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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

By NASA, Public Domain

(Wikipedia, see also articles on
Timocharis and Aristyllus)
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Computing in crystallography
History, background

Crystallography – one of the earliest applications of computers in science
:) (Shaffer et al. 1946);

Downloaded 15 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. A typical punched card. The vertical lines indicate the twelve function fields and the classification field 
for the card desigll" described in the text. 

used. The "automatic plugboard," a board which 
may be removed, completely wired, from the 
machine and replaced by another, is almost com­
pletely plugged, and several toggle switches have 
been attached to the cover of the board to in­
crease the flexibility of the wiring arrangement. 
All of the problems to be discussed in the papers 
of this series with the exception of the least­
squares calculations and tabulation of "reflection 
cards" are performecl with use of one plugboard. 
The external toggle switches permit also the 
running of electron-diffraction calculations and 
verification of the files with the same board. A 
second board is kept wired for least-squares use, 
and a third is used for the tabulation of "reflec­
tion cards" and for incidental calculations of a 
temporary or experimental nature. The wiring of 
the plugboard and extra toggle switches for the 
electron diffraction and crystal structure calcula­
tions is described in a set of supplementary notes 
which may be obtained from the Gates and 
Crellin Laboratories on request. Additional de­
tails of card design and procedure are also 
described in these notes. 

Arrangement of the Punched-Card Tables 

Four equivalent files, each of about 20,000 
cards, have been prepared to represent the func­
tions A sin 21rhx and A cos 21rhx. The argument x 
runs from 0.000 to 0.250 cycle with a tabular 

interval of 0.002, the frequency h has the values 
0, 1, 2, · · ·, 30, and the amplitude values A are 
=C1, 2, 3, 4, 5, 10, 20, 30, 40, 50, 100, 200, 500. 

The eighty-column tabulating card ( see Fig. 1) 
is divided for this use into twelve six-column 
fields for punches which represent the numerical 
values of the tabulated functions for twelve 
values of the argument, and an eight�column field 
for punches which identify the card and control 
the sorting and tabulating. Eleven of these cards, 
which we call "function cards," are required for 
the representation of the 126 tabulated values of 
the function from zero to one-quarter cycle. The 
six empty fields are symmetrically placed-two 
on the left of the first card, two in the middle of 
the sixth card, and two at the end of the eleventh 
card. 

As an example, the values of the function 
punched in successive cards of the packet 
100 cos 21rx are shown in the upper half of Fig. 2. 

The corresponding values of the argument are 
listed in a similar array at the bottom of the 
figure. The number 100 listed at (A) indicates 
that the amplitude of the function represented is 
100; the (C) on the extreme left of the same row 
shows that the function is a cosine. The frequency 
of the function is determined by the position of 
the amplitude entry in the table. The serial order 
of the cards is printed in the column indicated by 
(B). The numbers printed in row 5 are the figures 
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Distribution of data

US National Weather Records
Center: 400 million punched
cards (1960)

FAIR (Wilkinson et al. 2016), FAIR/O

https://www.noaa.gov/heritage/resource-collections/managing-legacy-climate-data-in-20th-century
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PDB is excellent!
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Consequences: AlphaFold

https://deepmind.com/research/open-source/alphafold-protein-structure-database1

“Our models are trained on structures extracted from the PDB” (Senior et al. 2020).
1(accessed 2021-11-23)
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The COD Project
Michaelio Berndto manifesto

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

Establishment of COD (2003),
Announcement at the IUCr
(2005):

  

INTRODUCTION
The COD was created in March 2003 and was built on the
PDB model of open access on the Internet. It is intended
that this database [1] consists of any small or medium
crystal structure (inorganic, organic, organometallic).

Currently (2008) the total entry number is >70000, including
~10000 entries from the American Mineralogist Crystal

Structure Database (AMCSD) [2], all the IUCr data and CIF 
files donations from a few laboratories in Europe or from

individuals. The distribution is made through an
Apache/MYSQL/PHP system that takes queries on 

chemistry, ranges of cell parameters, volumes, etc, as 
well as combinations of fields, 

and can download or upload CIF files. 

WHO NEEDS              ?
Petition text for Open Data in Crystallography:
« It is requested that CSD, ICSD, CRYSTMET and ICDD 
provide a light version of their content (crystal data or 

powder patterns) at no cost on the Web. A light version 
consists of the complete database that is fully searchable 

on the Web by crystal parameters and references and 
returns the CIFs. It would not consist of the other 

value-added possibilities produced by these companies, 
which would stay inside of the toll versions - unless, 

of course, they want  to give more... The principle 
defended here is that the atomic positions in natural 

or synthetic crystal samples of our Universe 
are not copyrightable. » 

OPEN DATA
and

Crystallography Databases
———

Open access on the Web : 
PDB (proteins) 

NDB (nucleic acids) 
AMCSD (minerals) 

Toll databases :
CSD (organic, organometallic)

ICSD (inorganic, minerals)
CRYSTMET (metals, intermetallics)

ICDD (powder patterns)

SEARCH the COD
The COD wishes to offer minimal and simple search

possibilities, allowing you :
 

to verify if the structure you intend to solve is not
already solved, 

to find models or fragments for solving your current
problem, 

to make a correct job if an editor asks you to
review a manuscript.

