierna
ki et al. [184, 185℄. In our resear
h the se
ond initialisation method is used:

Aj(0) =
1

m
(3.24)

µj(0) = min(x) + j
max(x)−min(x)

m+ 1
(3.25)

σj(0) =
max(x) −min(x)

6(m+ 1)
, ∀i ∈ [1, ...,m]. (3.26)

The tenden
y of EM to overlook well-separated modes of a sample distribution [186℄ is troubling,

but we hope that regular grid of initial lo
ation estimates should over
ome this issue.

We have 
hosen stopping 
riteria based on absolute di�eren
e of mixture parameters

between two 
onse
utive EM steps. All EM algorithms ex
ept von Mises are stopped when

∀i : |θt+1
i − θti | < ǫ, ǫ = 10−6

. EM for von Mises is stopped when the di�eren
e of model

log-likelihood be
omes negligible, as suggested in Hornik & Grün (2014) [187℄. Log-likelihood

based approa
h was 
hosen due to the observed tenden
y of von Mises mixture parameters to

get 
aught in endless periodi
 
y
le.
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Expe
tation maximisation for Cau
hy distribution

We have applied expe
tation fun
tion of Gaussian mixture model in EM for Cau
hy mixture

models. For the maximisation of ci and si, we have adapted iterative approa
h, as given in the

Equations 10 and 18 of Nagy (2006) [188℄:

gi,j,(t) =
xi − cj,(t−1)

sj,(t−1)
(3.27)

e0kj,(t) =
(

n
∑

i=1

hij,(t)

)−1 n
∑

i=1

hij,(t)

1 + g2
i,j,(t)

(3.28)

e1kj,(t) =
(

n
∑

i=1

hij,(t)

)−1 n
∑

i=1

hij,(t)
gi,j,(t)

1 + g2
i,j,(t)

(3.29)

cj,(t) = cj,(t−1) + sj,(t−1)

e1kj,(t)

e0k
j,(t)

(3.30)

sj,(t) = sj,(t−1)

√

1

e0k
j,(t)

− 1 (3.31)

We have 
hosen 20 for the number of iterations, as demonstrated to work by Nagy (2006) [188℄.

Expe
tation maximisation for Student's t distribution

We have implemented the EM for Student's t distribution a

ording to the Equations 12-17 of

Gerogiannis et al. (2009) [173℄. We have solved the Equation 17 for νt+1
i

log(
νt+1
i

2
)− ψ(

νt+1
i

2
)− log(

νti + 1

2
) + ψ(

νti + 1

2
) +

N
∑

j=1

ztij(log u
t
ij − utij)

N
∑

j=1

ztij

+ 1 = 0 (3.32)

by using the asymptoti
 expansion series [189℄

ψ(x) = log(x) − 1

2x
+

∞
∑

n=1

ζ(1 − 2n)

x2n
,

(3.33)

where ζ(x) is the Riemann zeta fun
tion. Thus we obtain

∞
∑

n=1

ζ(1− 2n)

x2n
= ψ(

νti + 1

2
)− log(

νti + 1

2
) +

N
∑

j=1

ztij(log u
t
ij − utij)

N
∑

j=1

ztij

+ 1, (3.34)

whi
h 
an be limited to any number of members k with the absolute error of O(x−2k) and solved

via Jenkins�Taub or Newton�Raphson methods. We have 
hosen k = 7 and used Jenkins�Taub

method to solve the polynomial. We have also tried to adapt multivariate EM algorithm reported

by Aes
hliman et al. (2010) [175℄ to univariate 
ase, however, involvement of log(0) in summing

was found inevitable for data point(s) equal to the median of the sample.
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Greedy EM for Student's t distribution

We have implemented and tested greedy EM algorithm for Student's t distribution, whi
h is

based on regular EM although 
apable of automati
ally splitting 
omponents with maximum

Kullba
k�Leibler divergen
e [190, 191℄. However, this algorithm did not outperform regular EM

with variable number of parameters.

3.7.4 Software

R programming language [192℄ was used for parameter estimation and model sele
tion.

Probability density fun
tions, �tting and random sample generation algorithms were developed

and bundled together into an R pa
kage named MixtureFitting

16

. For better performan
e,


ore numeri
 pro
essing was written in the C programming language.

3.7.5 Hypothesis testing

The s
ienti�
 method 
ru
ially relies upon the 
onstru
tion and evolution of hypotheses, or

models. Given some observations, or data, the best 
andidate model is 
hosen (�a

epted�) to

explain the data and to make predi
tions about new phenomena [105℄. Observations that are

not-so-well explained by the a

epted model 
ould be 
laimed to be outliers, until enough of them

is 
olle
ted to instigate the 
onstru
tion of a better model. In this study models 
onstru
ted

via maximum likelihood estimation (MLE) are used for the outlier dete
tion.

There are two main approa
hes for Bayesian-based outlier dete
tion. In the �rst one a null

hypothesis is assumed to generate the data and the outliers are sought without any alternative

model. The se
ond approa
h maintains that a subset of the data sample is generated by an

alternative model [193℄. We have 
hosen the latter approa
h for this study, postulating that

the outliers are independent and identi
ally distributed random values. As is usual in the �eld,

we represent both hypotheses using statisti
al models: a mixture model stands for the null

hypothesis (H0) and a uniform distribution for the alternative (H1), assuming equal probability

for every attainable value. Bayes fa
tor, whi
h obtains the form of a likelihood ratio, is then

used to evaluate the �tness of ea
h observation x to one or another hypothesis. Bayes fa
tor is

renowned for its usefulness for guiding evolutionary model building as well as serving as O

am's

razor. While frequentist tests were designed to 
ompare stri
tly two models and are prone to the

reje
tion of null hypotheses for very large samples, Bayes fa
tor does not have this de�
ien
y,

albeit it is sensitive to the assumptions of the parametri
 model and the 
hoi
e of priors [105℄.

Given the equal probability of the hypotheses, the Bayes fa
tor is de�ned as follows:

K =
P (H0|x)
P (H1|x)

. (3.35)

Je�reys gives the following guidelines for the values of K for the referen
e [194, p. 432℄:

• Grade 0. K > 1. Null hypothesis supported.

• Grade 1. 1 > K > 10−0.5
. Eviden
e against H0, but not worth more than a bare mention.

16

Available under GPL2 free software li
ense at https://github.
om/merkys/MixtureFitting, this study refers

to version 0.1.0 (sour
e revision 132)
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Figure 3.15: Bayes-based outlier dete
tion in the 
lass of polya
etylene C�C bond lengths.

Yellow 
urve outlines the histogram, violet 
urve 
orresponds to the density of the best mixture

model, whereas red line stands for the uniform distribution in the range. Arrows indi
ate

observations with Bayes fa
torK lower than 10−0.5
(top numbers). Bottom numbers 
orrespond

to S
hwarz 
riterion S, evaluated at possible outliers. Colours of arrows denote the results

of manual outlier inspe
tion: in
orre
t stru
ture (red), possible symmetry-in�uen
ed biasses

(orange), no defe
ts (green).

• Grade 2. 10−0.5 > K > 10−1
. Eviden
e against H0 substantial.

• Grade 3. 10−1 > K > 10−1.5
. Eviden
e against H0 strong.

• Grade 4. 10−1.5 > K > 10−2
. Eviden
e against H0 very strong.

• Grade 5. 10−2 > K. Eviden
e against H0 de
isive.

In the 
urrent study K < 0.1 is deemed enough to reje
t H0 in favour of H1, meaning that an

observation is per
eived as an outlier.

There are several te
hniques for the 
omputation of Bayes fa
tors, in
luding easily


omputable asymptoti
 approximations, that 
an be derived from the MLE output, the simplest

of them being the S
hwarz 
riterion:

S = logP (data|θ̂0, H0)− logP (data|θ̂1, H1)−
1

2
(d0 − d1) logn, (3.36)

where θ̂k is the MLE under Hk, dk is the dimension of θk, and n is the sample size. As n→ ∞,

S may be viewed as a rough approximation to the logarithm of the Bayes fa
tor [105℄.

An example of our approa
h 
ould be demonstrated by applying it to the distribution of

polya
etylene C�C bond lengths (Figure 3.15). Eight observations have Bayes fa
torK < 10−0.5

(substantial eviden
e against an observation belonging to the proper distribution, or H0). The

shortest of the bonds (∼ 1.21 Å, COD entry 4020669) originates from a highly distorted benzene
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ring. Five of the observations (marked with orange arrows in Figure 3.15) 
orrespond to bonds

between symmetry related parts of a moiety, in most 
ases even between the equivalents of the

same atom, therefore, they might be in�uen
ed by the summation of modelling errors.

