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Course Overview

Advanced Crystallography - Publication of Crystal Structures

 Collection of high-quality intensity data 

 Common refinement problems  Common refinement problems 

 Data evaluation and error analysis

 Report generation and display of crystallographic results 

 Preparation of Crystallographic Information Framework (CIF) files Preparation of Crystallographic Information Framework (CIF) files

 The use of PublCIF and other CIF-checking programs

 Submission of manuscripts



Introduction



Why Should You Publish Crystal 
Structures?Structures?

 One of the most important reasons for doing scientific research is to 
d h l b d f k l d h f ld h hadvance the total body of knowledge in each field.  This requires that 

experimental results be described very precisely, using accepted 
standards for each field, and that the manuscript reviewed by experts 
in the field prior to acceptance for publication.p p p

 Successful publication of papers in peer-reviewed journals, makes the 
data and its analysis available to the international scientific 
community, so that current and future scientists may repeat and 
extend the research  as new tools and additional information become extend the research, as new tools and additional information become 
available.

 Publication of research results gives proper credit to all co-authors 
and their sponsoring institutions and funding sources.

 Presentation of posters or talks at scientific meetings should be used 
for preliminary results only and not a substitute for ‘real’ publication 
in peer-reviewed scientific journals.



Crystallographic Databasesy g p



Growth in Number of Published Crystal 
StructuresStructures

 Crystal structure determination is the method of choice for the 
l f l h l d f lanalysis of novel chemical compounds from monatomic metals to 

proteins and viruses, with some 700,000 crystal structures published 
so far. 

 Of these, over 500,000 (70%) are carbon-containing organic and 
metal-organic small molecules, for which experimental three-
dimensional (3D) numerical results are stored in the Cambridge 
St ct al Database (CSD)   Structural Database (CSD).  

 Other crystallographic databases – Protein Data Bank, Mineralogical 
Data Base, Inorganic Data BaseData Base, Inorganic Data Base



Growth in Number of Structures in 
Cambridge Structural Databaseg



Growth in Number of Structures in the 
Protein Data Bank



Documentation of a Crystal y
Structure Analysis



Laboratory Notebooksy

A dedicated laboratory notebook  should be used to log all crystal 
dstructure determinations.

Each sample should be assigned a unique identification number, which 
may be cross-referenced to the synthetic notebook which contains may be cross-referenced to the synthetic notebook which contains 
detailed information on the preparation, purification and crystallization 
of the sample.  Typical identification numbers include the research 
group, initials of student or postdoctoral associate, and date of 
anal sisanalysis.

The laboratory notebook should contain all important information not 
included in the electronic data (such as crystal size, color etc.), as included in the electronic data (such as crystal size, color etc.), as 
well as choices made during refinement.

The laboratory  notebook  must also contain the name and location of 
final archive files for each structure.



Laboratory Notebooksy

A proper synthetic notebook should include negative as well as positive 
l f f l h l fresults.  Documentation of unsuccessful attempts may help future 

avoid the same experimental paths.

Good science requires that successful experiments be documented in Good science requires that successful experiments be documented in 
sufficient detail that the results may be duplicated and verified, if 
necessary.

A few of the more competitive research groups require that entries in 
laboratory notebooks be signed and dated, then reviewed and 
witnessed by collaborators or supervisors on a daily or weekly basis.

When each investigator leaves the research group, the laboratory 
notebooks are stored in a secure place, under the control of the 
research director.



Collection of High Quality g Q y
Intensity Data



Collection of High Quality Datag Q y

 Choose the data collection options to suit the problem (e.g., X-ray 
d l d d lsource, radiation type, crystal-to-detector distance, sample 

temperature, etc.)

 Choose  a data collection strategy to balance resolution   Choose  a data collection strategy to balance resolution, 
completeness, redundancy, exposure time, and total time available for 
data collection

 Process (integrate) data carefully to the maximum usable resolution 
(minimum resolution 0.84 A for small molecules in IUCr journals)

 S l  d t  d t d t  f  b ti  ff t  ( i i l  f Scale data and correct data for absorption effects (empirical or face-
indexed correction) using the correct Laue class and carefully examine 
the diagnostic plots



Diagnostic Plots from Data Reductiong



Crystal Structure y
Refinement



Structure Refinement with 
SHELX / SHELXTLSHELX / SHELXTL

SHELX (or SHELXTL):

"A short history of SHELX". Sheldrick, G.M. (2008). Acta Cryst. A64, 112-
122 

http://journals iucr org/a/issues/2008/01/00/issconts htmlhttp://journals.iucr.org/a/issues/2008/01/00/issconts.html



Structure Refinement with 
SHELX / SHELXTLSHELX / SHELXTL

 George M. Sheldrick, 
Professor of Structural 
Chemistry at the Georg-
August Universität Göttingen August-Universität Göttingen 
and part-time programming 
technician.