PETITION RESULTS

POSITION of ASSOCIATIONS
Letters from the COD to :

IUCr (International Union of Crystallography), 
ACS (American Chemical Society), 
RSC (Royal Society of Chemistry)

asking them for the permission to download
systematically the CIF files available at their Web sites,

have not obtained positive answer yet.
 Do letters from petitioners will be more convincing ?

SEARCH OPTIONS
Search page                                Results      

 

DONATE your CIFs
The positions of atoms in samples

of our universe (natural of synthetic) are
NOT COPYRIGHTABLE.

It is up to you to send your CIFs to the COD, 
if you consider that the access to the Knowledge

has to be open for academic research.  

GET the COD TOOLS
EasyPHP (Apache server, MySQL, PHP scripts)

You can download the complete database and make it run on your PC. 
You can reuse the complete system and create your lab CIF repository.

 

PCOD
The PCOD, created in December 2003, is a COD subset of

crystal structures predicted by the GRINSP computer
program [3] . It is growing fast and already contains > 110000

CIF files corresponding to M2X3, MX2, M2X5, MX3 or MaM’bXc

formulations (X = O, F; M/M’ = B, Na, Si, Al, P, Ca, V, Fe, Re, 
Zr, etc), including hypothetical zeolites and other binary 
compounds with N-connected 3D frameworks of M atoms
(N = 3, 4, 5, 6) as well as ternary compounds with mixed

M/M’ frameworks. The PCOD is open for search, download
and upload of predicted crystal structures (coming from any

prediction computer program, inorganic or small and 
medium organic molecules).

SEARCHING PCOD
Search page                                Results VIRTUAL MODELS in PCOD

    Zeolite                                    B2O3 nanotubes

DONATORS/SPONSORS

Laboratories :

Thanks to them and to individuals sending CIFs !

CONCLUSION
Continue to sign the petition

(IUCr asked to the COD to obtain letters from people interested)
http://www.crystallography.net/petition/

Waiting for an improbable positive answer
from CSD, ICSD, CRYSTMET, ICDD,

continue to send your CIFs to the COD (and PCOD)
http://www.crystallography.net/

THANK YOU ! 

REFERENCES
[1] http://www.crystallography.net/                       
[2] http://www.geo.arizona.edu/AMS/amcsd.php
[3] http://www.cristal.org/grinsp/                          

       

Emails
COD/PCOD : cod@crystallography.net

———————
D. Chateigner : daniel.chateigner@ensicaen.fr

X.L. Chen : xlchen@aphy.iphy.ac.cn
M. E. Ciriotti : m.ciriotti@tin.it

L.M.D. Cranswick : l.m.d.cranswick@dl.ac.uk 
R. T. Downs : downs@geo.arizona.edu

A. Le Bail : alb@cristal.org
L. Lutterotti : Luca.Lutterotti@ing.unitn.it 

A.F.T. Yokochi : Alexandre.Yokochi@oregonstate.edu 

COD (CRYSTALLOGRAPHY OPEN DATABASE) and
PCOD (PREDICTED)

COD Advisory Board :
Daniel Chateigner (France), XiaoLong Chen (China), Marco E. Ciriotti (Italy), Lachlan M.D. Cranswick (Canada), 

Robert T. Downs (USA), Armel Le Bail (France), Luca Lutterotti (Italy), Alexandre F.T. Yokochi (USA)
New Members : Yoshitaka Matsushita (Japan), Miguel Quiròs Olozábal (Spain)

[Ca3Al4F21]3-

A crystallography program 
like MAUD can send 

directly CIFs to the COD :

Why not to modify your 
own computer program as 
well (SHELX, SIR, Rietveld, 

etc) in order to send 
automatically the final CIF 

to the COD through the 
Internet ?

CRISMAT

Between May and June 2005, included :
1150 YES signatures for the above text, 
4 NO,
from 78 countries
Including the signature of one Nobel
Laureate (Richard J. Roberts, 
supporting PubChem as well)
35 countries with more than 
5 signatures, representing 
1054 signatures are listed on the 
graph :
For understanding their motivations,
read the texts sent by the signers at:
http://www.crystallography.net/petition/
You can continue to sign (but not in 
August due to a scheduled university 
shutdown).

Karimat El-Sayed, Egypt:
“Egypt is a developing country and we cannot have the regular
crystallographic databases which we really need in our work, 

accordingly, if the crystallographic community allows us to have 
it on line, it will be a big achievement for the third world countries.” 

(Chateigner et al., 2005)

23 years later...

C O D
there are 534673 entries in the
COD https://crystallography.net
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The COD Project
Michaelio Berndto manifesto

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

Establishment of COD (2003),
Announcement at the IUCr
(2005):

  

INTRODUCTION
The COD was created in March 2003 and was built on the
PDB model of open access on the Internet. It is intended
that this database [1] consists of any small or medium
crystal structure (inorganic, organic, organometallic).

Currently (2008) the total entry number is >70000, including
~10000 entries from the American Mineralogist Crystal

Structure Database (AMCSD) [2], all the IUCr data and CIF 
files donations from a few laboratories in Europe or from

individuals. The distribution is made through an
Apache/MYSQL/PHP system that takes queries on 

chemistry, ranges of cell parameters, volumes, etc, as 
well as combinations of fields, 

and can download or upload CIF files. 

