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Structure solution from powder diffraction

Structure characterization at atomic level is required to discover Structure-
Property relationships.

X-ray powder diffraction (XRPD) is the most appropriate methodology for the
determination of atom positions of an unknown microcrystalline material to clarify
its chemical, physical and biological properties.

The change of orientation of the tethraedron
P1O4 is responsible of the phase transition
ferroelectric paraelectric
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Scientific areas (Web of Science) 
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Microcrystalline powder

A microcrystalline powder consists of many microcrystallites (tens of
micron size) randomly oriented in the space.
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sample
X-rays

X-ray beams diffracted by a
set of crystalline planes
satisfying the Bragg law
(2dsin=) lie on cones whose
angular semi-aperture is 2.

When a detector
intercepts diffraction
cones, circles are
observed, known as
Debye rings.

The diffraction pattern is
one-dimensional, consisting
of diffraction peaks as 2

angle increases.

Powder diffraction pattern



Angela Altomare IC-CNR, Bari, Italy ECS7, July 2022, Lisbon, Portugal 8

Single-crystal diffraction Powder diffraction
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Structure solution from
single-crystal diffraction data

Stucture solution from
powder diffraction data

Hydrogen atom positions are located through
the analysis of an electron density map.

Hydrogen atoms are geometrically located.

Atomic displacement parameters are
isotropically refined.

Atomic displacement parameters are
anisotropically refined.

A full solid-state sample is investigated.

One single crystal sampled from a solid-state
mass can be not representative of the material
(polymorph, impurity?).
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Information from a powder diffraction pattern

2 peak positions depend on interplanar distances
and the radiation wavelength, in particular, on unit
cell parameters and the diffractometer alignment.

Peak intensities depend on the atomic content and
atom positions in the unit cell.

Peak widths depend on the geometry adopted for
data collection and crystallite size.
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Powder diffraction problems

Peak overlap Background Preferred 
orientation

•Systematic and/or casual 
(reduced with synchrotron
radiation)

•Depends on symmetry and 
structure complexity

•Increases with the 2 value

•Sometimes difficult to be 
evaluated

•It negatively combines with 
peak overlap

•Crystallites can orient 
along preferred directions

•Intensity ratios change 

The interpretation of a powder diffraction pattern is not
straightforward: all the steps to characterize a powder
crystalline material are compromised by a low accuracy of
the experimental information derived from the diffraction
pattern.

Experimental
resolution

If the scattering power is
low (light atoms) the
experimental resolution is
far from being atomic
dmin=/(2sinmax)



• Determination of cell parameters
• Determination of space group

• Extraction of integrated intensities
• Structure solution in the reciprocal space (Direct Methods,

Patterson Methods, Maximum Entropy)

• Structure solution in the direct space (Simulated Annealing,
Genetic Algorithm, Monte Carlo, Grid Search)

• Crystal structure refinement (Rietveld Method)
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Steps of the structure solution process

Charge flipping, Molecular replacement
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A. Altomare, C. Cuocci, C. Giacovazzo, A. Moliterni, R. Rizzi, N. Corriero, A. Falcicchio, EXPO2013: a kit of tools for

phasing crystal structures from powder data, J. Appl. Cryst. 46 (2013) 1231–1235.

EXPO software

Determination of cell parameters
Determination of space group

Extraction of integrated intensities
Structure solution in the reciprocal space (Direct Methods)

Structure solution in the direct space (Simulated Annealing)

Crystal structure refinement (Rietveld Method)
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Determination of cell parameters

Triclinic a ≠ b ≠ c a ≠b ≠ g

Monoclinic a ≠ b ≠ c a = g = 90°, b ≠ 90°

Orthorhombic a ≠ b ≠ c a = b = g = 90°

Tetragonal a = b ≠ c a = b = g = 90°

Trigonal a = b = c a = b = g ≠ 90°

Hexagonal a = b ≠ c a = b = 90°, g = 120°

Cubic a = b = c a = b = g = 90°
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Determination of cell parameters

dh = /2sinh

dh= f(a*, b*, c*, a*, b*, g*, h) dh= f(a, b, c, a, b, g, h)
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Methods: trial-and-error, zone-search
Software: TREOR, DICVOL, ITO, X-CELL

Determination in the reciprocal space: h, k, l associated to dh

corresponding to the smallest Bragg angle values are varied.