3.8 Data organisation

3.8.1 Keyworded data format

As shown in Se
tion 3.1, CIF format, albeit both human- and ma
hine-readable, requires

sophisti
ated parser and is in some o

asions suboptimal for storage and ex
hange of data.

Furthermore, handling of CIF data in most 
ases requires development of use 
ase-spe
i�


software as opposed to using generi
 data handling programs, for example, grep, 
ut and awk

from most of the GNU/Linux distributions. Therefore, to ex
hange and store the data we have

used simpler linear format, to whi
h we refer here as �keyworded data� format. This format is

similar to PDB format in a way that ea
h line des
ribes an independent data re
ord, always

pre�xed with a keyword and 
onsisting of spa
e-separated values that have meanings dependent

on their position in the line. Unlike in PDB, �elds are not �xed in their lengths and white spa
e

has no meaning, though white spa
e 
hara
ters are not allowed in values.

The keyworded data format is written by 
if_bonds_angles (format ATOM-CLASSES), read

and written by 
if_
he
k_geometry (format CHECK-GEOMETRY) and 
al
ulate-models (format

GEOMETRY-MODELS). This format proved easy to read and write using Perl, R and MySQL, as well

as spreadsheet software and standard tools from the most of GNU/Linux distributions.

3.8.2 Database versioning

The requirement for the reprodu
ibility of sear
hes in the evolving datasets at any time in the

future is strongly felt. However, this is usually 
on
urrent to the need to update the database to

re�e
t the most re
ent state of the s
ienti�
 knowledge. In 2016 the Resear
h Data Allian
e has

published a re
ommendation pa
kage, suggesting s
alable methodology for 
itation of dynami


data [195℄. To a

ommodate these requirements we have introdu
ed 
olumn 
reate_revision

in ea
h of the raw data SQL tables as well as *_history 
ounterparts (�histori
al tables�) for

ea
h of them. In addition to 
reate_revision, histori
al tables have delete_revision 
olumn

to signify the moment of the a

ession of an entry into the histori
 table. To implement version


ontrol of the re
ords we have rede�ned the following data management a
tions:

• Insertion. Ea
h new entry in a database table with history tra
king is assigned a revision

number, whi
h is stored in entry's 
olumn 
reate_revision. More than one entry 
an

share the same revision number.

• Delete. Ea
h deleted entry is moved from the main table to *_history. During the

transfer the 
urrent revision number is re
orded in delete_revision of the *_history

table.

• Update. Update operation is essentially separated into Delete and Insert a
tions,

therefore, it is no di�erent from the deletion of an old entry and insertion of a new,
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updated one.

Therefore, knowing a revision number (here assumed to be stored in �my_revision variable),

a query exe
uted before 
ould be replayed by taking the union of the results of the following

SELECT queries:

SELECT * FROM bonds WHERE


reate_revision <= �my_revision;

SELECT * FROM bonds_history WHERE


reate_revision <= �my_revision AND delete_revision > �my_revision;

The �rst query is used to sele
t all entries that were inserted no later than at the given

revision while the se
ond query pulls deleted entries from the histori
 table that were in the

main table at the revision in question. This method is similar to the MCVV database method

of relational databases [196℄, the only di�eren
e is that our method is implemented using the

database s
hema, not by the underlying database engine, therefore, easily portable between

MySQL, SQLite and PostgreSQL database management systems.

3.9 Web interfa
e

A Web-based user interfa
e to the database of mole
ular geometry was developed based on

Common Gateway Interfa
e (CGI) s
ripts, developed using Perl programming language

17

. The

user interfa
e 
onsists of sear
h

18

, parameter distribution preview and validation

19

interfa
es.

In order to make the Web interfa
e 
ompatible with most of the browsing software, basi


fun
tionality is provided via on-demand generated stati
 HTML pages with some additional

fun
tionality presented via JavaS
ript.

3.9.1 Sear
h interfa
e

Two ways to browse the parameter distributions were implemented. A graphi
al one uses

JSME [197℄ JavaS
ript applet to provide a tool to draw a stru
tural diagram, whi
h is upon

submission translated into a SMILES string. Open Babel pa
kage [198℄ is in turn used to


onvert supplied SMILES string into a mole
ular graph. Aromati
 atoms (denoted by lower
ase

initial element 
hara
ters in SMILES strings) are treated as being in planar environments only

if they have three or more 
ovalent neighbours, as the 
on
epts of aromati
ity in SMILES

and planarity in the atom types of this study (see Se
tion 3.5.1) are di�erent. Atom types of

produ
ed mole
ular graph are then shown to the user next to the entered diagram allowing to

sele
t bonds, angles and dihedral angles of interest. When fragment of interest is sele
ted, a

preview of fragment's geometry is displayed (see Se
tion 3.9.2). Another method to browse the

distributions of bonds, angles and dihedral angles is to enter a

ordingly two, three or four atom

type strings. As the 
onstru
tion of these strings �by hand� is tedious and error-prone, this

method is intended to be used mostly by the other appli
ations as an API.

17

Available under the GPL2 free software li
ense at svn://www.
rystallography.net/mole
ules-in-COD/

trunk, this study refers to sour
e revision 1499

18

Lo
ated at http://www.
rystallography.net/geometry/

19

Lo
ated at http://www.
rystallography.net/geometry/
gi-bin/
he
k_geometry.pl
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Figure 3.16: Distribution of naphthalene C4a�C8a bond lengths. Histogram shows the

distribution of bond lengths in range 1.153�1.513 Å. Drawn on top of the histogram is the

model with the smallest BIC. Four of six Gaussian mixture 
omponents are easily identi�able

(thin violet line). Other models and their parameters are listed on the right-hand side of the

histogram.

An option exists to view the distributions of all parameters of the entered stru
ture. Upon

submission of a drawn stru
tural diagram, idealised 
oordinates are generated from the SMILES

string using Open Babel. These 
oordinates are then forwarded to the validation interfa
e with

a �ag set to display histograms for all the parameters.

3.9.2 Mole
ular geometry browser

A preview of the distribution for ea
h of the parameter 
lasses is fa
ilitated in a form of Web

page with an intera
tive histogram (Figure 3.16). All EM-generated statisti
al models 
an

be visualised as �tted density fun
tion 
urves on top of the histogram; likelihood, BIC and

other parameters of the models 
an be 
ompared in a sortable table. As the user may need to

distinguish between up to twenty di�erent density 
urves, drawn on top of the histogram, we

have used twenty 
olours of maximum 
ontrast, as suggested by Kelly (1965) [199℄.

Regions of a histogram may be investigated by isolating observations that produ
e them. By


li
king a bar of the histogram user 
an a

ess a table listing all the 
onstituent observations,

providing atoms and COD entries of origin. Entries of the table 
ould be sele
ted: upon the

sele
tion of an entry a Jmol [148℄ preview of its 
rystal stru
ture is shown with the observation

marked in it.

To provide intera
tive display of the histogram while maintaining the same fun
tionality

for Web browsers without (or with disabled) support of JavaS
ript, we have implemented the

histogram display using flot [200℄ (with JavaS
ript) and also using a sele
table HTML image

map (without/with disabled JavaS
ript). Both variants share the same fun
tionality and 
an

be used inter
hangeably.
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Figure 3.17: Ex
erpt of validation report for COD entry 7056555. Distorted benzene rings are

per
eived as nonplanar and their dihedral angles, treated as unusual, are highlighted. Five pairs

of bumping hydrogen atoms are reported as errors.

3.9.3 Validation interfa
e

A Web interfa
e was built for 
if_
he
k_geometry and 
if_voids. On
e uploaded, a CIF

�le is 
he
ked by these programs and the output messages signaling about unusual geometri


features are shown. The stru
ture is displayed using Jmol applet. Unusual bond lengths, angle

sizes and voids are marked in the applet (see Figure 3.17 for example). Ea
h unusual geometri


parameter is displayed with a referen
e histogram of all the observations of the same 
lass.

Histograms for all �usual� geometri
 parameters 
an also be ordered for referen
e. A link to an

intera
tive preview of the mole
ular geometry distribution is atta
hed to every histogram in the

results page.

Both known parameter 
lasses without 
al
ulated models and 
ompletely unseen 
lasses

are in
luded in the generated reports. Noti�
ation of the former kind means that a 
lass is

underrepresented in the database, whereas the latter kind signi�es previously unseen parameter,

arising from either genuine or erroneous 
onne
tivity.
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Chapter 4

Results

4.1 CIF parser

4.1.1 Overview

The most straightforward use of our error-
orre
ting parser is the maintenan
e of the COD.