WHO NEEDS              ?
Petition text for Open Data in Crystallography:
« It is requested that CSD, ICSD, CRYSTMET and ICDD 
provide a light version of their content (crystal data or 

powder patterns) at no cost on the Web. A light version 
consists of the complete database that is fully searchable 

on the Web by crystal parameters and references and 
returns the CIFs. It would not consist of the other 

value-added possibilities produced by these companies, 
which would stay inside of the toll versions - unless, 

of course, they want  to give more... The principle 
defended here is that the atomic positions in natural 

or synthetic crystal samples of our Universe 
are not copyrightable. » 

OPEN DATA
and

Crystallography Databases
———

Open access on the Web : 
PDB (proteins) 

NDB (nucleic acids) 
AMCSD (minerals) 

Toll databases :
CSD (organic, organometallic)

ICSD (inorganic, minerals)
CRYSTMET (metals, intermetallics)

ICDD (powder patterns)

SEARCH the COD
The COD wishes to offer minimal and simple search

possibilities, allowing you :
 

to verify if the structure you intend to solve is not
already solved, 

to find models or fragments for solving your current
problem, 

to make a correct job if an editor asks you to
review a manuscript.

PETITION RESULTS

POSITION of ASSOCIATIONS
Letters from the COD to :

IUCr (International Union of Crystallography), 
ACS (American Chemical Society), 
RSC (Royal Society of Chemistry)

asking them for the permission to download
systematically the CIF files available at their Web sites,

have not obtained positive answer yet.
 Do letters from petitioners will be more convincing ?

SEARCH OPTIONS
Search page                                Results      

 

DONATE your CIFs
The positions of atoms in samples

of our universe (natural of synthetic) are
NOT COPYRIGHTABLE.

It is up to you to send your CIFs to the COD, 
if you consider that the access to the Knowledge

has to be open for academic research.  

GET the COD TOOLS
EasyPHP (Apache server, MySQL, PHP scripts)

You can download the complete database and make it run on your PC. 
You can reuse the complete system and create your lab CIF repository.

 

PCOD
The PCOD, created in December 2003, is a COD subset of

crystal structures predicted by the GRINSP computer
program [3] . It is growing fast and already contains > 110000

CIF files corresponding to M2X3, MX2, M2X5, MX3 or MaM’bXc

formulations (X = O, F; M/M’ = B, Na, Si, Al, P, Ca, V, Fe, Re, 
Zr, etc), including hypothetical zeolites and other binary 
compounds with N-connected 3D frameworks of M atoms
(N = 3, 4, 5, 6) as well as ternary compounds with mixed

M/M’ frameworks. The PCOD is open for search, download
and upload of predicted crystal structures (coming from any

prediction computer program, inorganic or small and 
medium organic molecules).

SEARCHING PCOD
Search page                                Results VIRTUAL MODELS in PCOD

    Zeolite                                    B2O3 nanotubes

DONATORS/SPONSORS

Laboratories :

Thanks to them and to individuals sending CIFs !

CONCLUSION
Continue to sign the petition

(IUCr asked to the COD to obtain letters from people interested)
http://www.crystallography.net/petition/

Waiting for an improbable positive answer
from CSD, ICSD, CRYSTMET, ICDD,

continue to send your CIFs to the COD (and PCOD)
http://www.crystallography.net/

THANK YOU ! 

REFERENCES
[1] http://www.crystallography.net/                       
[2] http://www.geo.arizona.edu/AMS/amcsd.php
[3] http://www.cristal.org/grinsp/                          

       

Emails
COD/PCOD : cod@crystallography.net

———————
D. Chateigner : daniel.chateigner@ensicaen.fr

X.L. Chen : xlchen@aphy.iphy.ac.cn
M. E. Ciriotti : m.ciriotti@tin.it

L.M.D. Cranswick : l.m.d.cranswick@dl.ac.uk 
R. T. Downs : downs@geo.arizona.edu

A. Le Bail : alb@cristal.org
L. Lutterotti : Luca.Lutterotti@ing.unitn.it 

A.F.T. Yokochi : Alexandre.Yokochi@oregonstate.edu 

COD (CRYSTALLOGRAPHY OPEN DATABASE) and
PCOD (PREDICTED)

COD Advisory Board :
Daniel Chateigner (France), XiaoLong Chen (China), Marco E. Ciriotti (Italy), Lachlan M.D. Cranswick (Canada), 

Robert T. Downs (USA), Armel Le Bail (France), Luca Lutterotti (Italy), Alexandre F.T. Yokochi (USA)
New Members : Yoshitaka Matsushita (Japan), Miguel Quiròs Olozábal (Spain)

[Ca3Al4F21]3-

A crystallography program 
like MAUD can send 

directly CIFs to the COD :

Why not to modify your 
own computer program as 
well (SHELX, SIR, Rietveld, 

etc) in order to send 
automatically the final CIF 

to the COD through the 
Internet ?

CRISMAT

Between May and June 2005, included :
1150 YES signatures for the above text, 
4 NO,
from 78 countries
Including the signature of one Nobel
Laureate (Richard J. Roberts, 
supporting PubChem as well)
35 countries with more than 
5 signatures, representing 
1054 signatures are listed on the 
graph :
For understanding their motivations,
read the texts sent by the signers at:
http://www.crystallography.net/petition/
You can continue to sign (but not in 
August due to a scheduled university 
shutdown).

Karimat El-Sayed, Egypt:
“Egypt is a developing country and we cannot have the regular
crystallographic databases which we really need in our work, 

accordingly, if the crystallographic community allows us to have 
it on line, it will be a big achievement for the third world countries.” 