 Author of public-domain p
SHELX and Bruker SHELXTL
solution and refinement 
software and other programs.
Sh ld i k ft  i  d i   Sheldrick software is used in 
ca. 70% of all crystal 
structure refinements.



SHELX Data File Format (HKLF 4)( )

 In contrast to the res/ins/cif files, the file *.hkl has a precise format (i.e., 
each space matters).  

D t   t d  th t i l t fl ti   t th  b t th    Data are sorted so that equivalent reflections are together, but they are 
not automatically merged.



Violations of Systematic Absences / 
Inconsistent EquivalentsInconsistent Equivalents



Reflections with Negative Intensitiesg



Standard Deviations and Confidence 
LevelsLevels



Merging of Reflectionsg g



Merging of Reflections – R(int)g g ( )

 R(int): Merging error (measure of the precision/reproducibility)

 Possible error sources (high R(int) value):
 I t L  • Incorrect Laue group

• Bad or missing absorption correction
• Crystal decomposition
• Twinningg
• Goniometer problems (covered reflections, misalignment)



Merging of Reflections – R(sigma)g g ( g )

 R(sigma) - Measure of the signal-to-noise ratio
 As a rough approximation, the structure confidence factor R1 cannot 

be much lower than R(sigma)be much lower than R(sigma)
 If R(int) >> R(sigma), (e.g.,  more than 2-3 times), there is a 

problem



Diagnostic Plots from Data Reduction 
Rint  Rsigma E2 1– Rint, Rsigma, E2-1



Confidence Factors – R1 and wR2



Goodness-of-Fit - S

 In contrast to the R-factor, which also depends on the signal-to-noise 
ratio, S is relatively independent from the noise.

 S should be around 1 for a good structure
S > 1: bad model or bad data/parameter ratioS > 1: bad model or bad data/parameter ratio
S < 1: model is better than the data - problems with the absorption 

correction, outlier reflections at low resolution
 Caution – S is strongly affected by the weighting scheme!Caution S is strongly affected by the weighting scheme!



Criteria for Good Structures



Residual Electron Densityy

If our model is good, we should have described all electrons in our
structure. Thus the remaining electron density should be zero.

Acceptable values for residual electron density:
• For light atom structures (H – F) : < 0.5 e–/Å3
• For heavy atom structures : 10% of the electrons of the heavy atom per Å3 in a 
distance smaller 1.2 Å from the heavy atom. (Fourier truncation errors)
• Accumulation of electron density on special positions

Sources of errors:
• Bad absorption correction
 Di d• Disorder



Thermal Ellipsoidsp

 With the exception of a wrong space group, most other problems of a 
structure are more visible in the thermal parameters than in the atom structure are more visible in the thermal parameters than in the atom 
positions. 

 In general:
• Values of the thermal displacement should be comparable for 

comparable atoms.
• The displacement should be in agreement with the thermal vibration of 

lowest energy.



Common Refinement 
Problems



Large Correlation Matrix Elementsg

 Values > 0.5 for the correlation matrix elements indicate that some 
parameters in the refinement are dependent on each other.

 Some correlations are acceptable, for example, between the thermal 
parameters of the heavy atom and the overall scale factor or between the 
Uxy of the same atomUxy of the same atom.

 Attention: A high number of correlations > 0.5 between multiple atoms 
might indicate a missed symmetry! (wrong space group).



Incorrect Atom Assignmentsg



Disorders



Unusual Bond Lengths and / or Bond 
AnglesAngles



Recommended Reference for Problem 
StructuresStructures

Müller, P. Crystal Structure Refinement. 1st ed. New York, NY: Oxford 
University Press, 2006. ISBN: 0198570767

10/14/2011Bruker AXS36



Report Generation and p
Display of Structure



Final Crystal Structure Refinementy

 Correct SFAC and UNIT instructions
 SIZE and TEMP instructions
 L.S.  Instruction with sufficient number of cycles for convergence
 BOND ($H) instruction
 FMAP 2 and PLAN for final difference map
 ACTA instruction
 CELL and ZERR instructions containing unit cell constants from final 

integration with proper sigma’sintegration with proper sigma s
 CONF instruction ( torsion angles)
 RTAB instruction
 HTAB (and EQIV) instructions for important hydrogen bonds HTAB (and EQIV) instructions for important hydrogen bonds
 MPLA instructions for important molecular planes
 WPDB instruction (write PDB file)



Production of Final Crystal Diagramsy g

 Bruker SHELXTL – XP Program

 Bruker APEX2 – XSHELL Program

 PLATON – ORTEP Program

 CCDC  - Mercury Program

 OLEX2  - ORTEP Program

 WinGX – ORTEP Program WinGX – ORTEP Program

 publCIF – JMOL Program



Data Evaluation and 
Error Analysis



PLATON Programg

 PLATON Reference: 

A.L. Speck, "PLATON, a multipurpose crystallographic tool." Utrecht 
University, Utrecht, The Netherlands, 2001, 

http://www cryst chem uu nl/platon/http://www.cryst.chem.uu.nl/platon/

 PLATON is a SHELX-compatible structure viewing and analysis 
toolkit software package by Ton Spek that has a wide variety of 
functionality for checking, validation,  structure drawing,, etc. 