The 
apability of error dete
tion and 
orre
tion is now employed both in the automati
 data

deposition interfa
e and by the maintainers of the COD to 
urate the data. Besides, the stri
t

mode of the COD::CIF::Parser is used to ensure that all CIF �les in the COD 
onform to the

CIF des
ription as provided by the IUCr.

Program 
ifparse was developed in C language to provide the 
ommand line interfa
e for

the parser. The program was in turn employed to 
he
k the synta
ti
 
orre
tness of every CIF

�le in the COD. In order to implement an additional 
he
k for syntax 
orre
tness of added

or modi�ed CIF �les, we have developed a pre-
ommit hook for the COD Subversion [201℄

repository. By doing so we have e�e
tively prevented 
hanges that introdu
e syntax errors in

CIF �les from being a

epted into the COD. An equivalent 
he
k is performed at the COD data

deposition Web site before doing any further semanti
 
he
ks.

Nevertheless, requirement for stri
t 
omplian
e to the CIF format while a

epting stru
ture

reports from resear
hers or from published sour
es might do more harm than good. Deviations

from the CIF standard are 
ommon in supplemental material, and most of them 
ould be


orre
ted in automati
 manner, employing �
ommon sense� heuristi
s. Here the error-
orre
ting


apability of COD::CIF::Parser proves handy, performing the most of the required 
hanges

without human supervision. It must be noted that when used on the COD server, output of

our tools is dire
ted to the server log �les for further inspe
tion. When used intera
tively the

messages are presented to the depositor in the Web interfa
e. Usage of COD::CIF::Parser and


od-tools allowed to redu
e the human e�ort to maintain the COD. Furthermore, these tools

support the ongoing data 
uration in the database. Apart from these, COD::CIF::Parser 
ould

be employed for:

• Format 
onversion � COD::CIF::Parser allows to 
onvert the CIF format to

other widely-used lossless data formats (i.e. JSON, as implemented in 
if2json from


od-tools) or �eld-spe
i�
 formats (i.e. input formats of DFT 
odes);
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• Crystallographi
 
omputations � COD::CIF::Parser enables reading CIF data into C,

Perl, Python, and potentially Fortran programs. Our parser serves as a base for AiiDA

work�ows for preparation of 
rystallographi
 data for DFT 
al
ulations [53℄;

• Validation � IUCr has de�ned proto
ols for the validation of CIF �les against di
tionaries,

and di
tionaries in turn against their Di
tionary De�nition Language (DDL) di
tionaries,

all of them use CIF as 
arrier format.

4.1.2 Behaviour

Agreement on 
ommon data formats and stri
t 
omplian
e to their spe
i�
ations are of 
ru
ial

importan
e for data ex
hange between di�erent software pie
es as well as di�erent resear
hers.

Deviations from the format pre
ipitate unne
essary interruptions in data pro
essing, a need of

human parti
ipation and, in the worst 
ase, 
orrupt data and erroneous results. Thus we do

our best to implement the CIF parsers pre
isely to the spe
i�
ation of the IUCr. We have,

though, de
ided to require less that the IUCr spe
i�
ation in one aspe
t. Our parser tolerates

lines of arbitrary length, reporting them only if the 
he
k for line length is expli
itly requested.

We justify this de
ision with the fa
t that most of the modern programming languages (we use

Perl and C, but the same features exist at least in Python, Java, Julia) are able to seamlessly

pro
ess strings of virtually any length, therefore limiting them in this 
ase would be an additional

burden. Moreover, reading in long lines does in no way lose or 
orrupt the data. On the 
ontrary,

limiting line length and dis
arding symbols past the limit may 
ause the loss of data. Therefore,

reje
tion of otherwise 
onforming �les due to long lines is detrimental, unless there is a need to


he
k the �les before pro
essing them with Fortran programs whi
h use �xed-length bu�ers.

We have de
ided to make COD::CIF::Parser permissive, at the same time writing out CIF �les

as 
losely adhering to CIF 1.1 spe
i�
ation as possible. In this way we a
hieve that our software

is 
apable of reading the maximum number of inputs, in
luding its own, and produ
ing output

suitable for the largest number of other programs.

To 
ompare the parsing behaviour of di�erent CIF parsers we have 
arried out synta
ti
al

analysis of two sets of syntheti
 CIF �les:

1

test 
ases as published in Merkys et al. (2016) [67℄ and

a new set of test 
ases, in
orporating all features from the test suite of v
if. We have sele
ted

to 
ompare a set of widely used open-sour
e 
ommand-line 
ompatible CIF parsers, namely ase

(version 3.14.1), 
if2
if (version 2.0.0), 
if_api (version 0.4.2), gemmi (GIT 
ommit 860d285),

PyCIFRW (version 4.2), u
if (revision 23314), v
if (version 1.2), v
if2 (version 0.9.3.1), ZINC

(version 1.12), and our CIF parsers (revision 5518). We have also 
he
ked the parser of pymatgen,

but de
ided to ex
lude it as too spe
i�
: it employs regular expressions to determine symmetry

and 
oordinate data from CIF �les ignoring the remaining 
ontent. As CIF is a subset of

STAR format and STAR parsers are able to parse CIF, two STAR parsers, STAR::Parser

(version 0.59) and StarTools (version 0.2.0), were also added to the set of analysed parsers.

As our intent was to investigate the default behaviour of bespoke parsers, we have not used

any 
ommand line options or arguments, ex
ept for COD::CIF::Parser

2

. The results of the

1

All test 
ases as well as the results are a

essible on the Web at https://github.
om/
od-developers/CIF-

parsers

2

We have expli
itly set 
ommand line option --report-long-items for COD::CIF::Parser to enable line and
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as
ii-127.
if × × × / × × / /

byte-order-mark.
if × × × / × × × ×

losing-bra
ket.
if × × × / / ×

omment-only.
if / ×
dos-
trl-z.
if × × × / × × × ×
dupli
ate-tags-di�erent-
ases.
if × / × × × × ×
dupli
ate-tags-di�erent-values.
if × / × × × × × ×
dupli
ate-tags-same-values.
if × / × × / × × ×
empty-datablo
k.
if / / ×
empty-datablo
k-name.
if × × × / × × / × × /

empty-�le.
if × / ×
form-feed.
if × × × × × /

global.
if × × × × × × × × ×
long-line.
if × / × / / /

loop-without-tags.
if × / × × × × × � × × × ×
loop-without-values.
if × / × × × × × � × × × ×
missing-
losing-quote.
if × / × × / × × / / × × /

missing-data-header.
if × / × × / × × × × /

non-as
ii.
if × × × / × × / /

non-as
ii-in-
omment.
if × × / / × /

null-symbol.
if × × × × × × / ×
_re�ne_ls_extin
tion_expression.
if ×
single-quote-in-value.
if

stray-values-at-start.
if × × × / × × × × × ×
tag-immediately-following-text�eld.
if × × × × × × / × ×
text�eld-in-loop.
if /

text�eld-no-
losing-semi
olon.
if × × × × × × × / × × × �

unquoted-loop-pre�x.
if × × × / × ×
value-immediately-following-text�eld.
if × × × × × / ×
value-starting-with-bra
ket.
if × × × / / ×
value-starting-with-
losing-bra
ket.
if × × × / / ×
value-starting-with-dollar.
if × × × × × × ×
verti
al-tab.
if × × × × × × /

whitespa
e-pla
ement.
if /

wrong-number-of-loop-values.
if × / × × × × × × × × × /

Table 4.1: Comparison of CIF 1.1 parsers. Crosses (�×�) denote dete
ted parsing failures, slashes
(�/�) denote emitted warnings, and dashes (���) mark 
ases when parsing programs hang for an

inde�nite amount of time and have to be terminated manually.

analysis are given in Table 4.1. We have identi�ed four possible out
omes of �le parsing:

error (parser program failure), warning (parser 
ompletes the parsing and reports issues with

syntax/semanti
s), failure to terminate (program hangs for unreasonably long time) and su

ess.

It is important to note that parsing failure 
ould mean either that a parser has re
ognised an

error and terminated or the program of a parser failed to pro
eed due to inability to 
ope with

the state it arrived at. Moreover, 
he
king the resulting CIF representations was deemed out of

s
ope for this 
omparison of parsers, therefore su

essful parsing does not ne
essary mean that

a parser 
orre
tly reads in and represents the input �le in its internal representation.

