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Data importance

Hipparchus (c. 190 - c. 120 BCE)

@ measured the longitude of Spica and Regulus and other bright
stars

@ compared his measurements with data from his predecessors,
Timocharis and Aristillus, who lived ~100 years before him,

@ discovered what is now called the precession of the equinoxes

(Wikipedia, see also
articles on Timocharis
and Aristyllus)

By NASA, Public Domain
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Publications are not data!

Starrydata2

Data need to be extracted (sometimes, manually...) from
publications to make analyses.

Original paper Text description Data download & visualization
2 e |

TEdbProject [ ——— by e Logos

Starrydata2 22" Starrydata2

Figure 1. Concept of plot mining in the Starrydata2 web system. An example paper [32] and the screenshots of Starrydata2 web
system are presented. Reproduced with permission from Thermoelectrics Society of Japan.

[Katsura et al. (2019)]
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Publications are not data!

Starrydata2

But with data, new insights can be drawn from the aggregated
publications: https://www.starrydata2.org/
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Figure 6. Relationship between (a) carrier doping level n and electron relaxation time 7., (b) 7o and thermoelectric figure of
merit Z7T, and (c) T and phonon thermal conductivity ,, estimated for 207 experimental samples of n-type PbTe.

(e € [10715.10713] vs. 7 = 10714 g)

[Katsura et al. (2019)]
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Crystallographic databases

Open Access:
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Crystallographic databases

Open Access:
@ Protein Data Bank;
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Crystallographic databases

Open Access:
@ Protein Data Bank;

= Ty —

DBe

Protein Data Bank in Europe
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Crystallographic databases

Open Access:
@ Protein Data Bank;

@ Crystallography Open Database
(and its “sisters”);

@ Bilbao Magnetic Structure
Database

Proprietary:
e CCDC
ICSD
PDF
Pauling File
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Crystallographic databases

Open Access:
@ Protein Data Bank;

@ Crystallography Open Database
(and its “sisters”);

@ Bilbao Magnetic Structure
Database

Proprietary:
e CCDC
ICSD
PDF
Pauling File

About 108 - 107 crystallographic
records are available.
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Consequences: AplhaFold

https://deepmind.com/research/open-source/alphafold-protein-
structure-database!

DeepMind >

AlphaFold Protein
Structure Database

rodi

“Our models are trained on structures extracted from the PDB”
[Senior et al. (2020)].

!(accessed 2021-11-23)
Saulius Grazuli COD & sisters Vilnius, 2023



https://deepmind.com/research/open-source/alphafold-protein-structure-database
https://deepmind.com/research/open-source/alphafold-protein-structure-database

@ The value of crystallographic data
© Crystallographic data(bases): COD, TCOD, PCOD, MPOD,

© Applications of COD and sister databases

@ Mathematical considerations in crystal data processing
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The COD project

But what if crystallographers work together to establish a public
domain database with all relevant crystallographic data? This would
not only overcome the current situation with 'fragmented' databases,
it would also prevent for becoming dependent from monopolists.

What would be needed?

1. A small team of engaged scientists with some experience in database
and software design to coordinate the project.

2. The authors (i.e. the scientific community = YOU) who provides the
project with database entries (note, that if you have'nt sold your
experimental results exclusively, you are free to distribute the data
to such a database, even if they have already been part of a
publication - and a lot of good data have never been published).

3. Free software a) for maintaining the database, b) for data
evaluation and calculation of derived data (e.g. calculated powder
pattern from crystal structures for search-match purposes), c) for
browsing and retrieval.

gemstonede (Dr. Michael BERNDT) Fri Feb 14, 2003 1:26 pm



http://www.cristal.org/SDPD-list/2003/msg00025.html

The Crystallography Open Database (COD)

https://www.crystallography.net
Online since 2003 :)

eﬁﬁ Crystallography Open Database

Home

‘What's new? )
ascesstngloODIDEIS

s

Search

Search by structural
formula

op ion of crystal of organic, i ic, metal-organi and minerals, excluding biopolymers.

Including data and software from CrystalEye, developed by Nick Day at the department of Chemistry, the University of Cambridge under supervision of Peter Murray-Rust.
Al data on this site have been placed in the public domain by the contributors.