PLATON Programsg



PLATON - CALC ALL

 Check of Final Crystal Structure Refinement
Unit Cell and Space Group Validation
Analysis of hydrogen bonding
Calculation of least-squares planes
Analysis of solvent accessible voidsAnalysis of solvent accessible voids
Hirchfeld analysis
Librational analysis 

 Automatic generation of an extensive molecular geometry 
analysis report



Crystal Structure Reportsy p



Typical Crystal Structure Reportyp y p

 Data Collection 
• Source of sample and conditions of crystallization• Source of sample and conditions of crystallization.
• Habit, color, and dimensions of the crystal.
• Formula and formula weight.
• Unit cell parameters and volume with esd’s. The number of data and θ

 f d t  d t  d t i  th  ll trange of data used to determine the cell parameters.
• Crystal type and space group.
• Z, density, and linear absorption coefficient.
• Instrument and temperature of data collection and cell parameter 

determination.
• # of data collected, # unique[R(int)].
• Absorption correction details.

 Structure Solution  Structure Solution 
• Method and program(s) used for structure solution.



Typical Crystal Structure Reportyp y p
 Structure Refinement 

• Method and program(s) for refinement.
• # of data refined  # restraints  # parameters• # of data refined, # restraints, # parameters.
• Weighting scheme.
• R1(observed data), wR2(all data), and S values.
• Final maximum absolute value of the shift/error.
• Maximum and minimum of the final difference electron density map.

 Tables and Figures 
• Positional parameters and isotropic or equivalent displacement parameters.
• Bond distances and angles• Bond distances and angles.
• Anisotropic displacement parameters.
• Structure factor tables (often required for review but discarded by the 

journal). 
• Torsion angles(optional).
• Least-squares planes(optional).
• Hydrogen bond geometry(optional). 
• A labeled figure showing the displacement ellipsoids.g g p p
• A packing diagram showing relevant intermolecular interactions.



APEX2 – Generate Report Option 
(HTML)(HTML)



Preparation of CIF and p
PDB Files



Crystallographic Information 
FrameworkFramework

 The International Union of Crystallography is the sponsor of 
the Crystallographic Information Framework, a standard for 
information interchange in crystallography.

 The acronym CIF is used both for the Crystallographic Information 
File  the data exchange standard file format of Hall  Allen & Brown File, the data exchange standard file format of Hall, Allen & Brown 
(1991), and for the Crystallographic Information Framework, a 
broader system of exchange protocols based on data dictionaries and 
relational rules expressible in different machine-readable 
manifestations  incl ding  b t not est icted to  C stallog aphic manifestations, including, but not restricted to, Crystallographic 
Information File and XML.

 The standard reference describing the Crystallographic Information 
Framework:
International Tables for Crystallography Volume G: Definition and exchange of 

crystallographic data (2005), edited by Sydney Hall & Brian McMahon. 
Dordrecht: Springer.



APEX2 – Generate Report Option 
(Acta CIF)(Acta CIF)



PDB File Format and mmCIF Format

 PDB File Format
• The Protein Data Bank (PDB) format provides a standard representation for 

macromolecular structure data derived from X-ray diffraction and NMR 
studies. This representation was created in the 1970's and a large amount 
of software using it has been written. 

• Documentation describing the PDB file format is available from the wwPDB 
at: http://www.wwpdb.org/docs.html. 

 mmCIF File Format and PDB Exchange DictionaryC e o at a d c a ge ct o a y
• The Protein Data Bank (PDB) uses macromolecular Crystallographic 

Information File (mmCIF) data dictionaries to describe the information 
content of PDB entries. 

• Further information and related resources are available at: • Further information and related resources are available at: 
http://mmcif.pdb.org/. 