It is interesting to 
ompare the rea
tion of di�erent CIF 1.1 parsers to various test suites

of CIF �les. Indeed, most parsers seem to be 
apable to read the 
onforming CIF �les and

identify the in
orre
t ones. ase and ZINC prove to be robust, low-level tools, being able to parse

CIF �les with forbidden symbols, 
losing quotes and missing headers. However, ase parser

is unable to pro
ess two 
orre
t CIF �les from the test suites and ZINC be
omes trapped in

data item length 
he
ks, whi
h are disabled by default. This was done in order to make COD::CIF::Parser

behaviour as 
lose to the other parsers as possible.
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an in�nite loop after running into unterminated text �eld and has to be stopped manually.


if2
if dete
ts and reports some of the syntax and semanti
 errors (for example dupli
ated

data items and overlong lines), but is also insensitive to some symbols forbidden in the CIF

values. The parser does not a

ept CIF values starting with �loop_�, whi
h are allowed by

the syntax de�nition. 
if_linguist reports all non
onforming CIF 
onstru
tions of the test

suites ex
ept �Z symbol and overlong data item names. In addition, a 
ouple of false positives

is reported: DOS line ending symbols and valid unquoted strings. gemmi CIF parser stands

very 
lose to 
if_linguist. gemmi dete
ts �Z, 
orre
tly pro
esses DOS line endings and does

not impose restri
tions on line and data item name lengths. Moreover, parser's requirements

for 
hara
ter sets are lax. PyCIFRW parser also seems to relax the limitations on the 
hara
ter

set and line lengths. Nevertheless, overlong data item names are reported. The parser does not

warn about missing data item or value parts of CIF loops and missing white spa
e separators

following the text �elds. u
if is 
apable of reporting most of the non
onforming tests with the

ex
eptions of dupli
ated data items, missing mandatory white spa
e following text �elds and

overlong lines and data item names. v
if proves to be more sensitive to borderline CIF 
ases

than most of other parsers. Apart from most of the errors, v
if warns about empty �les and

data blo
ks, long lines and data item names. However, data item names whi
h di�er only in


hara
ter 
ases are not reported, although mandated as 
ase-insensitive. Missing white spa
e

between text �elds and following values is not reported, as well as reserved symbols in unquoted

data values. v
if2 relaxes some restri
tions of v
if: dupli
ate data items are not reported at

all, as well as unterminated text �elds and data items immediately following text �elds. However,

warnings are emitted 
on
erning non-ASCII symbols in 
omments, values starting with �loop_�

and forbidden white spa
e symbols. Both STAR format parsers, STAR::Parser and StarTools,

are less prone to issue warnings, however this might be be
ause some limitations of the CIF

format are not imposed on STAR. Nevertheless, STAR::Parser seems to be the least robust as

it gets 
aught in an endless loop upon en
ountering malformed loops.

On one hand, su
h diversity of the parser behaviour possibly re�e
ts the di�ering

requirements and purposes intended by their developers. On the other hand, it allows an insight

into their engineering solutions and trade-o�s. In the COD, for example, the task is to retrieve

as mu
h as possible reliable data from publi
ation supplements and depositor-uploaded �les,

therefore, permissive CIF parser is required. As overlong lines and byte order marks (BOM)

do not 
orrupt the data, we a

ept CIF �les with these features, but try to adhere to the

CIF standard when produ
ing the output. It is evident that other uses might require di�erent

behaviour.

Our parsers operate in a manner similar to 
if_linguist and gemmi. Stri
t mode of COD::-

CIF::Parser dete
ts all syntax and semanti
 errors ex
ept UTF-8 BOM and a pair of white

spa
e symbols that are forbidden in CIF (verti
al tabulation and form feed, de
imal ASCII

values 11 and 12, a

ordingly). While it is true that BOM 
onstituent bytes as well as the other

white spa
e symbols fall into the restri
ted part of the 
hara
ter set of CIF 1.1, we argue that

they might get inserted by some text editors from time to time and should be deemed artefa
ts.

The same treatment of BOMs is suggested in the CIF 2.0 standard de�nition [72℄, therefore we

feel that it 
ould be also applied to its prede
essor. On the other hand, COD::CIF::Parser

�x

is

mu
h laxer, pro
essing the most of the inputs of the test suites, repairing them and issuing
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Parser Run time (min)

ase 90.69


if2
if 31.54


if_linguist 27.05

COD::CIF::Parser 25.53

COD::CIF::Parser

�x

16.07

gemmi 12.25

u
if 16.61

v
if 15.77

zin
 16.16

Table 4.2: Total parsing time (in minutes) of CIF �les from the COD

warnings where appropriate. These features proved very useful in reading non-
onforming

CIF �les, whi
h o

ur even in the data from peer-reviewed publi
ations. All in all, diverse

behaviour of di�erent parsers demonstrates the handiness of having several parsers available:

�rstly, 
omparison of di�erent parsers lets spot bugs in our 
ode; se
ondly, a parser with desired

trade-o�s (
ompatibility with used programming languages, performan
e, maintenan
e 
osts

and dependen
ies) 
an be sele
ted on demand.

4.1.3 Performan
e

The 
omparison of CIF parser performan
e was evaluated by parsing 382 807 CIF �les from the

COD (all entries from revision 199925 totalling in ∼49 GB) on an unloaded 
omputer with 31 GB

of RAM and 16 × Intel(R) Xeon(R) CPU E5-2450 v2 � 2.50GHz, running Debian GNU/Linux

8.6 (jessie), with g

 version 4.9.2, Perl version 5.20.2, Python version 2.7.9. Versions of the

parsers were the same as listed in Se
tion 4.1.2. Wall 
lo
k timings are presented in Table 4.2 for


omparison (we have de
ided to ex
lude PyCIFRW and v
if2 from the performan
e ben
hmark

due to the observation that the parsers's parsing time depends quadrati
ally on the sizes of

CIF text �elds, possibly due to ine�e
tive memory management). Our tests indi
ate that our

C parser is one of the fastest in the �eld, while at the same time 
apable of re
ognising most of

the CIF features de�ned by the IUCr CIF grammar.

4.1.4 Con
lusion

A parser for CIF format was implemented in Perl programming language and later optimised

as a C library with bindings for Perl and Python programming languages. A

ording to our

tests, resulting COD::CIF::Parser is one of the fastest and the most a

urate existing CIF

parsers. Comparing results of various parsers was essential in developing and testing our

parsers, as some test 
ases eli
it di�erent behaviour from various parsers. It must be noted that

emerging di�eren
es are not ne
essarily manifestations of errors as di�erent behaviour might

be intentional. In parti
ular, error-
orre
ting mode of COD::CIF::Parser proved ne
essary to

import and repair non-
onforming CIF �les from external sour
es. Thus our parser turned out

handy in managing large 
olle
tions of 
rystallographi
 data. Furthermore, high speed parsing

and 
ompatibility with other programs in Perl, C and Python languages allow usage of COD::-

CIF::Parser in various 
rystallographi
 software, and we expe
t it to fa
ilitate easier data
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ex
hange between resear
hers.

We have developed CIF 1.1 and CIF 2.0 parsers in parallel. Thus we have implemented

a separate lexer and a grammar for ea
h CIF format version. As the development 
osts of

software grow worse-than-linearly with the system size [202℄, the maintenan
e of two sets of

parsers will result in in
reased 
osts and will require 
onsiderably more e�ort than a single

parser. Nevertheless, as CIF 2.0 parser is ba
kwards in
ompatible, the 
urrent situation is

inevitable.

4.2 Geometry library

4.2.1 Overview

A total of 382 807 stru
tures from COD revision 199925 were pro
essed using the methods

des
ribed above. Cal
ulations took almost two full days on 140 
ores of 240 × Intel(R)

Xeon(R) CPU E5-4650 v2 � 2.40GHz shared memory ma
hine with 1.1 TB RAM, under

CentOS 6.8 operating system. At least one pair of bonded atoms was extra
ted from around

320 000 stru
tures, the rest being either empty, skipped or 
ontaining isolated atoms. To better

understand possible 
auses and 
orrelations of 
ertain stru
ture parameters, we have developed

a program to automati
ally assign labels to entries in the COD by analysing the outputs of


if_mole
ule and 
if_bonds_angles. The following labels are de�ned:

• PROCESSED � a stru
ture is pro
essed; this label is supposed to be assigned to every

stru
ture regardless its properties or pro
essing out
ome;

• BUMPS � a stru
ture 
ontains at least one bump;

• CIF_EMPTY � the output of 
if_mole
ule for a stru
ture is empty;

• CIF_KILLED � the pro
ess of 
if_mole
ulewas killed due to the overuse of either memory

or time resour
e;

• DISORDER_DEPEND_CLASSES � a stru
ture 
ontains at least one atom with an atom type

dependent on disorder;

• DISORDERED � a stru
ture is disordered;

• DISORDER_SPEC_POSN � a stru
ture 
ontains at least one atom deemed disordered around

spe
ial position;

• DUPLICATE � a stru
ture is a dupli
ate;

• MARKED_DISORDER � a stru
ture 
ontains at least one site marked as disordered via


if_mark_disorder;

• NO_ATOMS � a stru
ture does not 
ontain any atoms;

• POLYMER � a stru
ture is deemed to be a polymer;
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• TAB_EMPTY � the output of 
if_bonds_angles for a stru
ture is empty and the reason is

given;

• TAB_NOT_READY � the output of 
if_bonds_angles for a stru
ture is empty and the reason

is not given;

• UNK_CHEMTYPE � a stru
ture 
ontains at least one atom of unre
ognised 
hemi
al element.

