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  Structure solution and refinement: introductory strategies 







Im
a
g

e
s
 u

s
in

g
  g

o
o

g
le

 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=__x5mDgSF_eogM&tbnid=KFlab992g1MvEM:&ved=0CAUQjRw&url=http://www.geo.arizona.edu/xtal/group/lab.htm&ei=sNzkUaiEH8zUsgbA2ID4Bw&psig=AFQjCNF6O1qSjaYZDLY3TO6DB3ZIzC2Mtg&ust=1374039285415179
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=0I9olcB_9OuNjM&tbnid=q3VsMUMMhr8D9M:&ved=0CAUQjRw&url=http://suffusetheskies.blogspot.com/2010/03/tabletop-single-crystal-diffractometer.html&ei=89zkUcqaIIT3sgbZjYCICA&psig=AFQjCNF6O1qSjaYZDLY3TO6DB3ZIzC2Mtg&ust=1374039285415179


Powder  diffraction  

Powder diffractometer 
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1. Pre-refinement strategies 

2. Data collection and data reduction  

1. Crystal growth and crystal 
 handling (mounting, protection)  

3. Phasing and refinement strategies  

1. Before the experiment 
1.1 Amorphous 
1.2 Crystalline  
 1.2.1 Powder (polycrystalline)  
 1.2.2 Single crystal 

2. The experiment 
Small molecule 
Protein  
Heavy atoms  

3. After the  experiment 
 Good  or bad  
 Repeat  ?  





We don’t know the  phase Φh  

𝐼ℎ = 𝐹ℎ
2 

𝜌 𝑥 =   𝐹ℎ𝑒
𝑖𝛷ℎ𝑒−2𝜋𝑖ℎ𝑥

ℎ

 

? 



Patterson: when  heavy atoms (e.g., Hg, Au) contribute to significant  
differences in the  intensities of  spot h and spot -h 
 
Molecular replacement: Molecular location and phases are found using 
a related molecule as a template 
 
Direct methods: Guess where atoms are, good guesses match the 
measured structure factors 
 
Dual space methods (Shake-and-Bake), Charge flipping (solves the 
structure without utilizing atom types, chemical composition or any 
information on the space group symmetry),  

HOW TO OBTAIN THE PHASES  ?  



Contains predominantly heavy atoms   
e.g. Inorganic crystal structures 

(ICSD related) 

Small organic molecules Macromolecules  
Protein, DNA 

Phases 
(Direct methods or Patterson)  

Absorption  

Phases 
(Direct methods or Patterson)  

No absorption  No absorption  

Stable crystal (hydrates or solvates) Stable crystal (hydrates or solvates) Unstable 
Low temperature  

Phases 
(molecular replacement or HA)  



Why is it so  important? 

Define what is the task or aim,  
and prepare a  crystal and experiment accordingly  

Bad choice of crystal  =  bad experiment    = no structure solution or bad  refinement 

Good crystal  =     bad experiment    = no structure solution or bad  refinement 

1. Pre-refinement strategies 

The design of and experiment starts before the crystal (or with the crystal) 



Powder  diffraction  Single crystal   diffraction 
EM  diffraction (smaller sample sizes)  

1. Crystalline, amorphous substance; 
2. Phase composition (one or more crystalline phases); 
3. New or already known phase. 

Suits structure solution  of   completely  new  
phases  

Cannot   be used  to detect  impurities  or  
amorphous  

Does not require single  crystal (poly crystal is fine)  Works  only with  single  crystals  

Rapid  identification of   

Suits structure solution  of isotypical  (“known”)   
and/or modified  crystal phases 

Both  methods  can use  low high  temperature and pressure   

Mathematical “model” features  very strong  correlation 
of the  refined  parameters  

Mathematical “model is  clear” and  results are 
almost  undisputable.   

Currently  this is  the method that  gives  
the most  information about atoms, location, 
weak interactions … in a crystal structure 

Techniques comparison and  and  limits 



Type of  the sample 

Powder  Single  crystal 

Re-crystallization  
to single crystals 

Single  crystal  
diffraction experiment 

Powder X-ray  
diffraction yes no 

“Data  reduction” 
Structure solution 

1.1 Amorphous 
1.2 Crystalline  
 1.2.1 Powder (polycrystalline)  
 1.2.2 Single crystal 
 1.2.3 Electron microscopy 



Type of  the sample 

Powder  Single  crystal 

Re-crystallization  
to single crystals 

Single  crystal  
diffraction experiment 

Powder X-ray  
diffraction yes no 

“Data  reduction” 
Structure solution 

1.1 Amorphous 
1.2 Crystalline  
 1.2.1 Powder (polycrystalline)  
 1.2.2 Single crystal 

NEW PHASE ?  

