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Why Solve Crystal Structures with Powder Data?

A To perform Rietveld refinement, and get the most information
possible about your material from your powder data, a
reasonable initial crystal structure is required. What if you
dondt have a reasonabl e start.]

A While single crystal XRD is the most used method (by far) for
determining a crystal structure, many new functional materials
are difficult, if not impossible, to synthesize as large single
crystals.

A Powder diffraction structure solution is addictive. If you try it,
you may have trouble stopping. But it can also be very
chall engingeé
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Why Is Powder Structure Solution Challenging?

3D crystal Single Crystal 2D Images
structure (hundreds of images)
1D powder
Powder pattern
(1image) |
| ) LA_LL

A Powder diffraction suffers an inherent loss of information, due to the
compression of 3D crystalline structure information into 1D.

A Peak overlap means crystal structure solution with PXRD generally requires (1)
detailed initial chemical/molecular information, (2) constraints and/or restraints to
keep solutions chemically reasonable, and (3) validation with other techniques.
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What is Required Before Structure Solution?

Before trying to solve the crystal structure, synthesize the best
possible sample; either phase-pure, or with minimal impurities.

Based on your chemical synthesis, figure out the probable chemical
formula, and confirm it with elemental analysis (XRF, ICP-MS, etc.).

Get high guality data, using an appropriate radiation source (lab X-
rays, synchrotron, neutron) based on the type of sample.

Perform thorough search/match phase identification on your powder
data with appropriate database(s) like the Powder Diffraction File
(PDF-4+), Cambridge Structural Database (CSD), American
Mineralogist Crystal Structure Database (AMCSD), etc., to make sure
no one has already solved the structure. Look for analogous
structures, where an element (often a metal) is substituted by a
similar element.
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Correlating Pattern Features to Crystal Structure

Peak intensities = atomic structure

\ Peak width = crystal size, stress/strain

Peak positions = amorphous phase

h ’ Background
” = Lattice parameters
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Figure taken from: McCusker, L. B. & Baerlocher, C., Chimia 68 (2014) 19-25
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Structure Solution from Powder Diffraction Maze
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Figure taken from: David, W.I.F. et al., Structure Determination from Powder
Diffraction Data. (Oxford: New York, 2002).
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Main Steps in PXRD Structure Solution

Collect high quality data, with source radiation (lab X-rays,
synchrotron, neutron) suitable for the problem.

Perform ab initio indexing to determine the unit cell of the material.
Use systematic reflection absences to determine the space group.

Use structure-less Le Bail or Pawley refinements to (i) test unit cells
and space groups to confirm the combination providing the best fit,
and (i) to extract intensities for structure solution.

Choose an appropriate structure solution route for your material
(simulated annealing/parallel tempering, direct methods, charge
flipping, etc.) to solve the basic structure.

Use Rietveld refinement to refine the structure, while using Fourier
difference maps and additional chemical information to complete the
structure (often an iterative process).

If possible, confirm the final Rietveld-refined crystal structure is correct
with density functional theory (DFT) or other experimental techniques.
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What Type(s) of Data Should You Use?

Table taken from:

Hill, R.J..& Madsen, I.C. in
Structure Determination
from Powder Diffraction
Data. Edited by W. I. F.
David, K. Shankland, L. B.
McCusker & Ch. Baerlocher.
(Oxford: New York, 2002)
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Table 6.5 Summary of the issues which need to be addressed in the collection of
diffraction data and recommendation of the most appropriate source to use

Issue Conventional High- Synchrotron  Low- High-
laboratory resolution Hetays resolution  Tesolution
M-rays® lahoratory neutrons®  neutrons”
X-rays®
Intensity at v no v no some third
sample generation
Jnctra e
Uit cell fair v v poor v
determination
Heavy short A short A short A v v
X-ray reflection reflection
absorber geometry geomelry
Light atom no no no v v
in presence
of heavy
atom
Hvdrogen no mayhe mayhe when when
atoms deuterated  denterated
Large unit ne v v ng v
cell (complex
structure)
Magnetic ne no no v v
structure
Thermal poor v v poor v
parameters
Line-broadened « compromised compromised « compromised
sample
Availability v v competitive  competitive competitive
at low cost ACCCss ACCCEs ACCEES
Wery small " v o v no
sample size | lightsource.ca
Non-ambient  maybe mayhe v v v ——

environment




Indexing & Space Group Determination
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Figure taken from: David, W.I.F. et al., Structure Determination from Powder
Diffraction Data. (Oxford: New York, 2002).
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Indexing & Space Group Determination

A Ab initio indexing is finding the correct unit cell (and space group)
description for your crystalline phase.