Table 4.3 displays 
o-o

urren
e of �ags, automati
ally assigned to the pro
essed stru
tures.

A

ording to the table, geometri
 observations are not extra
ted from half of disordered

stru
tures, mostly due to disorder-dependent atom types. Over a third of polymer stru
tures as

well as stru
tures with bumps are also skipped.

4.2.2 Atom types

There is a total number of 1 073 426 level 2 atom types in the COD, around 4 times more than

reported previously [115℄. Most of the types, 822 860 belong to the �organi
 subset� as de�ned

by SMILES (B, C, N, O, P, S, F, Cl, Br, I), 374 303 out of them are of 
arbon atoms alone.

Carbon-to-all ratio of 35% is mu
h larger than 14%, reported by PURY [7℄.

The average number of distin
t atom types per 
rystal stru
ture is 20. Stru
tures with

bumps on average have around 26 types. This leads to the 
on
lusion that bumps introdu
e

�impurities� in 
hemi
al environments thus leading to more singleton atom types.
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PROCESSED * 11 2 1 9 21 2 1 6 0 23 16 4 1

BUMPS * * 0 0 26 44 5 1 10 0 34 34 7 0

CIF_EMPTY * 0 * 44 0 0 0 0 26 15 0 * 0 37

CIF_KILLED * 0 * * 0 0 0 0 13 0 0 * 0 0

DISORDER_DEPEND_CLASSES * 31 0 0 * * 5 0 37 0 41 * 0 0

DISORDERED * 24 0 0 45 * 9 1 24 0 30 51 5 0

DISORDER_SPEC_POSN * 29 0 0 28 * * 1 1 0 12 30 1 0

DUPLICATE * 16 0 0 0 23 2 * 10 0 40 * 0 0

MARKED_DISORDER * 21 9 2 62 91 0 1 * 0 83 91 19 7

NO_ATOMS * 0 * 0 0 0 0 0 0 * 0 * 0 0

POLYMER * 16 0 0 17 27 1 1 20 0 * 35 17 0

TAB_EMPTY * 24 12 5 58 66 3 4 31 2 50 * 25 5

TAB_NOT_READY * 19 0 0 0 26 0 0 25 0 97 * * 0

UNK_CHEMTYPE * 0 * 0 0 0 0 0 55 0 0 * 0 *

Table 4.3: Co-o

urren
e of �ags. Interse
tions of rows and 
olumns show the per
entage of all

stru
tures with the row �ag having also the 
olumn �ag. Symbol * 
orresponds to 100%.

Automati
ally generated atom types 
an be subje
ted to validation based on the �
ommon


hemi
al sense�. These validation 
riteria 
ould be then expressed as a system of rules and
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Figure 4.1: Breakdown of 
lass sizes.
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applied to dete
t nas
ent improbable atom types. For example, around 20 000 atom types of

hydrogen atoms bound to two other atoms were dete
ted, most of them 
learly being artefa
ts.

1500 atom types were dete
ted for planar atoms with �ve or more 
ovalent neighbours, what

is also quite unusual. Parti
ipation in hundred or more rings might also seem odd, however,

around 350 su
h atom types were found. It should be noted, though, that the most of these

types will be singletons, mostly 
aused by the presen
e of bumps.

Most of bond, angle and dihedral angle 
lasses are singletons (Figure 4.1 presents breakdown

of 
lasses by the number of observations), with only 1% or less of them having 50 or more

observations. This 
an be attributed to the overwhelming diversity of 
hemi
al environments in

small mole
ule 
rystal stru
tures.

Apparent limitations of 
urrent atom typing methods are due to sele
ted 
lassi�
ation depth

and maximum ring size. It is out of s
ope of the 
urrent study to determine whether/when

signi�
ant di�eren
es are introdu
ed by further 
ovalent neighbours or by 
losedness (
y
li
ity)

of 
ovalent 
hains of more than seven atoms. However, it is 
lear that in
luding more

information into atom types would result in a �ner partition of 
hemi
al environments 
ausing

underrepresentation of many of them. Therefore, 
urrent method is a 
ompromise between

pre
ision and redundan
y.

De
ision to ignore atom aromati
ity and bond orders is bound to in
rease number of

prominent modes in the distributions of bond lengths. Admittedly, some of the required

information 
ould be taken from author-provided 
hemi
al names, thus avoiding the need to

use 
oordinate-based heuristi
s. This 
ould be a
hieved, for example, by using OPSIN to


onvert author-provided 
hemi
al names to SMILES strings and Morgan algorithm to overlay


oordinates- and SMILES-derived mole
ular graphs. However, 
hemi
al names are present for

one in three entries in the COD, moreover, for as mu
h as 14% of 
hemi
al names there might

be mismat
hes [21℄.

The appli
ability of VBT to the 
ompounds outside the organi
 subset is also questionable.

Metal 
oordination 
ould be represented very well by the 
urrent approa
h, provided that all

pairs of metal and 
oordinating atoms are 
onsidered as bonded. For example, ferro
ene, a

sandwi
h 
ompound, has Fe�C 
onta
ts of 2.04 Å in length, that are re
ognised as bonds by

the 
urrent software. However, the 
urrent algorithm is not able to tell 
oordinated atoms from

their neighbours should they be lo
ated 
lose enough to the 
oordinated metal, nor are the atom

types able to distinguish di�erent 
oordination types of the same 
oordination number [203℄.

There is no 
lear 
riterion to tell whether two metal atoms are bonded in 
rystal stru
ture. Ioni


bonds, that usually allow greater variations in geometry, should not be treated as bonds by the


urrent algorithm.

4.2.3 τ angle

The value of τ angle [109℄ was 
hosen as a tou
hstone to 
ompare the results of this study

with the ones performed before. Atom types relevant to protein ba
kbone were 
omposed to

sele
t the observations of τ angle in the COD. Average τ angle sizes are reported in Table 4.4

alongside the results of other studies. It is evident that the out
ome of the analysis from the

COD is 
omparable to the earlier works, although τ angles are generally larger. Compared

76



CHAPTER 4. RESULTS

Sour
e Gly Other ex
ept Gly & Pro

EH 1991 [98℄ 112.5 ± 2.9 111.2 ± 2.8

LMT 1993 [205℄ 112.19 ± 3.64 110.77 ± 3.29

EH 2001 [206℄ 113.1 ± 2.5 111 ± 2.7

TV 2010 [109℄ 113.1 ± 3.4 111 ± 3

this study 113.5 ± 1.9 111.3 ± 2.7

Table 4.4: Comparison of protein ba
kbone τ angles.
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Figure 4.2: Bond lengths in 
oordinate 
omplexes: left) Cu�O in six-
oordinate 
opper-water


omplexes, right) P�F in hexa�uorophosphate. Histogram is outlined in yellow, density of the

best model in violet.

to the study of Balas
o et al. (2017), who analysed τ angle (at residues ex
ept gly
ine and

proline) and its dependen
e on protein se
ondary stru
ture, τ value derived from the COD

is very similar to one averaged over all observations (∼ 111.3◦) [204℄. Very small number of

o

urren
es in the COD (11 hits of gly
ine-like and 36 hits of the rest amino a
ids ex
ept

proline) 
ould be a

ounted for the dis
repan
ies. Despite this fa
t, the standard deviation of

gly
ine is smaller than observed before, hinting the absen
e of outliers. This study de�nes eight

non-empty 
lasses of τ angle environment depending on Cβ: gly
ine (NCH, 11 observations),

alanine (CH3, 15 observations), linear alkane 
hain (CCHH, 10 observations), threonine (CCHO,

3 observations), β-bran
hed residues (valine and isoleu
ine, CCCH, 4 observations), serine (CHHO,

two observations), 
ysteine (CHHS) and tert-leu
ine (CC3), with a single observation ea
h.