Deposit your data
Manage depositions.
Manage/release
prepublications
Currently there are 502408 entries in the COD.

> 500 000 records as of 2023-05-22, available under CCO License

COD & sisters Vilnius, 2023 9/43
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https://www.crystallography.net
https://creativecommons.org/publicdomain/zero/1.0/

COD contents

The Crystallography Open Database (COD)
https://www.crystallography.net

Inorganic ~71 Metal-organic

~_
C @ 0 and organometallic
/ - -”’ - \

Organic “Element-organic”
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https://www.crystallography.net

Open Crystallographic Databases

COD, TCOD, PCOD, MPOD, ROD, HOD ...

Coo Do

- I WWW. http://www.crystallography.net/tcod
http. /7 ;Cgs$$lgn%2£ hy.net/COd > 2900 entries (ready to grow to > 107?)

http://mpod.cimav.edu.mx/
> 300 entries
http://www.crystallography.net/pcod
> 108 entries (ready to grow to > 108?]

ROD

http://solsa.crystallography.net/rod/
> 1100 entries
[Grazulis et al. (2009), Grazulis et al. (2012), Pepponi et al. (2012),

Fuentes-Cobas et al. (2017), Mendili et al. (2019)]

Saulius COD & sisters Vilnius, 2023


http://www.crystallography.net/cod
http://www.crystallography.net/tcod
http://mpod.cimav.edu.mx/
http://www.crystallography.net/pcod
http://solsa.crystallography.net/rod/

The CIF framework

\ International Union of - 4 WG Tguala, Jernationsl Tables | World Director]
% CRYSTALLOGRAPHY ¢ A ﬁ’gi ?F

search
education | people | resources | outreach

world directory | other directories~ | dataw | cifv | listsw | blogsw | forums | commissionsw | nexus | symmetry font |
Home > resources > cif > specification

CIF 2 syntax
specification

Specifications
O 1.1 syntax

These pages provide the formal of the Cry i fon Framework file
Ancilary notes format.

 STAR Flle

- Dictionary Definition
Langusge.

‘Two closely-related syntaxes are available: version 1.1 and version 2.0. The version number 1.0 was

assigned retrospectively to the version described in the original paper of Hall, Allen & Brown
(1991), as amended by COMCIFS 29 January 1997.

In addition to the formal specification, a number of ancillary notes are published that describe
conventions or guidelines applied within one or more of the dictionaries of CIF data items that are used in various topic areas.

These notes should be adhered to as closely as possible, in association with the formal specification of file syntax and implied
semantics, to maximise the efficient interoperability of CIF-based applications.

The ntematona Unio o Crystallgrapy s 8o rot sintifc unon sning th wordwidentcests of
nd other scientists employing crystallographic method:

[Hall et al. (1991)]
The Crystallographic Interchange File/Framework (CIF)

@ Provides standard means for data publishing and exchange
@ Is suitable for archiving;

@ Is maintained by the IUCr;




Example of a CIF file

examples/2100858-head.cif:

data_2100858
loop_
_publ_author_name
'Buttner, R. H.'
'Maslen, E. N.'
_publ_section_title
Structural parameters and electron difference density in BaTiO~3~
_Jjournal_issue 6
_journal_name_full 'Acta Crystallographica Section B'
_Jjournal_page_first 764
_journal_page_last 769
_journal_volume 48
_Jjournal_year 1992
_chemical_compound_source 'synthetic, from a mixture of KF:KMo04:BaTi03'
_chemical_formula_sum 'Ba 03 Ti'
_chemical_formula_weight 233.24
_symmetry_cell_setting tetragonal
_symmetry_space_group_name_Hall 'P 4 -2'
_symmetry_space_group_name_H-M 'P 4 mm'
_cell_angle_alpha 90.0
_cell_angle_beta 90.0
_cell_angle_gamma 90.0
_cell_formula_units_Z 1
_cell_length_a 3.9998(8)
_cell_length_b 3.9998(8)
_cell_length_c 4.0180(8)

ilnius, 2023



CIF atomic coordinates

examples/2100858-coordinates.cif:

loop_

_atom_site_label
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv

Ba 0.0 0.0 0.0 7

Ti 0.5 0.5 0.4820(10) ?
01 0.5 0.5 0.016(5) 7
02 0.5 0.0 0.515(3) 7

Sauli srazuli 3 si S ilni 14 /43



Controlled vocabularies, ontologies

examples/dictionaries/cif-core-example.cif:

data_cell_length_
loop_ _name '_cell_length_a'
'_cell_length_b'
'_cell_length_c'