A Depending on the data quality and size/symmetry of the unit cell, ab
Initio indexing can be the easiest or hardest step.

A There are many programs for indexing powder patterns (DICVOL,
TREOR, GSAS2, McMaille, ITO, X-Cell, etc.), which use a variety of
different algorithms and methodologies.

A Indexing is always most straightforward with a single-phase powder
pattern. Some indexing programs allow for small numbers of impurity
reflections (typically 2-4 peaks maximum in the low angle reflections),
but the purer the sample is, the better. If you know peaks are impurity
peaks, you should exclude them from indexing.

DICVOL: Boultif, A. & Louer, D.,
J. Appl. Cryst. 37 (2004) 724-731.
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Indexing & Space Group Determination

A Most (but not all) indexing programs work optimally using
approximately the 20 largest d-spacing (lowest 2° angle) Bragg
reflections.

A Two figures-of-merit (FOM) are typically used for evaluating ab initio

Indexing:
A The de Wolff FOM: 3 . pm
. U 0
U s
G #(L) ¢U
A The Smith-Snyder FOM:
0 P g 0
(S’/g _)_L’)(_) Werner, P. E. 6Auto

Structure Determination from Powder
Diffraction Data. Ed: David, W.I.F. et al.
(Oxford: New York, 2002).
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Indexing & Space Group Determination

A Some programs work better in different circumstances, but it is
always helpful to compare results with more than one program.

A Afew software platforms facilitate access to multiple indexing
programs, like WinPLOTR/FullProf Suite (DICVOL, TREOR, ITO)
and EXP0O2014 (DICVOL, TREOR, McMaille).

A Once you have a tentative unit cell, a number of programs can
examine the observed reflections for systematic absences, to
determine the most likely space groups (ChekCell, EXP0O2014,
GSAS2, FOX, Topas, etc.).

A You always need to make sure your unit cell volume and the general
multiplicity of your space group are compatible with the formula. The
cell contents (formula, Z) need to make sense with the unit cell.
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Estimating Cell Contents (Z) from Formula, Volume

A The number of non-
hydrogen atoms in the o —
unit cell for an organic roe | o | o] o | ree |
compound can be o NASS ATTEXUATION CORFCENTS
estimated by dividing the — .

f9.424 f9.424 |6.885 |1s ID‘SSSED
volume by 15 to 20 S S —— ot |
joos jruo iz Eernabiips PXRD Capillary  PXRD Packing XAS Sample

(typically 17 or 18, often , = s o e
call ed the OfF

Empirical Formula Formula Weight
|casP3Ol3H |su:.m:r

Density (glec) MAC {cm2g)  PXRD mu*R Mass (mg)

LudFarrmI |1.s§7 CaleDemaityI [2.345 [9.228 |0.394 [0
A Some software packages v e e e e we me h o oi

XAS Sample

- Ca 12 60 40.078 200.39 21.73 39.89 18 18.463 18.305 18.532
| I ke EX P O h aVe P 2145 T35 30.974 92.922 13.64 185 18 7.523 7.493 7.552
o] 13 115 1405 15.000 207.987 50.00 4141 18 1.136 1131 114
H 1 10 10 1.008 1.008 4.55 0.2 18 0.371 0.371 0.371

calculators for estimating
the unit cell volume based
on the formula and Z
value.
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Le Bail & Pawley Refinements
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Figure taken from: David, W.I.F. et al., Structure Determination from Powder
Diffraction Data. (Oxford: New York, 2002).
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Le Bail & Pawley Refinements

A The Le Bail and Pawley methods were developed to allow full profile
fitting of powder patterns using (1) a unit cell (with space group) to
define the peak positions and (2) the peak shape/width parameters,
but without requiring a crystal structure.