Yes trend is single crystal 
no Conditional “NO" 

1.1 Single crystal X-ray in house  
1.2 Single crystal synchrotron 
1.3 Single crystal “neutron” 
1.5 TEM electron crystal 
1.4 Powder (polycrystalline) + 
“ wavelength ”choice 

NEW PHASE ?  



1. Pre-refinement strategies 

A. Visually : What is the type of the compound? 

1. Powder  
2. Single crystal 
(according to your observation – and size)  

Your own crystals – or colleagues samples (collect maximum  
possible information)and always start with SAFETY!!! (harmful for the   

Operator or   eventually  for  some  of the equipment)   
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1. Before the experiment 
1.1 Amorphous 
1.2 Crystalline  
 1.2.1 Powder (polycrystalline)  
 1.2.2 Single crystal 

2. The experiment 
• Small molecule 
• Protein  
• Heavy atoms  

3. After the  experiment 
 Good  or bad?  
 Repeat  ?  

Structure solution and refinement: introductory strategies 

1. Pre-refinement strategies 

SAFETY!!!  then handling of the sample,   

Chemical analyses (EDS, AAS/ICP, XRF…) 

Structure of small molecules,  
sequence (protein, DNA) 
Used solvents, starting compounds,  
Buffers, crystallization conditions … 

X 



1. Before the experiment 
1.1 Amorphous 
1.2 Crystalline  
 1.2.1 Powder (polycrystalline)  
 1.2.2 Single crystal 

2. The experiment 
• Small molecule 
• Protein  
• Heavy atoms  

Structure solution and refinement: introductory strategies 

1. Pre-refinement strategies 

SAFETY!!!  then handling of the sample,   

Chemical analyses (EDS, AAS/ICP, XRF…) 

Structure of small molecules,  
sequence (protein, DNA) 

DATABASE 
CHECK 



Database  check  
1. Small  molecules  
http://www.ccdc.cam.ac.uk 
 Cambridge Structural Database (CSD),  
Crystallographic Data Centre (CCDC) 600 000 + crystal structures 

2. Inorganic compounds  
  Inorganic Crystal Structure Database (ICSD),  
http://www.fiz-karlsruhe.de/icsd.html  

3. Only powder  diffraction available  
  The International Centre for Diffraction Data – ICDD, www.icdd.com  

4. Protein DNA  (macromolecules)  
Protein data bank www.pdb.org  

1. Pre-refinement strategies 

5. Crystallography Open Database, Open-access collection of crystal structures of organic, inorganic, 
metal-organic compounds and minerals, excluding biopolymers,  
http://www.crystallography.net/ 

FREE 

FREE 



2. The experiment 
• Small molecule  
• Protein, DNA 
• Heavy atoms  
• Incommensurate structure, twinned, disorder …  

Structure solution and refinement: introductory strategies 

1. Pre-refinement strategies 

1. Pre-refinement strategies  

 Crystallization techniques for obtaining single crystals with 
“good” quality  = “skipping this  part  intentionally” (time limits)  

Some rational Data collection strategies  

Organic (organometallic, complex)  

With atom Z > Si “inorganic” 

Do you have model for phasing?  = molecular replacement e.g. “in house”   

SAD, MAD, SIRAS/MIRAS phasing  = synchrotron   

Scattering factor (neutron e.g.  
Si/Al, Fe/Mn, La/Co etc. ) 

Cu for chiral, non- 
centrosymmetric ... 

Low temperature (100-120 K) is better 

Cu or Mo?  



2. Experiment – Data collection 

1.Choosing a crystal 
Try to choose the best crystal .  
It is recommended to choose a crystal that is smaller than the diameter of 
the primary beam, to make sure that the amount of irradiated matter 
remains constant regardless of crystal orientation and hence throughout 
the entire data collection. 
 
2. Mounting (choose  appropriate holder for the given apparatus) 
 
3. Diffractometer alignment  
CCD detectors the dark current 
 
4. Pre-experiment  (determine  cell  parameters and centering) 



Crystal mounting  



Not like  that  

Crystal is visible 

Crystal not visible but present 

Crystal centring (always carried with rotation ) 
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Source of  radiation Crystals  Data 

1 

2 

3 

4 (twinned) 

Beam size 

Choice of crystals: 
“1”  and “2” are comparable in size. 
If Z > Si then “1”  is more suited 
than “2” 
If  Z< Si then 2 may  produce better  
Intensity (although  1 remain 1-st 
choice).    
 
 
“3” is smaller than  1 (and 2) 
 
“4” is twinned –  thus last choice 



Source of  radiation Crystals  Data 



Diffractionspots Crystals  Radiation 

n λ = 2 d sin 𝜃  
indexing 

d  values 

Smallest d  values 
Give the unit cell 
parameters 

Unit cell parameters, 
axes, angles between 
the axes and volume 



2. Experiment – Data collection 



 hkl = -h-k-l 

2. Experiment e.g.  Data collection 

 hkl = h-kl = -hk-l = -h-k-l 

hkl  =  -hkl  =  h-kl =  hk-l  =      
-hk-l = -h-kl = h-k-l =  -h-k-l  

 etc. …   

In case you have plenty of time (or not sure) collect a  “full sphere” – avoids  
problems due to wrong symmetry after pre-experiment and  insufficient data.      

