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1. Pre-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 2. Data collection and data reduction
Small molecule

Protein
Heavy atoms

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

3. After the experiment 3. Phasing and refinement strategies
Good or bad
Repeat ?



MM 100 10s_015 v3a_anatase

W ha e A . WJL"\_JMJQ‘_AMU&

10 20 30 40 50 60 70 60 50 100 110
Position ["2Theta] (Copper (Cu))




':..'.- ol . We don't know the phase @,




HOW TO OBTAIN THE PHASES ?

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),



Contains predominantly heavy atoms
e.g. Inorganic crystal structures
(ICSD related)

Phases
(Direct methods or Patterson)

Absorption

Stable crystal (hydrates or solvates)

Macromolecules
Protein, DNA

Small organic molecules

Phases
(molecular replacement or HA)

Phases
(Direct methods or Patterson)

No absorption No absorption

Unstable
Low temperature

Stable crystal (hydrates or solvates)



1. Pre-refinement strategies

Why is it so important?

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

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

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

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



Techniques comparison and and limits
Single crystal diffraction

Powder diffraction
EM diffraction (smaller sample sizes)

Rapid identification of

1. Crystalline, amorphous substance; Cannot be used to detect impurities or
2. Phase composition (one or more crystalline phases); amorphous
3. New or already known phase.

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

Suits structure solution of isotypical (“known") : :
. Suits structure solution of completely new
and/or modified crystal phases slheses

Both methods can use low high temperature and pressure

Mathematical *“model is clear” and results are

Mathematical "model” features very strong correlation
almost undisputable.

of the refined parameters
Currently thisis the method that gives
the most information about atoms, location,
weak interactions ... in a crystal structure



1.1 Amorphous

1.2 Crystalline E—

1.2.1 Powder (polycrystalline)
1.2.2 Single crystal
1.2.3 Electron microscopy

Powder

Powder X-ray

diffraction

Type of the sample

L

Re-crystallization
to single crystals

no yes

Single crystal

Single crystal
diffraction experiment

|

“Data reduction”
Structure solution




1.1 Amorphous

NEW PHASE ?

Yes tre%d is single crystal -«

Type of the sample

1.2 Crystalline o
1.2.1 Powder (polycrystalline)
1.2.2 Single crystal v
Powder
NEW PHASE ?
1.1 Single crystal X-ray in house
1.2 Single crystal synchrotron Powder X-ray _

L

Re-crystallization
to single crystals

1.3 Single crystal “neutron” diffraction
1.5 TEM electron crystal l
1.4 Powder (polycrystalline) +

" wavelength “choice

no yes

Conditional “NO"

Single crystal

Single crystal
diffraction experiment

|

“Data reduction”
Structure solution




1. Pre-refinement strategies

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)

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

1. Powder

2. Single crystal
(according to your observation — and size)
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Structure solution and refinement: introductory strategies

1. Pre-refinement strategies

1. Before the experiment SAFETY!!! then handling of the sample,

1.2 Amorphous Chemical analyses (EDS, AAS/ICP, XRF...)
1.2 Crystalline

1.2.1 Powder (polycrystalline)
1.2.2 Single crystal

Structure of small molecules,
sequence (protein, DNA)
Used solvents, starting compounds,

. Buffers, crystallization conditions ...
2. The experiment 70

* Small molecule
* Proteln
* Heavy atoms

3. After the experiment
Good or bad?
Repeat ?



Structure solution and refinement: introductory strategies

1. Pre-refinement strategies

1. Before the experiment SAFETY!!! then handling of the sample,

1.2 Amorphous Chemical analyses (EDS, AAS/ICP, XRF...)
1.2 Crystalline

1.2.1 Powder (polycrystalline)
1.2.2 Single crystal

DATABASE

e Protein

i CHECK

Structure of small molecules,
sequence (protein, DNA)