A The peak intensities are optimized to best fit the experimental data
without any structural model constraints (i.e. atomic coordinates).

A These methods are critical for getting estimates of the integrated
reflection intensities (or structure factor amplitudes, |F,| ) from
powder patterns for the solution of unknown crystal structures.

Pawley, G. S. Le Bail, A, Duroy, H. & Fourquet, J. L.
J. Appl. Cryst. 14 (1981) 357-361. Mater. Res. Bull. 23 (1988) 447-452.
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Le Bail & Pawley Refinements

A The Pawley method treats individual reflection intensities as least-
squares parameters to be refined (resulting in a very large least-
squares matrix for large, low symmetry unit cells).

A The Le Bail method uses an iterative profile intensity partitioning
method to estimate the calculated intensities from the observed
pattern.

A The Le Bail method is more similar mathematically to the Rietveld
method, therefore it has been more widely incorporated in Rietveld
programs than the Pawley method. But one or both methods are
available in all major Rietveld programs (GSAS2, FullProf,
JANAZ2006, Topas etc.).

Pawley, G. S. Le Bail, A, Duroy, H. & Fourquet, J. L.
J. Appl. Cryst. 14 (1981) 357-361. Mater. Res. Bull. 23 (1988) 447-452.
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Comparison of Rietveld & Le Bail Refinements
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A The Le Bail refinement sets a lower limit on the achievable reduced

chi-squared (62), and provides a reference for how good your
Rietveld refinement is.

A This can be helpful for deciding if your final refinement and structural
model are reasonable.
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Comparison of Rietveld & Le Bail Refinements
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Reid, J. W., Kaduk, J. A. & Matei, L.
Powder Diffraction 33 (2018) 49-54.
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Crystal Structure Solution
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Figure taken from: David, W.I.F. et al., Structure Determination from Powder
Diffraction Data. (Oxford: New York, 2002).
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Crystal Structure Solution
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Figure taken from: David, W.I.F. et al., Structure Determination from Powder
Diffraction Data. (Oxford: New York, 2002).
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Crystal Structure Solution

A Crystal structure solution strategies for powder data can
generally be divided into two types of methods:

1. Reciprocal-space methods:

A Direct methods/Patterson methods (EXP0O2014, Topas,
XLENS)
A Charge flipping (GSAS2, SUPERFLIP, JANA2006)

A Maximum entropy methods (MICE)

2. Direct-space (real-space) methods:
A Simulated annealing (GSAS2, DASH, Topas, PSSP, FOX)

A Parallel tempering (FOX)
A Monte Carlo and hybrid methods (ESPOIR, POWDERSOLVE)

% N e et Structure solution review article:  Meden, A. & Radosavljevic Evans, I.,
Source

Y
synchrotron Cryst. Res. Technol. 50 (2015) 747-758.



Reciprocal-Space Methods

A Reciprocal-space (RS) methods are based on single-crystal structure
solution methods, which over time have been optimized for powder
data, and use individual Bragg reflection integrated intensities ( |F,,| )
extracted from the full PXRD pattern.

A The key to success with these methods is getting a sufficient number
of accurate (non-overlapped) intensities with data content out to
atomic resolution (d = ~1 A). These methods tend to need minimal to
moderate reflection overlap, which makes them more successful for
smaller, higher symmetry unit cells (and higher resolution data).

A RS methods generally require minimal a priori chemical information
to find a basic solution, but you still want to know the chemical
iInformation, if possible, to confirm (or adjust) the fine details of the
solution.
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Indexing and Solution Demonstration: EXP0O2014

A Indexing synchrotron powder data (E = 18 keV, &= 0.68908 A)
for cytosine (C,H;N;0O) using DICVOL, via EXP0O2014, and
solution with direct methods (EXPO2014).

EXPO: Altomare, A. et al.,
J. Appl. Cryst. 46 (2013) 1231-1235.
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Direct-Space Structure Solution Methods

A Direct-space (DS) methods tend to use the whole pattern, rather than
extracted integrated intensities. They follow a global optimization
strategy, where molecules or multiple structural fragments are moved
around the unit cell I n Orandom w

A The entire powder pattern is calculated at every step, to compare
with the observed pattern, and the best fit(s) are preserved.