Strategy (completeness, redundancy,  resolution, exposure time, detector distance) –  
or  without using Laue symmetry (e.g. half sphere, …) 



2. Experiment – Data collection 

1. maximum resolution,  
Theoretical diffraction limit (dmax = λ / 2),  recommended by IUCr  below 0.84 Å (small molecules)  
 
2. completeness,  
Should be Close to  100% 
 
3. multiplicity of observations (NB!  Not valid for single point  detector) 
> 5 – 7 for CCD detectors   
 
4. average value of measured intensity divided by 
the estimated noise I/σ, At least  8-10 (above 15 is usually fine) 
 
5. A variety of residual merging values – and later   
Rint and Rsigma< 10% for the whole resolution range  
consistency between equivalent reflections (symmetry-related reflections that should have 
equal intensities) and the overall uncertainty of the recorded intensities respectively 



Measured reflections 
 
 
Symmetry related reflections 
 
 
 
Independent reflections 
 
 
Systematically absent reflections 
 
 
 
Observed reflections 

Reflections which are measured during a data 
collection 
 
Reflections which are equivalent in a given crystal 
system (same intensity); symmetry equivalent 
reflections 
 
Measured reflections - symmetry equivalents; these 
are necessary for structure determination 
 
Reflections which are systematically absent due to 
symmetry; no intensity can be measured 
 
Reflections which are really observed in the 
experiment; depend on our observation criterion, e. g. 
I > 2σ(l) 



2. Experiment – Data collection 

After the  experiment 
 Good  or bad  
 Repeat  ?  

Experiment ends  -  Data reduction   



After the  experiment 
 Good  or bad  
 Repeat  ?  

Data  reduction -  collected  reflections, High intensity reflections   

Radiation damage  > crystals decays, Low  temperature   

Twin  mosaicity,   Preferred  orientation (powder)     Pressure cell 

Phase  problem 

Structure  refinement (validation) R factors Rwp Rfree GOF  

(O-H..O, N-H..O, O-H..)  

Space group determination (systematic absences)   



3 . Data reduction  
Find  collected  reflections , 
Intensity  to F  (absorption, Lorentz and Polarization correction)   
 

Ihkl=kALp|Fhkl|
2  

k= scale factor  
A= absorption correction  
L= Lorentz correction  
p= Polarization correction  
 
Use systematic absences  for defining a SG  (this may require a change of the initial cell 
parameters) 
 
 
Check for resolution limit, High intensity reflections, twinning,  
 
Redo the data reduction for accurate values  



Correction for Absorption 



Producing a spherical crystal eliminates most of the problems due to  absorption  



 

Lorentz  
L=1/2sin(θ)    

Polarization correction 
Sealed tube X-ray: p=1/2+cos2(2 θ)/2  

Extinction correction 
• Primary Extinction  (dynamic effect inside every block of a  

mosaic crystal ) 
• Secondary Extinction loss of intensity occurring  

when the incident beam crosses a crystal. 
 



 
F(hkl)  = faj e

2πi( hx+ ky + lx) e - Bj sin(θ/λ)    
2 

 

Atomic displacement (thermal, 
Debye-Waller) parameter  

 

Atomic scattering factor  

Wilson Plot  

 
F(hkl)  = gaj e

2πi( hx+ ky + lx) 

2 
 
g(aj)  = faj e - Bj sin(θ/λ)    



Thus we can estimate k to get the structure factors to its correct 
magnitude,  
and in adition we can estimate the average B for the crystal  



 
Normalized Structure Factor E(hkl)  

With the calculation of E(hkl) we eliminate the effect of scattering 
amplitude decay with the scattering angle.  

A number of statistic indicators based on E(hkl) are in general used to 
distinguish amongst centric and acentric space groups (in many cases a task 
that cannot be performed by accounting only the systematic absences)  



It is possible to demonstrate that if a structure is:  
 
Centrosymmetric:   <|E(hkl)2-1|> =0.968  
 
Non-centrosymmetric:  <|E(hkl)2-1|> =0.736  



Do not cause 

 

Symmetry element: 
 
 Centers of inversion 
 Rotation axis 
 Mirror plane 
 Rotoinversion axis 

Systematic absent reflections 

Do cause 

 

Symmetry element: 
 
Centering 
Screw axis 
Glide plane 
+ 
Translation symmetry elements 

Unequivocal space group: 

There is only one space group possible for one set of systematic absent reflections 
Equivocal space group: 