Software: AUTOX, EFLECH, Hmap, McMaille , SVD-Index TOPAS, FOX 34, GAIN, FIDEL-GO

Determination in the direct space: Cell parameters (a, b, c, a, b, g) are
randomly varied for reaching the best agreement between the
experimental pattern and the pattern calculated from the current cell.

Methods: Grid Search, Monte Carlo, Genetic Algorithm, Simulated Annealing, …

Determination of cell parameters
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Peak search in the experimental powder diffraction pattern → interplanar distance
values dh (2 dh sin h =  ).

Software provides lists of feasible cells compatible with experimental peak positions. 

Figures of merit rank feasible cells.

Qhkl = h2A11 + k2A22 + l2A33 + h·kA12 + h·lA13 + k·lA23

Qhkl = 104/d2
hkl

{Aij}

Reciprocal Lattice (a*, b*, c*, a*, β*, γ*)→ Direct Lattice (a, b, c, a, β, γ)

Fundamental Equation of Indexation

Determination of cell parameters in the reciprocal space

A11 = 104a*2 A22 = 104b*2 A33 = 104c*2

A12 = 1042 a*·b*cosg* A13 =1042a*·c*cosb* 
A23 = 1042b*·c*cosa*
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2-zero shift
Impurity peaks
Low crystallinity
Poor peak resolution

Determination of cell parameters: EXPO
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Remarks

Do not accept unindexed peaks, unless you can explain them. Each observed peak
must correspond to a calculated reflection.

The correctness of the cell is generally confirmed by the solution process.

In case of failure, check the peak search result and, if necessary, modify the
selection of peaks.

In case of failure, try non-default indexing strategies.

It can be useful to use more than one indexing software.

Data quality is a very important condition.

Determination of cell parameters: EXPO
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Determination of space group
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Determination of space group

The presence of symmetry operators has consequences in the reciprocal space. 

P21/c 

Class of reflections (0 k 0), k = 2n +1 
and

Class of reflections (h 0 l), l = 2n +1

are systematically absent (reflection intensities are zero) due to the presence of

21 axis || b 
c glide ⊥ b

The statistical-probabilistical analysis of experimental diffraction intensities 
provides information on systematically absent reflections (extinctions).



Integrated intensities are extracted from the experimental
pattern assuming the maximum symmetry of the Laue class
compatible with the identified crystal system.

Statistical-probabilistical analysis of intensities → probability
corresponding to each extinction group compatible with the
crystal system.

Extinction groups are ranked according to calculated probability values.
The space group is derived.

The probability of each extinction group is calculated by the product of p
probabilities corresponding to each symmetry element of the extinction group.

p(21)=1-<z0k0>k=2n+1, (<z> small, probability  1)
<z0k0>k=2n+1 is the average of reflection intensities of type (0 k 0), k=2n+1.

Determination of space group

Angela Altomare IC-CNR, Bari, Italy ECS7, July 2022, Lisbon, Portugal 22
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The smaller the <z> value for a class of reflections, the closer to 1 the probability of
the symmetry element corresponding to the extinction of that class.

Extinction groups do not unambiguously define space
groups.

Solution processes are executed considering each
possible space group.

Already solved structures similar to the structure under
study can help to selecting the correct space group.