_category cell
_type numb
_type_conditions esd
_enumeration_range 0.0:
_units A
_units_detail 'angstroms'

_definition
Unit-cell lengths in angstroms corresponding to the structure
reported. The values of _refln_index_h, *_k, *_1 must
correspond to the cell defined by these values and _cell_angle_
values. The values of _diffrn_refln_index_h, *_k, *_1 may not
correspond to these values if a cell transformation took place
following the measurement of the diffraction intensities. See
also _diffrn_reflns_transf_matrix_.

ilnius, 2023



COD data management principles

@ Strictly stick to IUCr standards (CIF syntax, dictionaries);
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COD data management principles

@ Strictly stick to IUCr standards (CIF syntax, dictionaries);
@ Do not invent data;
@ Better to have no data than wrong data;
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COD data management principles

@ Strictly stick to IUCr standards (CIF syntax, dictionaries);
@ Do not invent data;

@ Better to have no data than wrong data;

@ Consult original papers or authors themselves if in doubt;
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COD data management principles

Strictly stick to IUCr standards (CIF syntax, dictionaries);
Do not invent data;

Better to have no data than wrong data;

Consult original papers or authors themselves if in doubt;

Document: record and explain (justify) all changes;
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COD data management principles

Strictly stick to IUCr standards (CIF syntax, dictionaries);
Do not invent data;

Better to have no data than wrong data;

Consult original papers or authors themselves if in doubt;
Document: record and explain (justify) all changes;

Keep track of all changes in a version control system;
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COD data management principles

Strictly stick to IUCr standards (CIF syntax, dictionaries);
Do not invent data;

Better to have no data than wrong data;

Consult original papers or authors themselves if in doubt;
Document: record and explain (justify) all changes;

Keep track of all changes in a version control system;

Keep data provenance (original file names);
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COD data validation

COD data validation policies:

@ Syntactic checks [Merkys et al. (2016)]:
$ cifparse 7234818.cif
© Semantic validation (against dictionaries)
[Vaitkus et al. (2021)]:
$ cif_validate -D cif_core.dic 7234818.cif
© Database-specific checks
[Grazulis et al. (2009)]:
$ cif_cod_check 7234818.cif
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COD data curation

Data curation in the COD:

svn log -r283960 --diff svn://www.crystallography.net/cod/cif/9

--- 00/15/9001556.cif (revision 283959)

+++ 00/15/9001556.cif (revision 283960)

@@ -68,8 +68,24 @@

_atom_site_fract_y

_atom_site_fract_z

_atom_site_U_iso_or_equiv
{+_atom_site_type_symbol+}
{+_atom_site_attached_hydrogens+}

Fe 0.25000 0.25000 0.25000 0.00490 {+Fe 0+}
0-H1 0.50000 0.17800 0.30800 0.00100 {+0 1+}
0-H2 0.19500 0.19000 0.50000 0.00100 {+0 1+}
0-H3 0.31800 0.50000 0.32300 0.00100 {+0 1+}
Wat 0.00000 0.50000 0.50000 0.00640 {+0 2+}
/.../

Saulius
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COD query examples

Web, REST, SQL

@ Via the WWW interface — go for “search” in:

e http://www.crystallography.net/cod
e http://www.crystallography.net/tcod
o http://www.crystallography.net/pcod

@ Via the stable URLs (REST):

e http://www.crystallography.net/cod/2000000.cif
e http://www.crystallography.net/cod/2000000.html
@ http://www.crystallography.net/cod/result?text=perovskite

@ Via the views of the SQL database:

@ mysql -u cod_reader cod -h sql.crystallography.net\
-e 'select file, a, b, c, vol, formula
from data where
year between 2013 and
2014 and
formula regexp " C[0-9]% "
order by vol desc limit 10'
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Yes, we OPTIMADE!

http://optimade.org/ [Andersen et al. (2021)]

OPTIMADE

http://www.crystallography.net/cod/optimade/v1/structures/

Ml Firsfox
Ele Edt View History Bookn:
¢ x| % | & wpop-ream X | wuis Edmundo Fuent
<> e

nNoeehas =
G Trve Time stamp_ @8 ChipwH

3 buckoucko G Google 15

JSON  RawData  Headers

B Pubhed @ wwPDB W ikipedia W ikionary  RCSB OB PDBe.

Save Copy Collapse All Expand All slow) 7 Filter JSON

v data:
vo:
v attributes:
_cod_Rall: 0.1073
cod Robs: 0.0584
_cod_Z. "4n
_cod_zprime 1
_cod_a 7.8783
_cod_acce_code "651096"
_cod_alpha: %
» _cod authors: "Phan Thanh, S.; Marrot, ..in, J.; Maisonneuve, V."
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http://www.crystallography.net/cod/optimade/v1/structures/

@ The value of crystallographic data
© Crystallographic data(bases): COD, TCOD, PCOD, MPOD,

© Applications of COD and sister databases

@ Mathematical considerations in crystal data processing
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Use of COD and PCOD databases

Search-match identification of the materials

A predicted

phase from

B Fie Eax vew wdow e

 ToolBox [5) | search/Match ]
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o] Xa] © o s|u/] ]a]flFrecrmrn 2w 7| g0 . : .
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& “ LTSRS oo <] 7 Sotentiont experimental
3 wene
b H 99-092-0216 PCOD4000225 7 b s
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£ £ @ 990347885 PCODG410095  VS207 ulse ofcnfolr|ne |l
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SileS oo e o 1 v o e 13
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Q| =@ 000241290 Thalum Galiv. TIG. 7| Ra ac|
RR S romen TS Bt EENECEETEEEETE
BQ oot Comarhe o 2o (9 ||| Some® B o) s ] e ] e ]
e memta e e ——

~ Petem I [33050:0015PCODI0000T4 (AF)
~ sung

Main Database MaxResuts:

asTER =] _ Eiminste dupicates |[18
"
Rexd |_sme | _oonn | e

Le Bail
[REETS)
(2 467,01 911 Couris 21,14 4265 [Le Bail(2008)]
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COD chemical repertoire

https://molecules.crystallography.net/cod-molecules/cod /2227697 .html

Previous (2227696) Next (2227698) Original COD entry

Reduced structural formula

Reduced canonical SMILES:

CCN(cleee(c(c1)0)/C=N/CC(C/N=C/clcce(cc10)N(CC)CC)(C)C)CC (x1) PubChem

Unique components

SMILES InChl

CCN(clece(c(c1)0)/C=N/CC(C/N=C InChI=18/C27H40N402/c1-7-30(8-2)23-13-11-21(25(32)15-23)17-28-19-27(5,6)2
Jelece(cel0)N(CC)CC)(C)C)CC /h11-18,32-33H,7-10,19-20H2,1-6H3/b28-17+,29-18+

ilnius, 2023


https://molecules.crystallography.net/cod-molecules/cod/2227697.html

COD chemical repertoire

https://molecules.crystallography.net/cod-molecules/cod /2227697 .html

revious (2227696) Next (2227698) Original COD ent

Reduced canonical SMILES:

HM:P -1 #2

Reduced structural formula

A. Vaitkus

ms. i

under review

CCN(clcee(c(e1)0)/C=N/CC(C/N=C/clcce(cc10)N(CC)CC)(C)C)CC (x1) PubChem

Unique components

SMILES
CCN(cleee(c(c1)0)/C=N/CC(C/N=C
Ieleee(eel0)N(CC)CC)(C)C)CC

InChl
InChI=18/C27H40N402/c1-7-30(8-2)23-13-11-21(25(32)15-23)17-28-19-27(5,6)2

/h11-18,32-33H,7-10,19-20H2,1-6H3/b28-17+,29-18+
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COD chemical repertoire

https://molecules.crystallography.net/cod-molecules/cod /2227697 .html

revious (2227696) Next (

7698) Original COD ent

HM:P -1 #2

Reduced canonical SMILES:

CCN(clcee(c(e1)0)/C=N/CC(C/N=C/clcce(cc10)N(CC)CC)(C)C)CC (x1) PubChem

Unique components

SMILES
CCN(cleee(c(c1)0)/C=N/CC(C/N=C
Ieleee(eel0)N(CC)CC)(C)C)CC

Reduced structural formula

A. Vaitkus

ms. i

under review

InChl
InChI=18/C27H40N402/c1-7-30(8-2)23-13-11-21(25(32)15-23)17-28-19-27(5,6)2
/h11-18,32-33H,7-10,19-20H2,1-6H3/b28-17+,29-18+
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COD use cases

COD and PubChem

https://pubchem.ncbi.nlm.nih.gov/source/849

m)N nal Library of Medi
Nation Cente o ictechncogy Information

Pub@hem About  Posts  Submit  Contact Q_ search PubChem

DATA SOURCES
pen Databaseis an ops of crystal structures of organic, inorganic, metak-organics compounds and minerals, excluding biopolymers.
Organization Vilnius University Institute of Biotechnology R0 Latvia { "
o Map  satelite e A o
Category Research and Development e el ke,
URL hitps://www.crystallography.net/cod/ o At
Kiaipéda ) G
Contact Name Saulus Grazulis s Uithuani3 R
Address. Sauletekio al. 7, Vilnius, Lithuania, LT-10257 2%
S Kaunas s
Wadpipeonol Sl Y B
Data Source ID 849 5t e 0, o x
Galarisk P
Datain PubChem 203,088 Live Substances g . % Sontle Fietsens? Minek - oSensan 8
£ & BT oyt
| . iy M, S o 1
Last Updated 2021/05/17 % o)
Froma n
eydggszce Blaistok 5 Balanus g + 5
Poland e o i
o = o -
GoCgle s e Keyoosrd shokcuts  Map daa G477 GeoBsis DE/BNG (52009, Google " Terms o Use.
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https://pubchem.ncbi.nlm.nih.gov/source/849

COD use cases

COD and PubChem

https://pubchem.ncbi.nlm.nih.gov/substance/164348954

Pub/C hem  #wout opos sumit contact Q search PubChem

'SUBSTANCE RECORD 9 Cite ¥ Download

6-(2-Bromobenzylamino)purine monohydrate conTenTs

Title and Summary

PubChem SID 164348954 120structure
230 Conformer
Structure o 3 identiy .
- 4 Depositor Comments
e 5 Related Records -
s nformation sources
»
Source Crystallography Open Database
External ID 2210002
Source Category Research and Development
Version 1 Revsion History
Status Live
Related Compounds PubChem CID

CID 71768516 (6-(2-Bromobenzylamino)purine monohydrate)

Component CID N
CID 962 (Water)

CID 61402401 (N-(2-bromophenymethyl]-7H-purin-6-amine)

Parent CID

CID 61402401 (N-[(2-bromopheny)methyl]-7H-purin-6-amine)



https://pubchem.ncbi.nlm.nih.gov/substance/164348954

COD data applications: polymer search

@ polymers-in-COD: ~ 400 000 COD records processed

@ polymers of different dimensionality (1D, 2D, 3D, 1D-2D and so
on) detected, ~ 93000 polymer records in total.

DOWNLOADS coo

7224530 display
e 1 1 7224530 coorcinates -
ih.o00k
i 000k
iao00k
230000t Original entry: 7224530 il
50000
=Y
JSMOL display stings -
Spin and Model
Spinon Spincif oK . Wiefiame
color
Hom Biack Grey White
Backoround color
Bleck Light grey Seashell Alceblue
Choose polymer molecul -
3 1 2 B m
Information cara
Molecule number Basis Formuta
0 (:0:10:11) ©1028 H1043 Gd48 N137 0438
1 (101 01) ©1026 H1039 Gd48 N136 0438

http://crystallography.net/cod/7224530.html results of A. Belova
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COD data analysis: polymers

Find interpenetrating chains (crystal nets of covalent bonds):

http://crystallography.net/cod/4103983.html results of A. Belova, 2019
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COD data analysis: search of knots and links

@ Compute knot invariants, such as:

e linking number;
o Alexander and/or Conway polynomials;
e etec. ...