1. Pre-refinement strategies

Database check

1. Small molecules

http://www.ccdc.cam.ac.uk \O
Cambridge Structural Database (CSD), Q

Crystallographic Data Centre (CCDC) 600 000W crystal structures

2. Inorganic compounds \0

Inorganic Crystal Structure Database (ICSD), ?\
http://www.fiz-karlsruhe.de/icsd.html Q

3. Only powder diffraction available :O

The International Centre for Diffraction Data — ICDD, WWWQ xXom

4. Protein DNA (macromolecules) F R E E

Protein data bank www.pdb.org

5. Crystallography Open Database, Open-access collection of crystal structures of organic, inorganic,
metal-organic compounds and minerals, excluding biopolymers,

http://www.crystallography.net/ F R E E



Structure solution and refinement: introductory strategies

1. Pre-refinement strategies

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

1. Pre-refinement strategies
Some rational Data collection strategies

With atom Z > Si “inorganic” Scattering factor (neutron e.q.
2. The experiment Si/Al, Fe/Mn, La/Co etc.)

Cu for chiral -
* Small molecule Organic (organometallic, complex) .Cu.orMo? *~Y ST
centrosymmetric ...

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

* Heavy atoms SAD, MAD, SIRAS/MIRAS phasing = synchrotron
* |Incommensurate structure, twinned, disorder ...

Low temperature (100-120 K) is better




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




Crystal centring (always carried with rotation )

Crystal not visible but present
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Source of radiation Crystals Data

Choice of crystals:
“1” and “2" are comparable in size.
If Z > Sithen“1” is more suited
than “'2"”

Beam size If Z<Sithen 2 may produce better
Intensity (although 1 remain 1-st
choice).

ﬁ
%
“3"” is smaller than 1 (and 2)

“4" Is twinned - thus last choice



Source of radiation Crystals Data



PR

Radiation Crystals

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

d values

Smallest d values
Give the unit cell

parameters indexing

- €—— nA=2dsiné




2. Experiment — Data collection

Crystal system

Crystal class

Laue-group

Symmetry equivalent reflections

triclinic
monoclinic

orthorhombic

tetragonal

trigonal

hexagonal

cubic

1, -1
2, m, 2/m

222, mm2, mmm

4, -4, 4/m

422, -42m, 4mm, 4/mmm
3, -3

321, 3m1, -3m1

312, 31m, -31m

B, -6, 6/m
622, -62m, 6mm, 6/mmm

23, m-3
432, -43m, m-3m

1

2: hkl, -h-k-|
4: hkl, -h-k-1, h-kI, h-kl

8: hkl, -h-k-I, h-KI, h-KI,
-hkl, hk-l, -h-kl, h-k-|

8: hkl, -h-k-k, khl, -k-h-|
hk-I, -h-kl, kh-I, -k-hl
16

6
12
12

12
24

24
43




2. Experiment e.g. Data collection

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

hkl = -h-k-|

hkl = h-kl = -hk-| = -h-k-|

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

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.



2. Experiment — Data collection

1. maximum resolution,

Theoretical diffraction limit (d_. = A/ 2), recommended by IUCr below 0.84 A (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/o, At least 8-10 (above 15 is usually fine)

5. A variety of residual merging values — and later
Rint and Rgjyma< 0% 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.
| > 20(])



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

Space group determination (systematic absences)

Phase problem

Structure refinement (validation) R ¢, .15 Ryyp Riree GOF

(O-H..0, N-H..0, O-H..x)



3 . Data reduction

Find collected reflections,
Intensity to F (absorption, Lorentz and Polarization correction)

l=KALP|Fpl?

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

* Numerical correction based on the description of
the crystal in terms of its bounding faces.

e Correction based on Phi-scans (Serial Det.)

* Fitted 'Absorption Surface’ based on multiple
measured reflections with different setting angles
(SADABS, TWINABS, MULABS etc.)



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




Lorentz
L=1/2sin(0)

Polarization correction
Sealed tube X-ray: p=1/2+cos2(2 6)/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.