(Chateigner et al., 2005)

23 years later...

C O D
there are 534673 entries in the
COD https://crystallography.net
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The COD Project
Michaelio Berndto manifesto

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

Establishment of COD (2003),
Announcement at the IUCr
(2005):

  

INTRODUCTION
The COD was created in March 2003 and was built on the
PDB model of open access on the Internet. It is intended
that this database [1] consists of any small or medium
crystal structure (inorganic, organic, organometallic).

Currently (2008) the total entry number is >70000, including
~10000 entries from the American Mineralogist Crystal

Structure Database (AMCSD) [2], all the IUCr data and CIF 
files donations from a few laboratories in Europe or from

individuals. The distribution is made through an
Apache/MYSQL/PHP system that takes queries on 

chemistry, ranges of cell parameters, volumes, etc, as 
well as combinations of fields, 

and can download or upload CIF files. 

WHO NEEDS              ?
Petition text for Open Data in Crystallography:
« It is requested that CSD, ICSD, CRYSTMET and ICDD 
provide a light version of their content (crystal data or 

powder patterns) at no cost on the Web. A light version 
consists of the complete database that is fully searchable 

on the Web by crystal parameters and references and 
returns the CIFs. It would not consist of the other 

value-added possibilities produced by these companies, 
which would stay inside of the toll versions - unless, 

of course, they want  to give more... The principle 
defended here is that the atomic positions in natural 

or synthetic crystal samples of our Universe 
are not copyrightable. » 

OPEN DATA
and

Crystallography Databases
———

Open access on the Web : 
PDB (proteins) 

NDB (nucleic acids) 
AMCSD (minerals) 

Toll databases :
CSD (organic, organometallic)

ICSD (inorganic, minerals)
CRYSTMET (metals, intermetallics)

ICDD (powder patterns)

SEARCH the COD
The COD wishes to offer minimal and simple search

possibilities, allowing you :
 

to verify if the structure you intend to solve is not
already solved, 

to find models or fragments for solving your current
problem, 

to make a correct job if an editor asks you to
review a manuscript.

PETITION RESULTS

POSITION of ASSOCIATIONS
Letters from the COD to :

IUCr (International Union of Crystallography), 
ACS (American Chemical Society), 
RSC (Royal Society of Chemistry)

asking them for the permission to download
systematically the CIF files available at their Web sites,

have not obtained positive answer yet.
 Do letters from petitioners will be more convincing ?

SEARCH OPTIONS
Search page                                Results      

 

DONATE your CIFs
The positions of atoms in samples

of our universe (natural of synthetic) are
NOT COPYRIGHTABLE.

It is up to you to send your CIFs to the COD, 
if you consider that the access to the Knowledge

has to be open for academic research.  

GET the COD TOOLS
EasyPHP (Apache server, MySQL, PHP scripts)

You can download the complete database and make it run on your PC. 
You can reuse the complete system and create your lab CIF repository.

 

PCOD
The PCOD, created in December 2003, is a COD subset of

crystal structures predicted by the GRINSP computer
program [3] . It is growing fast and already contains > 110000

CIF files corresponding to M2X3, MX2, M2X5, MX3 or MaM’bXc

formulations (X = O, F; M/M’ = B, Na, Si, Al, P, Ca, V, Fe, Re, 
Zr, etc), including hypothetical zeolites and other binary 
compounds with N-connected 3D frameworks of M atoms
(N = 3, 4, 5, 6) as well as ternary compounds with mixed

M/M’ frameworks. The PCOD is open for search, download
and upload of predicted crystal structures (coming from any

prediction computer program, inorganic or small and 
medium organic molecules).

SEARCHING PCOD
Search page                                Results VIRTUAL MODELS in PCOD

    Zeolite                                    B2O3 nanotubes

DONATORS/SPONSORS

Laboratories :

Thanks to them and to individuals sending CIFs !

CONCLUSION
Continue to sign the petition

(IUCr asked to the COD to obtain letters from people interested)
http://www.crystallography.net/petition/

Waiting for an improbable positive answer
from CSD, ICSD, CRYSTMET, ICDD,

continue to send your CIFs to the COD (and PCOD)
http://www.crystallography.net/

THANK YOU ! 

REFERENCES
[1] http://www.crystallography.net/                       
[2] http://www.geo.arizona.edu/AMS/amcsd.php
[3] http://www.cristal.org/grinsp/                          

       

Emails
COD/PCOD : cod@crystallography.net

———————
D. Chateigner : daniel.chateigner@ensicaen.fr

X.L. Chen : xlchen@aphy.iphy.ac.cn
M. E. Ciriotti : m.ciriotti@tin.it

L.M.D. Cranswick : l.m.d.cranswick@dl.ac.uk 
R. T. Downs : downs@geo.arizona.edu

A. Le Bail : alb@cristal.org
L. Lutterotti : Luca.Lutterotti@ing.unitn.it 

A.F.T. Yokochi : Alexandre.Yokochi@oregonstate.edu 

COD (CRYSTALLOGRAPHY OPEN DATABASE) and
PCOD (PREDICTED)

COD Advisory Board :
Daniel Chateigner (France), XiaoLong Chen (China), Marco E. Ciriotti (Italy), Lachlan M.D. Cranswick (Canada), 

Robert T. Downs (USA), Armel Le Bail (France), Luca Lutterotti (Italy), Alexandre F.T. Yokochi (USA)
New Members : Yoshitaka Matsushita (Japan), Miguel Quiròs Olozábal (Spain)

[Ca3Al4F21]3-

A crystallography program 
like MAUD can send 

directly CIFs to the COD :

Why not to modify your 
own computer program as 
well (SHELX, SIR, Rietveld, 

etc) in order to send 
automatically the final CIF 

to the COD through the 
Internet ?