There are several space groups possible for one set of systematic absent reflections 



Monoclinic C-centering (h+k = 2n+1) 

crystal system: monoclinic; space group P21/c 

Unequivocal, because 21-screw axis and n-glide plane cause systematic absent 
reflections 



cubic 
hkl : h+k+l = 2n 
0kl : k, l = 2n 
hhl : l = 2n 
hkl : k, l = 2n 
hkl : k, l = 2n 





Measured reflections 
 
 
Symmetry related reflections 
 
 
 
Independent reflections 
 
 
Systematically absent reflections 
 
 
 
Observed reflections 

Reflections which are measured during a data 
collection 
 
Reflections which are equivalent in a given crystal 
system (same intensity); symmetry equivalent 
reflections 
 
Measured reflections - symmetry equivalents; these 
are necessary for structure determination 
 
Reflections which are systematically absent due to 
symmetry; no intensity can be measured 
 
Reflections which are really observed in the 
experiment; depend on our observation criterion, e. g. 
I > 2σ(l) 



Part of an  *.hkl file    



Data reduction  
 +  Space group determination  using  systematic absences   

1. maximum resolution,  
Theoretical diffraction limit (dmax = λ / 2),  recommended by IUCr  below 0.84 Å  
 
2. completeness,  
Close to  100% 
 
3. multiplicity of observations (NB what for single point – scintialtion - detector) 
> 5 – 7 for CCD detectors   
 
4. average value of measured intensity divided by 
the estimated noise I/σ 
At least  8-10  
 
5. variety of residual merging values – and later   
Rint and Rsigma< 10% for the whole resolution range  
consistency between equivalent reflections (symmetry-related reflections that should have equal 
intensities) and the overall uncertainty of the recorded intensities respectively 



Patterson when  heavy atoms (e.g., Hg, Au) contribute to significant  
differences in the  intensities of  spot h and spot -h 
 
Molecular replacement Molecular location and phases are found using 
a related molecule as a template 
 
Direct methods Guess where atoms are, good guesses match the 
measured structure factors 
 
Dual space methods (Shake-and-Bake), Charge flipping (solves the 
structure without utilizing atom types, chemical composition or any 
information on the space group symmetry) 

Structure solution  



Structure solution  

Phasing  - you have taken care about the  
“phasing” in the beginning when  you designed your 
experiment 





The asymmetric unit 

In a crystal structure analysis only the positions of the atoms of 
the asymmetric unit have to be determined. 

These atoms together with the symmetry operations giving by the 
space group are sufficient to describe the content of the unit cell and 
therefore the whole crystal structure. 





monoclinic crystal system; point group 2; space group is  





monoclinic crystal system; point group 2; space group is  







Structure solution: 

Yields inaccurate 
atomic coordinates 
from the e-map 

Structure refinement: 

Determination of precise 
atomic coordinates and 
displacement parameters 



Variation of the parameters (xyz, Uij) using the method of least-
squares until the , agreement between the measured structure 
factors and those calculated by theory on the basis of the selected 
structure model is as good as possible. 
 
Fo  - Fc ~ 0 

For a judgment of the structure model residuals, e. g. R-values are 
calculated 

𝑅 =   𝐹(ℎ𝑘𝑙)
𝑜
− 𝐹(ℎ𝑘𝑙)

𝑐
 / 

𝑎𝑙𝑙 ℎ𝑘𝑙

 𝐹 ℎ𝑘𝑙 𝑜
𝑎𝑙𝑙 ℎ𝑘𝑙

 



The model should be chemically correct and should correspond to what is expected by theory 
 
• The agreement between observed and calculated structure factors should be as good as possible 
(R1 < 5%; wR2 < 15%), 
 

If heavy atoms are present the R-values are frequently low but the position of the light atoms 
are mostly inaccurate determined; 

 
• The estimated standard deviation (esd's) should be as low as possible; 
 
• The residual electron density should not contain any significant maxima or minima;  
 
• All anisotropic displacement parameters should be physical meaningful (no “negative”);  
 
• The relation between the observed reflections and the number of parameters refined should be at 
least 10:1 (for anisotropical refinement  ~ 100 reflection per atom are required );  
 
• If a compound crystallizes in a chiral or non-centrosymmetric space group the absolute structure 
has to be determined (for small organic molecules Cu radiation or heavy atom). 

Judgment of a refinned structure model (reliability factors) 



The indirect character of the structure determination (alignment of a 
structure model) can lead to errors which are difficult to recognize 

Possible errors and pitfalls: 
• Twinning, 
• Wrong unit cell parameters (super structures), 
• Wrong Laue-symmetry, 
• Wrong space group, 
• Wrong elements, 
• Disorder, 
• Poor anisotropic displacement parameters, 
• Bad experiment, 
• Not enough reflections 



The  process from start to end 