4.2.4 Jahn�Teller e�e
t

The eviden
e of Jahn�Teller e�e
t, responsible for the elongation of axial bonds in six-


oordinate 
opper-water 
omplexes, in the COD is similar to one previously seen in the CSD by

Harding (1999) [157℄ (Figure 4.2, left). However, short bonds in the COD are ∼ 0.2 Å shorter

and a substantial part of observations of longer bonds are missing due to Cu�O 
ovalent 
uto�

of roughly 2.5 Å. A mixture model of �ve normal 
omponents (Figure 4.2, right; density shown

in violet) was 
hosen to approximate the distribution of bonds.
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Figure 4.3: Re�nement bias in benzene bond lengths: left) C�H and right) C�C. Yellow

line outlines the histogram of all observations in the COD, whereas violet line represents the

histogram of observations from the independently re�ned C�C bonds.

4.2.5 Re�nement bias

Laskowski et al. (1993) noti
ed that geometri
 libraries and software used for re�nement usually

introdu
e bias so signi�
ant that a very 
rude ruleset dete
ts the settings used with the a

ura
y

of 95% [205℄. Possible footprints of di�erent re�nement settings are also visible in data in the

COD. For example, almost dis
rete distribution of benzene C�H bond lengths (Figure 4.3, left)


ontains �ve prominent peaks that are lo
ated at 0.93, 0.94, 0.95, 0.96 and 1 Å, indi
ating

putative target values used during the re�nement. Bias may be averted by 
onsidering only

observations that are expli
itly marked as re�ned without restraints (values of CIF data item

_atom_site_refinement_flags or related items are �.�). Histogram of benzene C�C bonds

from only non-restrained fragments la
ks otherwise anomalous peak at ∼ 1.39 Å (Figure 4.3,

right), highly likely 
aused by bonds being re�ned to this ideal value. We have investigated

C�H bond lengths in order to identify the systemati
 bias introdu
ed by re�nement software.

However, there seems to be no straightforward 
orrelation between used values and programs in

the COD, possibly due to di�erent libraries used with the same software.

4.2.6 Validation of novel stru
tures

To evaluate our method of stru
ture validation we have investigated 100 novel stru
tures that

were deposited to the COD after we had derived the 
urrent geometry library. In parallel, we

have used PLATON in order to obtain results for 
ross-validation of our method. Out of 100

stru
tures, 9 were 
onsidered to 
ontain bumps. 12 stru
tures were unable to be pro
essed by


if_
he
k_geometry due to the need of extensive 
al
ulation resour
es. 23 stru
tures of 100

had at least one unusual feature a

ording to our method, while PLATON had warnings for 18

stru
tures. 6 stru
tures had warnings by both methods. The full list of stru
tures with warnings

in this subset is given in Table 4.5. Below we present manual analysis of ten stru
tures with the

most warnings by our method.

The most of the analysed stru
tures have unusual parameters arising due to possibly poor
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COD ID dC αC φC

∑
C

∑
P

Bumps

1546823 11 17 0 28 1

2020874 0 18 0 18 0 6

7229026 0 7 0 7 0

4002839 0 6 0 6 0

1546859 2 3 0 5 2

4126340 5 0 0 5 0

7228987 0 0 5 5 0

1546887 0 4 0 4 4

7056555 2 1 1 4 0 10

1546858 1 2 0 3 0

4126332 1 2 0 3 0

7229031 0 0 3 3 0

1546862 0 2 0 2 6

7044067 0 2 0 2 1 2

1546918 0 2 0 2 0

7155853 0 2 0 2 0

7228989 0 0 2 2 0

7229032 0 2 0 2 0

7120611 1 0 0 1 1

1546820 0 1 0 1 0

7044036 0 1 0 1 0

7044045 0 1 0 1 0

7228985 0 1 0 1 0

1546884 0 0 0 0 4

1546885 0 0 0 0 4

1546889 0 0 0 0 4

7229014 0 0 0 0 4

7044095 0 0 0 0 3 3

7120612 0 0 0 0 3

7056573 0 0 0 0 2

1546848 0 0 0 0 1

1546913 0 0 0 0 1

7044089 0 0 0 0 1

7229036 0 0 0 0 1

7229042 0 0 0 0 1

Table 4.5: Validation of 100 novel

stru
tures from the COD. Stru
tures

without warnings were omitted for brevity.

dC , αC , φC are a

ordingly 
ounts of

bonds, bond angles and valen
e angles

deemed unusual by our method;

∑

C

and

∑

P are a

ordingly total 
ounts of

warnings by our method and PLATON.

COD ID dC αC φC

∑
C

∑
P

Bumps

2214032 4 5 0 9 1

2214266 7 0 0 7 1

2214740 7 0 0 7 1

2214731 6 0 0 6 1

2215545 3 3 0 6 0

2214494 4 1 0 5 0

2215330 1 3 0 4 1

2211060 1 3 0 4 0

2215738 4 0 0 4 0

2216003 2 2 0 4 0

2216548 3 1 0 4 0

2216555 3 1 0 4 0

2216233 1 2 0 3 1

2214035 3 0 0 3 0

2214948 0 2 1 3 0

2215165 1 1 1 3 0

2215546 3 0 0 3 0

2215724 3 0 0 3 0

2215994 0 3 0 3 0

2216004 3 0 0 3 0

2215725 0 2 0 2 1

2215733 1 1 0 2 1

2214020 0 2 0 2 0

2215167 2 0 0 2 0

2215544 0 0 2 2 0

2216567 1 1 0 2 0

2214265 1 0 0 1 1

2211463 0 1 0 1 0

2211708 0 1 0 1 0 1

2211760 1 0 0 1 0

2214728 0 1 0 1 0

2214858 0 1 0 1 0

2214947 1 0 0 1 0

2214955 1 0 0 1 0

2215999 0 1 0 1 0

2216217 1 0 0 1 0

2214262 0 0 0 0 2

2215170 0 0 0 0 2

2216576 0 0 0 0 2

2214066 0 0 0 0 1

2214261 0 0 0 0 1

2214492 0 0 0 0 1

2217640 0 0 0 0 1 285

Table 4.6: Validation of 70 stru
tures,

retra
ted in 2010 [86℄. Stru
tures

without warnings were omitted for brevity.

Notations are the same as in Table 4.5

hydrogen treatment. As mu
h as 11 bond lengths and 17 angles involving hydrogens in methyl

groups are deemed unusual in 1546823 by our method as well as PLATON, suggesting poor

hydrogen atom treatment. 1546859 is deemed unusual by both methods: 
if_
he
k_geometry

warns about unusual parameters involving hydrogen atoms (mostly restrained), whereas PLATON

has spotted suspi
ious angles involving silver atoms. Hydrogen atoms re�ned using riding models

were involved in unusual 
onformations in 7228987 (5 dihedral angles) and 7229031 (3 dihedral

angles). Poor overall re�nement of 7229026 (Rw fa
tor of all re�e
tions, 0.2966, is quite high,

possibly signalling poorer than ordinary re�nement) is possibly the reason why 7 parameters

throughout the whole moiety are judged unusual, mostly in the disordered parts. Unmarked

disorder around spe
ial positions resulted in bumps in two stru
tures. Six pairs of bumping

atoms were dete
ted in 2020874, arising from a methyl group. 18 warnings 
on
ern fragments

involving hydrogen atoms. Two unusual bonds in 7056555 are due to a water mole
ule pla
ed

on an axis of symmetry and not marked as disordered around spe
ial position. One bond

angle in Cu 
oordination 
omplex is also judged slightly distorted, as well as a dihedral angle