Determination of space group

Nr. of extinction groups for each crystal system:

14 Monoclinic
111 Orthorhombic
31 Tetragonal
12 Trigonal-Hexagonal (only hexagonal axes),
18 Cubic
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Determination of space group: EXPO
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Unit cell content

Unit cell content= Z · molecular formula

Z =
Vcell
Vmol

Z =
Vcell
18 ⋅ M

Vmol = Volume of molecule

Rule 18 Å3 : Vmol = M · 18   

M =  number of non-H atoms
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Number of independent observations << Number of observations

217/29 <8

C 20H 24Cl N 3 O2+2Cl-2H2O

26

cell  7.84 26.99 10.81 90  92.96 90
space group P 21/c

Peak overlap
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Synchrotron X-ray data
Independent observation percentage=65%

Laboratory X-ray data
Independent observation percentage=49%

When peak overlap is severe
(independent observation percentage <
50%) the success of the ab-initio solution
process can be critical.

Peak overlap
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• Determination of cell parameters
• Determination of space group

• Extraction of integrated intensities
• Structure solution in the reciprocal space (Direct Methods,

Patterson Methods, Maximum Entropy)

• Structure solution in the direct space (Simulated Annealing,
Genetic Algorithm, Monte Carlo, Grid Search)

• Crystal structure refinement (Rietveld Method)

Steps of the structure solution process
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Extraction of integrated intensities



Angela Altomare IC-CNR, Bari, Italy ECS7, July 2022, Lisbon, Portugal 30

Two experimental peaks
5 diffraction effects (reflections)

Decomposition of the full diffraction pattern into
single peaks and extraction of integrated
intensities corresponding to each h reflection.

The larger the peak overlap degree, the less accurate the estimate
of integrated intensities and experimental structure factor moduli.

Extraction of integrated intensities

Area under each peak→ Ih diffraction integrated intensity
Ih Fh

2

Fhstructure factor modulus
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LE BAIL et al., 1988
Iterative decomposition algorithm 
following the Rietveld formula.

PAWLEY, 1981
Non-linear least squares procedure. The
integrated intensities are refinable variables
in addition to the profile parameters.

Both methods are combined with full profile fitting
techniques based on least squares minimizing the
difference between observed and calculated profiles.

Over the years, the procedures for extracting
integrated intensities have been considerably
improved, but the two methods present a maximum
level of reachable accuracy.

Extraction of integrated intensities
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Extraction of integrated intensities
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What do we know? |Fh| (Ih Fh
2)

What do we need? h

The phase problem

Structure solution by Direct Methods

( ) ( ) ( )rhr hh h −
−= iFρ 2πexpexp1V i
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Structure solution by Direct Methods

34

Phases dominate the result of the electron density map calculation. 
Incorrect phases generate wrong maps.

The phase problem

Positivity. The electron density map is everywhere positive: (r) > 0

Atomicity. Electrons are concentrated around nuclei and not dispersed in the 
unit cell. 

Uniform distribution of atoms in the cell.

Giacovazzo, C. (2013). Phasing in Crystallography: A Modern Perspective. Oxford: IUCr/Oxford University Press. 
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Direct Methods are statistical-probabilistical methods able to estimate 
phases of structure factors.

Direct Methods usually generate several phasing trials.

Phasing sets are ranked according to a Figure of Merit (CFOM).

The set corresponding to the largest CFOM value is probabilistically estimated as the
most reliable: its corresponding phases are automatically used to calculate the
electron density map.

When the first ranked phasing set does not provide the correct solution, it can be
necessary to explore all the sets generated by Direct Methods.

Structure solution by Direct Methods
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Structure solution by Direct Methods: EXPO
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The quality of the electron density map calculated after the phasing
process by Direct Methods mainly depends on:

experimental resolution dmin=/(2sinmax)
atomic resolution is the best condition

reliability of integrated intensities extracted from the experimental pattern
peak overlap should be low (percentage of independent observations larger than
50%)

structure complexity
Depending on the number of non-H atoms in the asymmetric unit (35 is a current
reasonable limit)
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For organic compounds, the experimental resolution is usually far away
from 1 Å because of the rapid scattering factor decay of light atoms.

Organic structures are the most resistant to attempts of solution in the
reciprocal space.

In the case of inorganic structures, the heavy atoms are quite easily
located. It is sometimes difficult to recover positions of light atoms and
complete the structure.
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Optimization of Direct Methods structure model
The structure model provided by Direct Methods is often approximate: atoms are
missed to the complete solution, additional false positions occur, atoms are not
perfectly located.