@ Use the set of invariants to distinguish links and knots.
LINKING NU'MBEE.: [ LINKING NUMBER: -1

# $Id: slides.tex 2298 2023-09-28 12:41:15Z saulius $

#Qkw label bl_comp bl_al bl_a2 b2_comp b2_al b2_a2 sign filename
CROSS X1 C10 a26 a25 C11 a8 a9 -1 hopf-link-integer.cml

CROSS X2 C10 a20 al9 C11 a8 a9 -1 hopf-link-integer.cml

# COMPONENTS: hopf-link-integer.cml 2

# LINKING NUMBER: -1

results of A. Belova, 2019
COD & si S Vilnius, 2023
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@ The value of crystallographic data
© Crystallographic data(bases): COD, TCOD, PCOD, MPOD,

© Applications of COD and sister databases
© Mathematical considerations in crystal data processing
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Contents of a crystallographic file

http://www.crystallography.net/cod/2231955.html
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Contents of a crystallographic file

http://www.crystallography.net/cod/2231955.html
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Reconstructing stoichiometric molecular

ensemble

@ find a symmetry group S of each molecule;
@ find a symmetry group H the whole molecular ensemble;

@ find (left) coset decomposition of the crystal space group H
by S, S<H;

© to each molecule, apply one symmetry element from each
coset;

@ each choice of symmetry operations from the cosets
(transversal) generates a crystallographically identical atom
set present in the crystal;
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Reconstructing molecules from the COD

http://www.crystallography.net/cod/2231955.html

Usual algorithms: The new algorithm:

HC +/ H3C +/
9 CHs
- H; ~
o i Loy
I_
o]

OH,

Ohy
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Reconstructing molecules from the COD

http://www.crystallography.net/cod/2231955.html

Usual algorithms: The new algorithm:

H3C\+/ H3C\+/
‘(‘) CH3z
Ay L T
c‘)_ it ey
)=
[+]

OH,

[Grazulis et al. (2015)]

A. Vaitkus, cif-perceive-chemistry (formerly cif2molecule) + OpenChemLib
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Predicates on computed data

COD 7241595

IsChiral(M;) A SymopMapsTo(S, M;, Ms) A det(S) = —1
= M; IsEnantiomerOf M,
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Disorder around a special position

COD 1544968 [Xiang et al. (2016)]
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Disorder around a special position

COD 1544968 [Xiang et al. (2016)]
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Disorder around a special position

COD 1544968 [Xiang et al. (2016)]
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Generating a representative structure

@ find a symmetry group S of a special position (Stabiliser);

© find (left) coset decomposition of the crystal space group G
by S, S G;

© take one symmetry element from each coset and apply it to
the disordered group;

© each choice of symmetry operations from the cosets
(transversal) generates a distinct atom set present in the
crystal;
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Disorder around a special position

COD entry 4111132

Original entry:

http://crystallography.net/cod/4111132.html
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Disorder around a special position in polymers

COD 4111132 [Halper et al. (2006)]

video

video
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https://www.crystallography.net/cod/4111132.html
http://saulius-grazulis.lt/~saulius/.1c76f4d33195c654b7ccf5dab8c1a64503fa8162/4111132-disorder-handling/jmol-movie/Screencast%202019-10-25%2015:06:19.mp4
http://saulius-grazulis.lt/~saulius/.1c76f4d33195c654b7ccf5dab8c1a64503fa8162/4111132-disorder-handling/jmol-movie/Screencast%202019-10-25%2015:07:24.mp4

Conclusions

Data publication is as important as papers!
Aggregated data allows new discoveries...
... but for this data need to be properly organised.

COD, TCOD and the sister databases offer open data in
crystallography.

e Mathematical insights are of paramount importance to
understand crystal structures.

Sharing data gives benefits to all.
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