CRISMAT

Between May and June 2005, included :
1150 YES signatures for the above text, 
4 NO,
from 78 countries
Including the signature of one Nobel
Laureate (Richard J. Roberts, 
supporting PubChem as well)
35 countries with more than 
5 signatures, representing 
1054 signatures are listed on the 
graph :
For understanding their motivations,
read the texts sent by the signers at:
http://www.crystallography.net/petition/
You can continue to sign (but not in 
August due to a scheduled university 
shutdown).

Karimat El-Sayed, Egypt:
“Egypt is a developing country and we cannot have the regular
crystallographic databases which we really need in our work, 

accordingly, if the crystallographic community allows us to have 
it on line, it will be a big achievement for the third world countries.” 

(Chateigner et al., 2005)

23 years later...

C O D
there are 534673 entries in the
COD https://crystallography.net
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One of the first uses for the COD

„MOFomics: Computational pore characterization of metal–organic
frameworks“ (First et al. 2013):

cross-section, the radius changes by no more than 20% in the ab-
sence of a cage. We investigated the effect of the minimum radius
ratio on accessible volume in zeolites, and we found that when the
ratio is reduced to 10, 5, and 2.5%, the volume of the unit cell acces-
sible to hydrogen differed by 4, 5, and 6%, respectively on average
over all zeolites in the Database of Zeolite Structures [34]. The
slight increase in geometric precision came at the cost of obfus-
cated connectivity.

2.4. Connectivity identification

Connectivity between the channels and cages is found using the
method described in our previous work [16]. Briefly, we calculate
intersections between the underlying geometric shapes that de-
scribe the channels and cages. Then, we construct a connectivity
graph for the MOF where each vertex is a junction (defined as a
portal, cage, or channel intersection), and each edge is a segment
of channel linking the junctions together.

From the three-dimensional MOF pore characterizations, we
subsequently determine molecular accessibility and perform a
variety of quantitative calculations. These include pore size distri-
bution, accessible volume, surface area, PLD, and LCD. The pore size

distribution is calculated by repeatedly dividing the unit cell into
smaller regions (a method known as ‘‘octree decomposition’’)
and assigning each portion to a channel or cage. Small regions that
have reached the cut-off size for division and are not entirely with-
in a channel or cage are sampled using a Monte Carlo integration
technique. Accessibility is determined by pruning the connectivity
graph to remove pores inaccessible to various guest molecule sizes.
Pores are accessible if they connect periodically over multiple unit
cells. Accessible volume and surface area are calculated geometri-
cally from the cylinders and spheres that remain after the connec-
tivity graph is pruned. The PLD is the largest accessible guest
molecule size, and the LCD is the maximum of the pore size distri-
bution. The algorithms used to carry out these computations are
described in more detail in [16].

3. Results and discussion

We have applied our pore characterization method to MOF
structures from several databases to demonstrate our approach.
From the Crystallography Open Database (COD) [35,36], we identi-
fied and characterized 379 experimental MOF structures, 91 of
which had accessible pores. [14] identified over 700 experimental

Fig. 3. Main pore systems of (a) ZIF-8, (b) MIL-53, (c) hypothetical MOF 32532, and (d) MOF-5 (IRMOF-1). Channels (green) are represented by unions of cylinders, and cages
(blue) are represented as unions of spheres. Framework atoms are rendered as ‘‘ball-and-stick,’’ where each atom is a small ball colored by type and each bond is a stick. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

E.L. First, C.A. Floudas / Microporous and Mesoporous Materials 165 (2013) 32–39 35

is applied to points corresponding to each atom, the radius of each
cylinder is reduced by the maximum van der Waals radius of the
three atoms that constrain it. The radius is further decreased, if
needed, so that it avoids overlap with any other atoms of the
framework. This results in an inner approximation (i.e., underesti-
mation) of the actual channel size.

2.3. Cage identification

Cages are found using three-dimensional Delaunay triangula-
tion, as described in [16]. This method has been used previously
by [32] to find the largest free and included spheres in zeolites. It
has also recently been used by [33] to screen a database of hypo-
thetical MOFs for Xe/Kr selectivity by calculating geometric prop-
erties. Since the technique is applied to points, the radius of each

sphere is reduced by the maximum van der Waals radius of its four
constraining atoms. If necessary, the radius is further decreased so
that it avoids overlap with any other atoms of the structure. Cages
are defined by the union of several overlapping spheres to more
accurately describe their shapes.

Note that we require cages to have a radius at least 20% larger
than that of any channel with which they overlap, and the mini-
mum cage radius for isolated cages is 20% larger than the radius
of hydrogen, or 1.31 Å. As a result, for channels with a varying

Table 1
Number of topological features for all studied structures.

Mean Median Std. dev.

Atoms 85 36 134
Portals 39 26 54
Channels 7 5 12
Cages 3 1 4
Junctions 6 4 7
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Fig. 1. Distributions of number of (a) atoms and (b) portals for all structures
studied.