Use of Validation Programsg



checkCIF Tools

 CIF dictionary 
http://www.iucr.org/resources/cif/dictionaries

 Details of checkCIF/PLATON tests 
http://journals iucr org/services/cif/datavalidation htmlhttp://journals.iucr.org/services/cif/datavalidation.html

 Download CIF editor (publCIF) from the IUCr 
http://journals.iucr.org/services/cif/publcif/

 Download CIF editor (enCIFer) from the CCDC 
http://www.ccdc.cam.ac.uk/free_services/encifer/downloads/enCIFer_1.4/dow

nload php4nload.php4

 Full publication check 
http://journals.iucr.org/services/cif/checking/checkfull.html



checkCIF Reportsp

 The automated report contains three types of alerts:
ALERT level A = In general: serious problem
ALERT level B = Potentially serious problem
ALERT level C = Check and explain

 It is impossible to explain all possible checkCIF errors here  If you use  It is impossible to explain all possible checkCIF errors here. If you use 
the checkCIF routine on the site www.iucr.org, you can click on the 
alert to obtain more information. 

 If you not understand a checkCIF error, seek advice from a 
crystallographer. Do not ignore a checkCIF error.

 Try to eliminate all problems. If not, comment on the error, explaining 
where this alert is coming from and why we can ignore it or cannot do 
anything about it.anything about it.



PLATON checkCIF Reportp



Full Publication Check (IUCr)( )

 On-Line checkCIF:
http://checkcif.iucr.org/

 This version of checkCIF includes checks on: 
 CIF syntax and construction • CIF syntax and construction 

• Cell and geometry details 
• Space-group symmetry 
• Anisotropic displacement parameters 
• Structure factors 



Comments on checkCIF Reportsp



Example of checkCIF Reportp p



Production of Acta E Preprint 
with publCIFwith publCIF



Submission of Manuscriptsp



Choice of Journals

 IUCr Journals (Acta Crystallogr. A, B, C, D, E; J. Appl. Cryst.)

 ACS Journals (J. Am. Chem. Soc., Organometallics, Inorg. Chem., J. 
Org  Chem  Biochemistry)Org. Chem., Biochemistry)

 International Journals (Angew. Chem., Inorg. Chim. Acta, J. Chem. 
Crystallogr.)Crystallogr.)

 Mineralogy Journals (Am. Mineral., Can. Mineral. )

 General Scientific Journals (Science, Nature)



Publication Guidelines

 When preparing a crystal structure report for publication, be sure to 
check the Notes for Authors section of the selected journal.

 Authors unfamiliar with preparing crystal structure reports should look  Authors unfamiliar with preparing crystal structure reports should look 
through recent issues of the target journal to find articles with similar 
crystal structures. 

 Emulating the format of the crystal structure reports in these articles 
will greatly reduce the effort needed. 



Acknowledgements and Co-authorshipg p

 There are no ‘hard rules’ regarding co-authorship versus simple 
acknowledgements for individuals who have helped with a crystal 
structure determination.  However, the following is accepted practice:
• If the structure was routine and you have carried out most of the structure 

determination yourself, but have received advice from a staff 
crystallographer or another individual, a simple acknowledgement is 
sufficient.

• If the structure was non-routine (e.g., twinning, disorder, etc.) and the 
final structure involved a substantial amount of time and technical 
expertise from another individual, he (she) should be included as a co-
author.

 All co-authors must be given an opportunity to review the manuscript 
and they must agree to co-authorship prior to manuscript submission.y g p p p

 All financial support from sponsoring institutions and funding agencies 
must be acknowledged in the paper.



Crystallographic Archivesy g p

When  a crystal structure analysis has been completed, it must be 
archived for a minimum of 5 years.  A proper archive should allow 
another individual  to recover relevant data, even in your 
absence.

This archive  must include:

• A copy of the final report• A copy of the final report

• Final solution and refinement files (e.g., .ins, .res, .hkl, .cif, 
.lst files).lst files)

• Experimental results (images etc)



Summaryy



Review and Summary

Advanced Crystallography - Publication of Crystal Structures

 Collection of high-quality intensity data 

 Common refinement problems 

 Data evaluation and error analysis

 Report generation and display of crystallographic results 

 Preparation of Crystallographic Information Framework (CIF) filesp y g p ( )

 The use of PublCIF and other CIF-checking programs

 Submission of manuscripts
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Where can I obtain help to publish my 
structures?structures?

 General users:
• Primary support should come from the site where the data 

was collected
• Attend Workshops and Summer Schools (e.g., ACA Summer 

School  Canadian Chemical Crystallography Workshop)School, Canadian Chemical Crystallography Workshop)
• Visit websites of departmental crystallographers (e.g., U of 

Oklahoma, MIT, U of Kentucky, etc.)

 For Bruker users:
• Join the Bruker Users’ Group (email Iguzei@chem.wisc.edu)
• Visit www Bruker AXS com and request information• Visit www.Bruker-AXS.com and request information
• Attend Bruker workshops and User Meetings
• Email to me at Charles.Campana@Bruker-AXS.com