A DS methods tend to be less dependent on resolution (peak breadth)
and data content (minimum d-spacing) than reciprocal-space
methods, because they use the entire pattern.

A But to use DS methods, you need to have reasonable chemical
Information like the molecule(s) present in the structure (organics) or
the approximate cell contents and polyhedral fragments (inorganics).

% L " dorayemnement DS review: Cerny, R. & Farve-Nicolin, V.,
Source . synehvotron Z. Kristallogr. 222 (2007) 747-758.



Structure Solution Example: FOX

A Laboratory powde=1.54059A4) strictine sokitidd ,
for trandolapril (C,,H;,N,O:;) using FOX with parallel tempering.

DICVOL determined an
orthorhombic cell (a = 19.7145,

A Indexing performed with
SIWCAC »
b = 15.0499, ¢ = 7.6534 A). O

A The space group was
determined to be P2,2,2, using
ChekCell. NH

A A trandolapril molecule was built FEFKEI 0
from two entries in the Y —
Cambridge Structural

Database (CSD) using
Avogadro.

FOX: Farve-Nicolin, V. & Cerny, R.,
J. Appl. Cryst. 35 (2002) 734-743.
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Structure Solution Example: FOX

Laboratory powdez1.54069 4 str(c@ine soKittdn ,
for trandolapril (C,,H;,N,O:;) using FOX with parallel tempering.

Indexing performed with
DICVOL determined an
orthornombic cell (a = 19.7145,
b = 15.0499, ¢ = 7.6534 A).

The space group was
determined to be P2,2,2, using
ChekcCell.

A trandolapril molecule was built
from two entries in the
Cambridge Structural
Database (CSD) using
Avogadro.

Groom, C. R. et al.,
Acta Crystallogr. B 72 (2016) 171-179.

SIWCAC

FEFKEI




Structure Solution Example: FOX

A Laboratory powde=1.54059A4) strictine sokitidd ,
for trandolapril (C,,H;,N,O:;) using FOX with parallel tempering.

A Indexing performed with
DICVOL determined an
orthorhombic cell (a = 19.7145, SIWCAC
b = 15.0499, ¢ = 7.6534 A).

A The space group was
determined to be P2,2,2, using
ChekcCell.

A A trandolapril molecule was built
from two entries in the
Cambridge Structural
Database (CSD) using
Avogadro.

FEFKEI

Avogadro: Hanwell, M. D. et al.,
J. Cheminform. 4 (2012) 17.




Structure Solution Example: FOX

A Laboratory powde=1.54059A4) strictine sokitidd ,
for trandolapril (C,,H;,N,O:;) using FOX with parallel tempering.

A A trandolapril molecule was built
from two entries in the
Cambridge Structural
Database (CSD) using
Avogadro.

A A crystallographic information
file (CIF) of the molecule was
converted to a Fenske-Hall Z-
matrix (FHZ file) using Open
Babel.

A The FHZ file was used to load
the molecule into FOX for
structure solution.

Reid, J. W., Kaduk, J. A. & Vickers, M.
Powder Diffraction 31 (2016) 205-210.
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Open Babel: O6 Boyleeal, N.
J. Chem. Inform. 3 (2011) 1-14.




Structure Solution Example: FOX

A Laboratory powde=1.54059A4) strictine sokitidd ,
for trandolapril (C,,H;,N,O:;) using FOX with parallel tempering.

A A trandolapril molecule was built
from two entries in the
Cambridge Structural
Database (CSD) using
Avogadro.

A After solving the crystal
structure with FOX, the
structure was Rietveld refined
with GSAS, using restraints on
the bond distances and angles
generated by Mogul (CSD).

Reid, J. W., Kaduk, J. A. & Vickers, M.
Powder Diffraction 31 (2016) 205-210.
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GSAS-II:  Toby, B. H. & von Dreele, R. B.
J. Appl. Cryst. 46 (2013) 544-549.