Accessible Volume (cm³/g)
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Fig. 2. Histograms of (a) volume and (b) surface area accessible to hydrogen
(diameter 2.18 Å) and nitrogen (diameter 3.10 Å) for all accessible structures.

Table 2
Characterization results for selected structures. Volume and area are accessible to
hydrogen (diameter 2.18 Å).

LCD (Å) PLD (Å) Volume (cm3/g) Area (m2/g)

GWMOF-3 (COD 4300942) 5.4 3.7 0.226 625
MIL-47 (CSD IDIWOH) 6.8 6.8 0.405 1781
MIL-53 (COD 4103388) 7.1 7.1 0.500 2203
MOF-5 (CSD SAHYIK) 15.0 7.8 1.186 2297
MOF-501 (COD 4300890) 11.0 5.1 0.747 2132
NOTT-401 (COD 7106668) 7.6 4.1 0.279 1080
ZIF-6 (CSD EQOCOC01) 9.5 6.7 0.749 1076
ZIF-8 (CSD VELVOY) 11.4 3.4 0.485 1531
Hyp. MOF 5082 9.8 4.0 0.850 2320
Hyp. MOF 18075 7.2 4.7 1.060 1435
Hyp. MOF 32532 5.9 3.2 0.345 1416

34 E.L. First, C.A. Floudas / Microporous and Mesoporous Materials 165 (2013) 32–39
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The use of COD

Relaxed structure

Results

Results

PDF

Computational materials science
(Merkys et al. 2017; Pizzi 2018)
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The use of COD

Use of PCOD and COD for
materials identification

Courtesy Armel Le Bail
(Le Bail 2008)
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The use of COD
https://molecules.crystallography.net/

(Vaitkus et al. 2023)

Saulius Gražulis The impact of the Crystallography Open Database on Open Science Calgary, 2026 9 / 26
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Searching for infinite nets
Building quotient graphs for covalent and coordination polymers.
http://polymers.crystallography.net/

Work of Yaroslav Rozdobudko
Saulius Gražulis The impact of the Crystallography Open Database on Open Science Calgary, 2026 10 / 26
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Restrain generation for macromolecular refinement

Statistics from the COD can serve as a basis for ligand geometry restrain
generation: program AceDRG (Long et al. 2017a; Long et al. 2017b).

mmCIF dictionary file and a PDB file containing the coordi-

nates.

5.1. Chemistry sanitization

AceDRG first uses RDKit to sanitize the molecule, making

sure that it is consistent with basic chemistry, for example that

the numbers of connections and valences are consistent. Then,

using functional groups, it assigns formal charges to atoms of

groups such as carboxyl, amine, sulfate and phosphate groups.

In total there are 25 functional groups used by AceDRG at the

moment. The number of functional groups can be extended

without difficulty.

5.2. Planes

If an atom is in the sp2 hybridization state then it, together

with all atoms that it is bonded to, are assumed to be on the

same plane. If an individual ring is aromatic, all atoms in the

ring and their connected outside-ring atoms are in a plane. If a

fused multiple-ring system is aromatic then all atoms in each

of the smallest rings, together with the atoms that they are

bonded to, are considered to be on the same plane. This allows

some deformation of large planar systems, such as flavin rings,

during refinement if the experimental data are sufficiently

strong to indicate that there must be a departure from

planarity. However, all atoms of the smallest rings will try to

stay on the same plane.

5.3. Chiralities

Just like in a SMILES string, the chiral centres in the

monomer library (generated by AceDRG) are local chiralities.

That is, if the central atom is sp3 and the number of bonded

non-H atoms is not less than three then the atom is considered

to be a chiral centre. If the Cahn–Ingold–Prelog (CIP) prio-

rities of at least two atoms (lone pairs of electrons are

considered to be dummy atoms) are the same, or the input file

does not have any indication of chiral centres (by coordinates

or otherwise), then the sign of the chiral volume is assumed to

be ‘both’, indicating that at least two atoms bonding to the

central atom can swap places without changing stereo-

chemistry. In some cases, chiral volume signs can be assigned

even for nonchiral centres. This can be useful because the

atom names in the PDB file make nonchiral centres chiral by

nomenclature. If the CIP priorities of atoms bonded to the

central atom are different, or the input file indicates that this

centre must be chiral with definite sign, then the program

considers this centre as a genuine chiral centre with definite

sign.

6. Examples of application

Here, we use two examples from the PDB to demonstrate

AceDRG-generated dictionary values in practice. In general,

the bond lengths and angles generated by AceDRG seem to

be reasonably accurate (Tucker & Steiner, 2017). The first

example aims to demonstrate that although the bond values

generated from AceDRG are more accurate, and thus the

refined structure should in principle be better in terms of

chemical structure, the differences between structures refined

using different dictionary values are so small that they are

barely visible by eye and are unlikely to cause incorrect

biological conclusions. The second example demonstrates the

importance of aromaticity perception, and how it may affect

inferred biological conclusions.