Wilson Plot

T:(hkl) _ faj e2mi( hx+ ky +1x) @ _ Bjsin(B/A)2
Atomic scattering factor Atomic displacement (thermal,
Debye-Waller) parameter
 —f A _BjsinO/N) 2
I =o€
F(hkl) — gaJ ezT[l( hx+ ky + IX)



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)*-1|> =0.968

Non-centrosymmetric: <|E(hkl)*-1|> =0.736

Average centrosymmetric Non-centrosymmetric | Hypercentric
E-values of all F(hkl) structure structure structure

Hypercentric distribution: centrosymmetric structure in which centrosymmetric
molecules are located in general positions.




Systematic absent reflections

Do not cause Do cause
Symmetry element: Symmetry element:
Centers of inversion Centering

Rotation axis Screw axis

Mirror plane Glide plane
Rotoinversion axis +

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



crystal system: monoclinic; space group P21/c
Unequivocal, because 2,-screw axis and n-glide plane cause systematic absent
reflections

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



cubic

hkl : h+k+l =2n
okl : k, I =2n
hhl:|=2n
hkl:k, | =2n

hkl:k, | =2n



Symmetry element Extinction rules for absent reflections

Centering: Integral extinction law

C-centering Forh+k=2n+1(h+ Kk =odd)
l-centering Forh+k+|=2n+1(h+k+|=o0dd)
F-centering Forh+k, h+ |, k+1=2n+1 (h+k, h+ | =odd)

Screw axis: Serial extinction law

2,-screw axis (along the a-axis) Forh00=2n+1(h=odd)
2,-screw axis (along the b-axis) ForOk0=2n+1 (k = odd)
4,/ 4,-screw axis (along the c-axis)|For0 01 =4n + 1 (I = multiple of 4: 400, 800,..)

Glide plane: Zonal extinction law

Glide plane along a Okl fork+1 =2n+ 1 (k + | = odd)
Glide plane along ¢ hkOforh+k=2n+1(h +k = odd)




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.
| > 20(])



B.87165-0.89175-8.17836 A.801871-8.548641-0.33422
8.93507-0.81673-0.11301 0.08299-0.44265-0.47246
B.87325-0.80747-0.16737 0.081508-0.56987-0.32777
B.78402-0.05170-0.089805 A.87721-0.69230-0.18787
A.86807-0.80732-0.083576 B.15166-0.50230-0.32224
8.93324-0.81902-0.04165 A.153408-0_46605-0. 46605
B.77156-0.95178 B8.84231 A.21443-0.72574-0.14685
B.86663-0.90429 A.83366 A.21953-0.60136-0.28790
8.93400-0.82909 8.82663 0.22182-0.46892-0.43781
8.97909-0.72750-0.04836 0.15089-0.31688-0.59033
B.94138-0.83235-0.04538 A 15205-0. 44487 -0 44487
A.87668-0.01021-0.83917 A.14900-4.57020-0.29208
A.78370-0.05080-0.030066 A.14502-0.70676-0.14804
B.67462-0.08016-0.09877 B.06810-0.70730-0.02294
B.79018-0.96216-8.160187 B.87506-0.68558-0.15222
0.88087-0.91028-0.11888 A.087985-8.55594-0.29932
B.94287-0.82972-0.11674 B.08164-0.42056-0.45217
B.97809-0.72238-0.11943 0.08019-0.29296-08.59724
B.97144-0.71161-0.18984 A.00882-0.27011-0.603140
A.03853-0.82126-0.18745 A.01058-0.39632-0.45042
A.87021-0.90451-0.18181 0.00908-0.53162-0.308665
B.79097-0.95883-0.17311 0.00452-0.66247-0.15833
B.87163-0.89280-08.25219-0.06231-0.50661-0.31466
B.96321-0.78445-0.26321-0.06466-0.21681-0.597 84
8.93490-0.81871-0.26115-0.06257-0.34835-0. 448082
B.87855-0.00491-8.25558-0.06400-0._49148-0. 28751
B.70861-08.95053-0.24663-0.06881-0.63054-0._130890
B.70538-0.06843-0.17502 A.00226-0.65615-0.12228
B.88613-0.91661-0.18518 8.088737-0.51738-0.27852
8.94539-0.83331-8.19111 8.88915-8.37318-0.44619
B.97598-0.72134-8.19351 8.86741-0.239682-0.59182
B.99486-0.60178-0.12279 B.87432-0.14754-0.71776
B.98317-0.73265-0.12314 0.07881-0.26269-0.58515
B.95004-0.84209-0.12040 0.08022-0.39840-0.43197
A.88781-0.92241-0.11414 B.878108-0.54264-0.270825
B.70440-0.07157-0.10464 A.07274-0.67008-0._11544
B.67460-0.90434-0.09280 A.06514-0.70694 O.61898
B.66650-0.99035-0.82899 A.13581-8.81561 0.062065
B.78778-0.96907-0.83279 B.14267-0.7@0179-0.110864
B.88367-0.92240-0.84248 A.14822-0.56688-0.26382
B.04800-0.84506-0.04985 A.15064-0.42368-0.423468
B.98476-0.73836-0.085210 A 14955-0.28747-0.57737
A.90838-0.60043-0.085202 A.14533-8.17065-0.71165
A.98064-0.73836 B.81959 A.21963-0.31305-0.56870