25 non-H atoms in the
asymmetric unit

It is useful to optimize the model before the final Rietveld
refinement, owing to the modest convergence rate.

Structure model optimization strategies are based on
suitable combinations of weighted least-squares and
Fourier map calculations.
• Altomare, A.; Cuocci, C.; Giacovazzo, C.; Moliterni, A.G.G.; Rizzi, R. Powder diffraction: the new automatic least-squares Fourier

recycling procedure in EXPO2005. J. Appl. Cryst. 2006, 39, 558-562.
• Altomare, A.; Cuocci, C.; Giacovazzo, C.; Kamel, G.S.; Moliterni, A.; Rizzi, R. Minimally resolution biased electron-density maps.

Acta Cryst. 2008, A64, 326–336.
• Altomare, A.; Cuocci, C.; Giacovazzo, C.; Moliterni, A.; Rizzi, R. Correcting resolution bias in electron density maps of organic

molecules derived by direct methods from powder data. J. Appl. Cryst. 2008, 41, 592–599.
• Altomare, A.; Cuocci, C.; Giacovazzo, C.; Maggi, S.; Moliterni, A.; Rizzi, R. Correcting electron-density resolution bias in reciprocal

space. Acta Cryst. 2009, A65, 183–189.
• Altomare, A.; Cuocci, C.; Giacovazzo, C.; Moliterni, A.; Rizzi, R. The dual-space resolution bias correction algorithm: application to

powder data. J. Appl. Cryst. 2010, 43, 798–804.
• Altomare, A.; Cuocci, C.; Giacovazzo, C.; Moliterni, A.; Rizzi, R. COVMAP: a new algorithm for structure model optimization in the

EXPO package. J. Appl. Cryst. 2012, 45, 789–797.
• Altomare, A.; Cuocci, C.; C.; Moliterni, A.; Rizzi, R. RAMM: a new random-model-based method for solving ab initio crystal

structure using the EXPO package. J. Appl. Cryst. 2012, 45, 789–797.

• Altomare, A.; Cuocci, C.; Moliterni, A.; Rizzi, R., Corriero, N., Falcicchio, A. The Shift_and_Fix procedure in EXPO: advances for
solving ab initio crystal structures by powder diffraction data. J. Appl. Cryst. 2017, 50, 1812–1820.
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Clomipramine
hydrochloride
C19H24ClN2·Cl

Ethyl 1' ,2' ,3' ,4' ,4a' ,5'
,6' ,7' -
octahydrodispiro[cyclo
hexane-1,2' -
quinazoline-4' ,1'' -
cyclohexane]-8' -
carbodithioate

UTM-1 zeolite

Angela Altomare IC-CNR, Bari, Italy ECS7, July 2022, Lisbon, Portugal

Optimization of Direct Methods structure model



Angela Altomare IC-CNR, Bari, Italy ECS7, July 2022, Lisbon, Portugal 41Angela Altomare IC-CNR, Bari, Italy ECS7, July 2022, Lisbon, Portugal 41

• Fourier Recycling (default for inorganic)

• RBM (default for organic/metal-organic)

• COVMAP

• RAMM

• SHIFT_AND_FIX

Optimization of Direct Methods structure model: EXPO
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• Determination of cell parameters
• Determination of space group

• Extraction of integrated intensities
• Structure solution in the reciprocal space (Direct Methods,

Patterson Methods, Maximum Entropy)

• Structure solution in the direct space (Simulated Annealing,
Genetic Algorithm, Monte Carlo, Grid Search)

• Crystal structure refinement (Rietveld Method)

Steps of the structure solution process
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Heuristic methods  of global optimization: Genetic algorithm

Grid search
Simulated Annealing, Parallel Tempering 
Particle Swarm Optimization 
Big Bang-Big Crunch …

𝐂𝐅 =
σiwi yoss θi − ycalc θi

2

σiwi yoss θi
2

CFmin

Structure solution in the direct space

Degrees of Freedom (DoF)
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The extraction of structure factor moduli from the experimental pattern is not
required.