79

http://www.crystallography.net/cod/1546823.html
http://www.crystallography.net/cod/2020874.html
http://www.crystallography.net/cod/7229026.html
http://www.crystallography.net/cod/4002839.html
http://www.crystallography.net/cod/1546859.html
http://www.crystallography.net/cod/4126340.html
http://www.crystallography.net/cod/7228987.html
http://www.crystallography.net/cod/1546887.html
http://www.crystallography.net/cod/7056555.html
http://www.crystallography.net/cod/1546858.html
http://www.crystallography.net/cod/4126332.html
http://www.crystallography.net/cod/7229031.html
http://www.crystallography.net/cod/1546862.html
http://www.crystallography.net/cod/7044067.html
http://www.crystallography.net/cod/1546918.html
http://www.crystallography.net/cod/7155853.html
http://www.crystallography.net/cod/7228989.html
http://www.crystallography.net/cod/7229032.html
http://www.crystallography.net/cod/7120611.html
http://www.crystallography.net/cod/1546820.html
http://www.crystallography.net/cod/7044036.html
http://www.crystallography.net/cod/7044045.html
http://www.crystallography.net/cod/7228985.html
http://www.crystallography.net/cod/1546884.html
http://www.crystallography.net/cod/1546885.html
http://www.crystallography.net/cod/1546889.html
http://www.crystallography.net/cod/7229014.html
http://www.crystallography.net/cod/7044095.html
http://www.crystallography.net/cod/7120612.html
http://www.crystallography.net/cod/7056573.html
http://www.crystallography.net/cod/1546848.html
http://www.crystallography.net/cod/1546913.html
http://www.crystallography.net/cod/7044089.html
http://www.crystallography.net/cod/7229036.html
http://www.crystallography.net/cod/7229042.html
http://www.crystallography.net/cod/2214032.html
http://www.crystallography.net/cod/2214266.html
http://www.crystallography.net/cod/2214740.html
http://www.crystallography.net/cod/2214731.html
http://www.crystallography.net/cod/2215545.html
http://www.crystallography.net/cod/2214494.html
http://www.crystallography.net/cod/2215330.html
http://www.crystallography.net/cod/2211060.html
http://www.crystallography.net/cod/2215738.html
http://www.crystallography.net/cod/2216003.html
http://www.crystallography.net/cod/2216548.html
http://www.crystallography.net/cod/2216555.html
http://www.crystallography.net/cod/2216233.html
http://www.crystallography.net/cod/2214035.html
http://www.crystallography.net/cod/2214948.html
http://www.crystallography.net/cod/2215165.html
http://www.crystallography.net/cod/2215546.html
http://www.crystallography.net/cod/2215724.html
http://www.crystallography.net/cod/2215994.html
http://www.crystallography.net/cod/2216004.html
http://www.crystallography.net/cod/2215725.html
http://www.crystallography.net/cod/2215733.html
http://www.crystallography.net/cod/2214020.html
http://www.crystallography.net/cod/2215167.html
http://www.crystallography.net/cod/2215544.html
http://www.crystallography.net/cod/2216567.html
http://www.crystallography.net/cod/2214265.html
http://www.crystallography.net/cod/2211463.html
http://www.crystallography.net/cod/2211708.html
http://www.crystallography.net/cod/2211760.html
http://www.crystallography.net/cod/2214728.html
http://www.crystallography.net/cod/2214858.html
http://www.crystallography.net/cod/2214947.html
http://www.crystallography.net/cod/2214955.html
http://www.crystallography.net/cod/2215999.html
http://www.crystallography.net/cod/2216217.html
http://www.crystallography.net/cod/2214262.html
http://www.crystallography.net/cod/2215170.html
http://www.crystallography.net/cod/2216576.html
http://www.crystallography.net/cod/2214066.html
http://www.crystallography.net/cod/2214261.html
http://www.crystallography.net/cod/2214492.html
http://www.crystallography.net/cod/2217640.html
http://www.crystallography.net/cod/1546823.html
http://www.crystallography.net/cod/1546859.html
http://www.crystallography.net/cod/7228987.html
http://www.crystallography.net/cod/7229031.html
http://www.crystallography.net/cod/7229026.html
http://www.crystallography.net/cod/2020874.html
http://www.crystallography.net/cod/7056555.html


CHAPTER 4. RESULTS

COD ID dC αC φC

∑
C

∑
P

Bumps

1519776 5 27 0 32 0 66

4112502 22 9 0 31 0

2005559 9 19 0 28 0

4316914 7 9 8 24 0

7152986 7 15 0 22 2

1517225 9 10 0 19 41 4

7103775 9 8 0 17 1

4083625 0 17 0 17 0

2000089 11 3 0 14 0 2

4326131 3 9 2 14 0

4028178 4 7 2 13 0

4313003 6 4 3 13 0 4

2006345 6 6 0 12 0

4308222 0 12 0 12 0

7226719 0 3 9 12 0

2101240 3 7 0 10 0

4508401 0 8 2 10 0

2100783 3 6 0 9 0

4316029 0 9 0 9 0 879

4323192 4 5 0 9 0 1

4122124 6 2 0 8 1 6

1543698 2 6 0 8 0

2001438 4 4 0 8 0 8

4061664 6 2 0 8 0

4110701 4 3 0 7 4

8102293 5 2 0 7 1

1515403 7 0 0 7 0

2008570 5 2 0 7 0

4022241 0 7 0 7 0

4068650 3 4 0 7 0

Table 4.7: Validation of 1000 random

stru
tures from the COD. 30 stru
tures

with the most warnings by our method.

Notations are the same as in Table 4.5

COD ID dC αC φC

∑
C

∑
P

Bumps

4111438 0 0 0 0 15 1

4061731 0 0 0 0 12

2019970 0 0 0 0 9 639

4077645 0 0 0 0 9

4101695 0 0 0 0 6

4309879 0 0 0 0 6

7009707 0 0 0 0 6

2203936 0 0 0 0 5

4070531 0 0 0 0 5

4074116 0 0 0 0 5

4076457 0 0 0 0 4

4104545 0 0 0 0 4

4113595 0 0 0 0 4

4317601 0 0 0 0 4

4333210 0 0 0 0 4

4502024 0 0 0 0 4

7002930 0 0 0 0 4

7041367 0 0 0 0 4

7102241 0 0 0 0 4 1

1515649 0 0 0 0 3 4

2204549 0 0 0 0 3

7003771 0 0 0 0 3

7219216 0 0 0 0 3

2201582 0 0 0 0 2

2207064 0 0 0 0 2

4001338 0 0 0 0 2

4027467 0 0 0 0 2

4077122 0 0 0 0 2 2

4077989 0 0 0 0 2

4079811 0 0 0 0 2

Table 4.8: Validation of 1000 random

stru
tures from the COD. 30 stru
tures

with the most warnings by PLATON and no

warnings by our method. Notations are the

same as in Table 4.5

involving a pair of hydrogen atoms in riding positions. Unusual angles in ferro
ene group of

1546887 were spotted by 
if_
he
k_geometry. Ferro
ene rings in this stru
ture are very 
lose

to perfe
t staggered 
onformation, what seems to be rare in the COD. PLATON judges angles in

B and Ge 
oordination spheres as suspi
ious. Five bonds between 
arbon and oxygen atoms

of 
y
lodextrin moiety in 4126340 are ruled unusual. The stru
ture is a 
ompound of a large

unit 
ell and these unusual bonds are not a

ounted for in the text. However, examination of

thermal ellipsoids with olex2 [207℄ revealed that all these bonds 
ontain at least one highly

displa
ed atom. Stru
ture 4002839 reveals a limitation of our method, spe
i�
ally, inability to

�t a model to degenerate sample: 11 observations of Ge�P�Ag angles, 2 of whi
h are unique,

are approximated by a Cau
hy mixture of a single sharp 
omponent, whi
h is pla
ed on the

most populated peak. Six measurements from the input stru
ture fall between the two peaks,

therefore resulting in a very low likelihood.

Interestingly, there is little 
orrelation between warnings issued by our method and PLATON.

Only six stru
tures were deemed unusual by both methods. Analysis of �ve stru
tures with the

most PLATON warnings (3 or more unusual angles ea
h) revealed that fragments having unusual

parameters were poorly represented in the COD and had just a 
ouple observations. It is evident

that our method is more sensitive, however, it is by de�nition unable to validate previously

unseen geometry. Therefore, better results would be a
hieved by 
ombining advantages of both

our method and PLATON.
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4.2.7 Validation of retra
ted stru
tures

We have also 
arried out unusual feature dete
tion in 70 retra
ted stru
tures from

A
ta Crystallographi
a, as reported in 2010 [86℄. Sin
e the retra
tion took pla
e long before

the beginning of the 
urrent study, parameters from the retra
ted stru
tures have not entered

the parameter extra
tion stage. Out of 70 stru
tures, 2 were 
onsidered to 
ontain bumps.

36 stru
tures of 70 had at least one unusual feature a

ording to our method, while PLATON

had warnings for 16 stru
tures. 9 stru
tures had warnings by both methods. Again, we have

reviewed ten of the entries with the most warnings.

The most of unusual parameters were spotted in 
oordination 
ompounds des
ribed by Zhong

et al. (2007) [208℄. 
if_
he
k_geometry judged unusual observations of fragments involving


arbon and nitrogen atoms in 
oordinated organi
 ligands in 2214032, 2214266, 2214494,

2214731, 2214740 and 2215545. PLATON deemed 
helation angles suspi
ious in most of these

stru
tures. In stru
tures 2216548 and 2216555, published by the same group, C�C bond lengths

in a
eti
 a
id moieties as well as angles in metal 
oordination spheres are judged suspi
ious. Four

suspi
ious parameters not involving hydrogen atoms were reported in 
arboxyphenyl group in

2216003. Four unusual C�N bond lengths were spotted in 2215738. These observations lead

to a 
on
lusion that unusual parameters involving hydrogen atoms are relatively abundant,

as 
ompared to the non-hydrogen fragments. Therefore, suspi
ious geometry of non-hydrogen

fragments should be a

ounted for by the authors or supported by di�ra
tion data.