Part of an *.hkl file

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1




Data reduction
+ Space group determination using systematic absences

1. maximum resolution,

Theoretical diffraction limit (d__. = A/ 2), recommended by IUCr below 0.84 A

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 |/o
At least 8-10

5. variety of residual merging values — and later
Rt and R;,< 20% 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



Structure solution

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

Phasing - you have taken care about the
“phasing” in the beginning when you designed your
experiment
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ATOH PERK X 2 50F HEIGHT DISTAHCES AMD AMGLES

1 366. B.3333 8.1635 1.8068 2.308

i} 1.20808
15 1.483 1847

1.1826 B.6989 0.2248 1.488
1.6392 76.4

B.65686 B.4818 B_4951 1.517
1.212
1.966

1.398
1.568
1.08%96

B.7582 B.4755  A.4215 1.517
1.398
1.657
B.977
1.784

B.4182 B.12087 08.2388 1.20808
1.644 9002
1.382 125.3
1.743 130.8

1.488

1.437 186.3
1.521 133.%
1.933 GL5.G
1.963 148.5




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.



Space group P1 Space group P-1

/crystallographlcally /
independent molecule [ 1

12 cryst.

\ '~ndep. molecul
X,y,2Z
I -

1 cryst

| Indep. molecule
"/




monoclinic crystal system; point group 2; space group is

1 crystallographically
independent molecule
in a general position

X,VY,Z




1 crystallographically
independent molecule
in a general position

2-fold rotation axis



monoclinic crystal system; point group 2; space group is

‘

2-fold rotation axis

1 crystallographically
independent molecule
in a general position

XV, Z
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Structure solution: Structure refinement:
Yields inaccurate Determination of precise
atomic coordinates atomic coordinates and
from the e-map 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.

F, -F,~0

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

R = Z “F(hkl)o\ — \F(hkl)CH / Z |F(hkl),|

all hkl all hkl



Judgment of a refinned structure model (reliability factors)

The model should be chemically correct and should correspond to what is expected by theory

e 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;

e The estimated standard deviation (esd's) should be as low as possible;
e The residual electron density should not contain any significant maxima or minima;
e All anisotropic displacement parameters should be physical meaningful (no “negative”);

e 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 );

e 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).



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,

e Wrong unit cell parameters (super structures),
* Wrong Laue-symmetry,

* Wrong space group,

e Wrong elements,

e Disorder,

e Poor anisotropic displacement parameters,

e Bad experiment,

e Not enough reflections



The process from start to end




Thank you