6.1. Example 1: PDB entry 3o8h, ligand name O8H (Willand
et al., 2010)

The electron density corresponding to the ligand (Fig. 6) is

of sufficient quality, with the exception of the iodinated

benzene ring (this might be owing to radiation damage

resulting in partial cleavage of the I atom, causing slight

disorder of the benzene ring). Fig. 6 demonstrates that

AceDRG perceives the aromaticity of the rings correctly. The

bond distance between N21 and N22 in the PDB file is around

1.22 Å, which is shorter than it should be. The corresponding

AceDRG-derived bond length is around 1.32 Å (for the full

dictionary, see Supporting Information), which seems to

reflect the fact that this ring is aromatic and the bond length is

longer than a double bond (around 1.24 Å) but shorter than a

single bond (around 1.41 Å). Unfortunately, with current

PDB entries it is impossible to compare AceDRG-derived

dictionary values (or values produced by any other software)

with those used during the analysis of the PDB structures.

Nevertheless, despite the apparently large differences

between the bond lengths, the overlaid ligands before and

after refinement with AceDRG dictionary values show very

little visible difference.

6.2. Example 2: FAD versus FADH2, PDB entry 3hdy, ligand
name FDA

As is well known, FAD/FADH2 conversion plays an

important role in many biological processes. However, there

seems to be a great deal of confusion in labelling and refining

research papers

Acta Cryst. (2017). D73, 112–122 Long et al. � AceDRG 119

Figure 6
An example of a ligand refined using AceDRG restraints: PDB entry
2o8h with the ligand O8H (Willand et al., 2010). Although the bond
lengths are significantly different, the overlaid structures are visually
almost identical. This figure was produced using CCP4mg (McNicholas et
al., 2011).

mmCIF dictionary file and a PDB file containing the coordi-

nates.

5.1. Chemistry sanitization

AceDRG first uses RDKit to sanitize the molecule, making

sure that it is consistent with basic chemistry, for example that

the numbers of connections and valences are consistent. Then,

using functional groups, it assigns formal charges to atoms of

groups such as carboxyl, amine, sulfate and phosphate groups.

In total there are 25 functional groups used by AceDRG at the

moment. The number of functional groups can be extended

without difficulty.

5.2. Planes

If an atom is in the sp2 hybridization state then it, together

with all atoms that it is bonded to, are assumed to be on the

same plane. If an individual ring is aromatic, all atoms in the

ring and their connected outside-ring atoms are in a plane. If a

fused multiple-ring system is aromatic then all atoms in each

of the smallest rings, together with the atoms that they are

bonded to, are considered to be on the same plane. This allows

some deformation of large planar systems, such as flavin rings,

during refinement if the experimental data are sufficiently

strong to indicate that there must be a departure from

planarity. However, all atoms of the smallest rings will try to

stay on the same plane.

5.3. Chiralities

Just like in a SMILES string, the chiral centres in the

monomer library (generated by AceDRG) are local chiralities.

That is, if the central atom is sp3 and the number of bonded

non-H atoms is not less than three then the atom is considered

to be a chiral centre. If the Cahn–Ingold–Prelog (CIP) prio-

rities of at least two atoms (lone pairs of electrons are

considered to be dummy atoms) are the same, or the input file

does not have any indication of chiral centres (by coordinates

or otherwise), then the sign of the chiral volume is assumed to

be ‘both’, indicating that at least two atoms bonding to the

central atom can swap places without changing stereo-

chemistry. In some cases, chiral volume signs can be assigned

even for nonchiral centres. This can be useful because the

atom names in the PDB file make nonchiral centres chiral by

nomenclature. If the CIP priorities of atoms bonded to the

central atom are different, or the input file indicates that this

centre must be chiral with definite sign, then the program

considers this centre as a genuine chiral centre with definite

sign.

6. Examples of application

Here, we use two examples from the PDB to demonstrate

AceDRG-generated dictionary values in practice. In general,

the bond lengths and angles generated by AceDRG seem to

be reasonably accurate (Tucker & Steiner, 2017). The first

example aims to demonstrate that although the bond values

generated from AceDRG are more accurate, and thus the

refined structure should in principle be better in terms of

chemical structure, the differences between structures refined

using different dictionary values are so small that they are

barely visible by eye and are unlikely to cause incorrect

biological conclusions. The second example demonstrates the

importance of aromaticity perception, and how it may affect

inferred biological conclusions.

6.1. Example 1: PDB entry 3o8h, ligand name O8H (Willand
et al., 2010)

The electron density corresponding to the ligand (Fig. 6) is

of sufficient quality, with the exception of the iodinated

benzene ring (this might be owing to radiation damage

resulting in partial cleavage of the I atom, causing slight

disorder of the benzene ring). Fig. 6 demonstrates that

AceDRG perceives the aromaticity of the rings correctly. The

bond distance between N21 and N22 in the PDB file is around

1.22 Å, which is shorter than it should be. The corresponding

AceDRG-derived bond length is around 1.32 Å (for the full

dictionary, see Supporting Information), which seems to

reflect the fact that this ring is aromatic and the bond length is

longer than a double bond (around 1.24 Å) but shorter than a

single bond (around 1.41 Å). Unfortunately, with current

PDB entries it is impossible to compare AceDRG-derived

dictionary values (or values produced by any other software)

with those used during the analysis of the PDB structures.

Nevertheless, despite the apparently large differences

between the bond lengths, the overlaid ligands before and

after refinement with AceDRG dictionary values show very

little visible difference.