Again, little 
orrelation between our method and PLATON is observed. Two stru
tures with

the most PLATON warnings, 2214262 and 2216576, are indeed genuine regarding the reported

aspe
ts: PLATON assumes hydroxy groups to be bonded to 
opper atom and judges angles of

su
h bonds unusual. Stru
ture of 2215170 
ontains a fragment with unmarked disorder whose

angles are reported as unusual by PLATON. Our method fails to do so as it treats the resulting


onne
tivity in the fragment as genuine, a
knowledging though six previously unseen atom types.

4.2.8 Validation of random stru
tures from the COD

1000 COD stru
tures that were used as input for the 
onstru
tion of the geometry library in this

study were also subje
ted to validation using 
if_
he
k_geometry and PLATON. Out of 1000

stru
tures, 125 were 
onsidered to 
ontain bumps. 159 stru
tures were unable to be pro
essed

by 
if_
he
k_geometry due to the need of extensive 
al
ulation resour
es. 206 stru
tures of

1000 had at least one unusual feature a

ording to our method, while PLATON had warnings for

109 stru
tures. 28 stru
tures had warnings by both methods. Review of ten stru
tures having

the most warnings is presented below.

Again, four of the stru
tures have warnings 
on
erning only measurements involving

hydrogen atoms, whose positions are in most 
ases 
al
ulated or not re�ned. Bond lengths

involving hydrogen atoms in 4112502 are generally longer than usual, suggesting usage of


onstraints that are derived from non-X-ray 
rystal stru
tures. Same 
ould be said about

2005559 and 7103775. Hydrogen positions of 2000089 were lo
ated using ele
tron density map,

however, all warnings 
on
ern bonds and angles involving hydrogen atoms in this stru
ture.

Unusual observations involving heavy atoms are found in four stru
tures bearing signs of poorer

than usual re�nement. In 4316914, stru
ture with R and Rw fa
tors greater than usual, many
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phenyl rings seem distorted. Phenyl rings and saturated 
arbon 
hains are distorted also in

7152986, whi
h has large R and Rw fa
tors as well as shift of the last re�nement step that

signals possible premature termination of the re�nement. 1517225, stru
ture of a very large

unit 
ell and Rw fa
tor slightly larger than usual, has a dozen of bond lengths and bond angles

involving heavy atoms that are deemed unusual both by 
if_
he
k_geometry and PLATON. A

dozen of observations involving heavy atoms (
oordination spheres of rhenium atoms, imidazole

and pyridine rings) are distorted in 4326131. Again, an ex
eptionally large shift of the last

re�nement step signals possible premature termination of the re�nement. Two other stru
tures

were dete
ted to have warnings 
on
erning non-hydrogen fragments. In 1519776, all warnings

originate from disordered fragment of the mole
ule, whi
h might be poorly re�ned. A toluene

moiety in 4083625 is highly distorted, albeit marked as re�ned with restraints. There is a

possibility that these restraints were applied inappropriately.

4.2.9 Dete
tion of typographi
al errors

In order to 
he
k the ability of our method to dete
t stru
tures with possible typographi
al

errors in 
oordinates, we have 
ondu
ted tests with deliberately 
hanged digits. We took

22 stru
tures not judged unusual during the validation of random stru
tures from the COD

previously. Additional requirement was that all geometri
 parameters of the stru
tures had to

have de�ned models (no *NODATA warnings). In ea
h stru
ture a single digit in a 
oordinate was

randomised, at �rst in the fourth position of the mantissa, then in the third.

Deliberately introdu
ed typographi
al errors in the fourth positions were not dete
ted by

our method. In one stru
ture, 9003119, Cl atom was moved out of spe
ial position by the

introdu
tion of a mistake and dete
ted by multipli
ity/multipli
ity ratio tripwire. Typographi
al

errors introdu
ed in the third positions were dete
ted in six stru
tures. In �ve 
ases errors

manifested in bumps. Three of them had warnings about previously unobserved atom types.

One of the stru
tures with nas
ent bumps had a warning about a bond being too short. In a

stru
ture without nas
ent bumps an angle was judged unusual. PLATON issued no warnings.

4.3 Curation of the COD and TCOD

In the 
ourse of the present resear
h the COD has grown from ∼ 217 000 to over 390 000 re
ords.

As the present resear
h was dire
tly dependent on the quality of the data in the COD, mu
h

e�ort was allo
ated for its 
uration. Over 100 stru
tures with redundant atoms were lo
ated and


orre
ted by inspe
ting COD entries having the most bumps. Most of these stru
tures originated

from publi
ations whi
h aimed at dete
ting missed symmetry elements. 
if_voids was used

to lo
ate and �x 30 
rystal stru
tures with in
orre
t (too low) symmetry des
riptions, resulting

in in
omplete models having large voids. The browser and the validator of mole
ular geometry

helped to lo
ate and �x over 25 
rystal stru
tures with missing impli
it hydrogens. Other errors

were 
orre
ted in 200 COD entries in the 
ourse of the present resear
h, for example, stru
tures

with dubious 
hemi
al atom types. Around 450 theoreti
al stru
tures were lo
ated in the COD

and marked as su
h. Most of them were transferred to its theoreti
al 
ounterpart, the TCOD.

To date the TCOD has grown to more than 2600 entries.
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Chapter 5

Con
lusions

The 
on
lusions are presented below.

• Crystallography Open Database is a 
onstantly growing and improving resour
e of

stru
tural small mole
ule information. Devised tools proved to be useful for the extra
tion

of geometri
 information and building a knowledge library.

• The developed method is su�
ient to organise the geometry, observed in the COD, into a

knowledge library in automated and unsupervised fashion.

• The 
onstru
ted library is suitable for Bayesian framework-based dete
tion of geometri


outliers in mole
ule stru
tures.
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List of abbreviations

ADP atomi
 displa
ement parameter.

AIC Akaike Information Criterion.

BIC Bayesian Information Criterion.

BNF Ba
kus�Naur Form.

BOM byte order mark.

CCDC Cambridge Crystallographi
 Data Centre.

CGI Common Gateway Interfa
e.

CIF Crystallographi
 Information Framework/Format.

CML Chemi
al Markup Language.

COD Crystallography Open Database.

CSD Cambridge Stru
tural Database.

DDL Di
tionary De�nition Language.

DFT density fun
tional theory.

EBNF Extended Ba
kus�Naur Form.

EM expe
tation maximisation.

ICSD Inorgani
 Crystal Stru
ture Database.

IUCr International Union of Crystallography.

JSON JavaS
ript Obje
t Notation.

MLE maximum likelihood estimate.

NCR Numeri
 Chara
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e.

QSAR quantitative stru
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TCOD Theoreti
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e Bond Theory.
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Abstra
t in Lithuanian (Santrauka)

Diserta
ijoje apra²yti automatiniai metodai geometrin
es informa
ijos � tarpatominiu� jung£iu�

ilgiu�, jung£iu� bei dvisieniu� kampu� dydºiu� � i²gavimui i² maºu� molekuliu� kristalu� strukt	uru� bei

²ios informa
ijos panaudojimui kitu� strukt	uru� tikrinimui. Duomenu� ²altiniu pasirinkta Atviros

prieigos maºu� molekuliu� kristalogra�n
e duomenu� baz
e COD yra aktualus ir nuolat atnaujinamas

strukt	urinis resursas. Sukurta programin
e i�ranga atlieka i�vesties i�ra²u� �ltravim¡, ju� pritaikym¡

geometrinei analizei, geometriniu� parametru� surinkim¡ bei ²ios informa
ijos organizavim¡.

Sudaryti pagal 
hemini� pana²um¡ sugrupuotu� geometriniu� stebiniu� statistiniai modeliai gali b	uti

naudojami Bajesiniu metodu pagri�stam nei�prastos geometrijos aptikimui kristalu� strukt	urose:

retai stebima molekuliu� geometrija automati²kai paºymima kaip reikalaujanti papildomos

analiz
es. �iuo prin
ipu remiantis sukurta programin
e i�ranga, jos prieigai i�rengta tinklin
e

naudotojo s¡saja. Nei�prastõs molekuliu� geometrijos paie²kõs metodas i�vertintas su naujomis,

at²auktomis bei dirbtinai sugadintomis molekuliu� strukt	uromis. Diserta
ijos i²vados paºymi,

jog COD yra tinkama naudoti kaip geometrin
es informa
ijos ²altinis, sukurta metodika bei

programin
e i�ranga yra pakankama ²altinio informa
ijos organizavimui i� ºiniu� bibliotek¡, kuri

apra²ytu Bajesiniu metodu geba atpaºinti nei�prast¡ geometrij¡ maºu� molekuliu� kristalu�

strukt	urose.
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