6.2. Example 2: FAD versus FADH2, PDB entry 3hdy, ligand
name FDA

As is well known, FAD/FADH2 conversion plays an

important role in many biological processes. However, there

seems to be a great deal of confusion in labelling and refining

research papers

Acta Cryst. (2017). D73, 112–122 Long et al. � AceDRG 119

Figure 6
An example of a ligand refined using AceDRG restraints: PDB entry
2o8h with the ligand O8H (Willand et al., 2010). Although the bond
lengths are significantly different, the overlaid structures are visually
almost identical. This figure was produced using CCP4mg (McNicholas et
al., 2011).
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Updated atomic radii from open sources
Example: carbon-carbon distances. Data presented with full provenance.

Carbon–carbon distances in crystals

distance (Å)

fr
eq

ue
nc

y

1 2 3 4 5 6

0e
+0

0
2e

+0
5

4e
+0

5
6e

+0
5

8e
+0

5
1e

+0
6

dC-C

covalent bonds

van der Waals gap

non-bonded intramolecular
interactions

van der Waals and other intramolecular
interactions

((Šidlauskaitė et al. 2026), in press.)
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The COD approach
Linking tables

The COD SQL data schema + COD CIF dictionary;

data
+--------+-----------------+-----+
| Field | Type | Key |
+--------+-----------------+-----+
| file | int(7) unsigned | PRI |
| a | double unsigned | MUL |
| siga | float unsigned | |
| b | double unsigned | MUL |
| sigb | float unsigned | |
| c | double unsigned | MUL |
| sigc | float unsigned | |
| ... | ... | ... |
+--------+-----------------+-----+

Similar schemas: Star schema:
(Apeh 2024)

XRDa_x_COD
+-------------+-----------------+-----+
| Field | Type | Key |
+-------------+-----------------+-----+
| id | int(11) | PRI |
| cod_id | int(7) unsigned | MUL |
| ext_id | int(11) | MUL |
| relation_id | int(11) | MUL |
+-------------+-----------------+-----+

relations
+-------------+--------------+-----+
| Field | Type | Key |
+-------------+--------------+-----+
| id | int(11) | PRI |
| name | varchar(255) | |
| description | text | |
+-------------+--------------+-----+
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Example of the COD data record raw data link
XRDa as an example

https://www.crystallography.net/cod/3000497.html

(Sakurabayashi et al. 2025)
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XRDa side
Links to the COD :)

https://xrda.pdbj.org/entry/335
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A side note: links with other data sources
Pubchem as an example

pubchem_x_cod
+--------+-----------+---------+
| id | ext_id | cod_id |
+--------+-----------+---------+
| 120396 | 101539687 | 7016989 |
| 99284 | 168336540 | 4135255 |
| 18081 | 168304792 | 1554891 |
| 147524 | 25198875 | 7155506 |
| 134464 | 168350383 | 7104999 |
+--------+-----------+---------+

169 593 rows
(Vaitkus et al. 2023)
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A side note: links with other data sources
Wikidata as an example

wikidata_x_cod
+-----+-----------+---------+
| id | ext_id | cod_id |
+-----+-----------+---------+
| 145 | Q423494 | 9001039 |
| 2 | Q1067912 | 9017917 |
| 150 | Q182264 | 9001030 |
| 14 | Q3649812 | 9000094 |
| 111 | Q19861259 | 2105051 |
+-----+-----------+---------+

76 rows
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Relation types
Different relations for different records

Relation “ontology”: the `relations` table;

+----+--------------------+------------------------------------------ ...
| id | name | description ...
+----+--------------------+------------------------------------------ ...
| 1 | RELATED | THE CIF is related in some way to the ext ...
| 2 | DIRECTLY_DERIVED | The CIF file was generated directly from ...
| 3 | INDIRECTLY_DERIVED | Related by name, but not confirmed as the ...
| 4 | SIMILAR_TO | It shares some characteristics but wasn’t ...
+----+--------------------+------------------------------------------ ...

Saulius Gražulis The impact of the Crystallography Open Database on Open Science Calgary, 2026 18 / 26



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

COD citations

Citations according to Google Scholar
(https://scholar.google.lt/citations?user=BswX10sAAAAJ&hl=en, 2026-08-08 21:00 UTC):
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New ways of publishing science

Suggesting a new type of scholarly publication:

Peer reviewed database record!

COD data can be cited:
Referencing machine readable data:

Srivastava, R. C.; Klooster, W. T.; Koetzle, T. F. “Neutron Structures of Ammonium Fluoroberyllate”
(1999) The Crystallography Open Database, rev. 176759, the COD Advisory Board (eds.),
https://www.crystallography.net/cod/2002926.cif@176759. [Retrieved 2016-09-21 16:48 EEST]

Referencing a human-readable page:
Srivastava, R. C.; Klooster, W. T.; Koetzle, T. F. “Neutron Structures of Ammonium Fluoroberyllate”
(1999) The Crystallography Open Database, rev. 176759, the COD Advisory Board (eds.),
https://www.crystallography.net/cod/2002926. [Retrieved 2016-09-21 16:48 EEST]
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The summing up

Open data and software allows us to provide full provenance to our
calculations;
Open data drive scientific innovation;
Open data can make linked knowledge networks;
Open data can increase awareness of general public about science,
demonstrate justifications;
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Thank you!

http://en.wikipedia.org/wiki/Topaz http://www.crystallography.net/2207377.html

A path to freedom: GNU → Linux → Ubuntu → MySQL → R → LATEX→ TikZ → Beamer

http://en.wikipedia.org/wiki/Topaz
http://www.crystallography.net/2207377.html
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