Molecular connectivity must be known (good knowledge of bond distances and
angles).

The starting model (built according to structures already solved similar to the
structure under study and/or by using molecule editors) is a combination of building
blocks: atoms, molecules, polyhedrons.

The global minimum of the cost function (CF) in the hypersurface of DoF is
searched.
The success depends on how far the starting model is from the true model and the
number of DoF (DoF<15 is a good condition).

Structure solution in the direct space
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Simulated Annealing

45

Metropolis: is the new 
configuration better than 

the previous one?

Starting random model

Trial generation of structure 
models by variation of DoF

CF computation 
corresponding to the trial 

structure

Yes (ΔCF < 0) The new 
configuration is kept

No  (ΔCF > 0)

The trial model is 
accepted if

exp(-ΔCF/T) > RND

ΔCF = CFcurrent- CFprevious

RND = random number

Annealing
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Simulated Annealing: EXPO
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Starting model
Famotidine form B

Nfrag = 1
NDoF = 6 + 6

Simulated Annealing

Structure solution in the direct space
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Starting model
Sb2(PO4)3

Simulated Annealing

Nfrag = 5
NDoF = 6 + 6 +6 +6 +6 

Structure solution in the direct space

NDoF = 51
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Crystal packing

Network of interactions: hydrogen bonds and short contacts

Close contacts and voids

Validation

Structure solution in the direct space

Reproducibility of solution

Difference between observed and calculated profiles

CF value
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Structure solution in the reciprocal space
(ab-initio, single-crystal like)

Structure solution in the direct space

Only chemical formula and experimental
diffraction profile (easy)

Possibly atomic resolution (hard)
Short execution time (easy)
Extraction of integrated intensities from
the powder pattern to derive the
experimental structure factor moduli (hard)

In addition to the chemical formula and
experimental profile, also the knowledge of the
expected geometry (easy for molecular
compounds, less easy for non-molecular)
About 2-2.5 Å resolution (easy)
Usually long execution time (hard)
No extraction of the experimental structure factor
moduli (easy)

SOFTWARE

DASH (SA), EXPO (SA), ENDEAVOUR (SA), FOX 
(PT), GEST (GA), PeckCryst (PS), PowderSolve
(SA), PSSP (SA), TOPAS (SA), FIDEL-GO (MC)…

EXPO, MICE, XLENS, POWSIM 

overlapping, experimental resolution starting model, DoF

COMBINATION: EXPO, SUPERFLIP, TOPAS, FOCUS
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Structure solution

Co-crystal C9H11N3OC7H6O4
*

ab-initio solution by EXPO

COMPUTATIONAL TIME: A FEW MINUTES

24 non-H atoms in the asymmetric unit

Pentapeptide Z-(Aib)5-O-tBu* 

solution by Simulated Annealing in EXPO

COMPUTATIONAL TIME: 500h

PARALLEL COMPUTING 20 CPU-cores: 25 h

26 DoF (45 non-H atoms in the asymmetric unit)

*S.H. Lapidus et al., Acta Crystallogr., 2012, C68, o335. *E. Benedetti, et al., J Am. Chem. Soc., 1982, 104, 2437.
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31 non-H atoms
8 DoF

10 non-H atoms
2 fragments
12 DoF

23 non-H atoms in the
asymmetric unit
15 DoF

RSS → 14m 57s   

DSS → 164m 40s  

Solution in the reciprocal space/ Solution in the direct space
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• Determination of cell parameters
• Determination of space group

• Extraction of integrated intensities
• Structure solution in the reciprocal space (Direct Methods,

Patterson Methods, Maximum Entropy)

• Structure solution in the direct space (Simulated Annealing,
Genetic Algorithm, Monte Carlo, Grid Search)

• Crystal structure refinement (Rietveld Method)
and depositing the CIF file into a structure
database

Steps of the structure solution process
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Rietveld refinement

Φ =෍

𝑖

𝑤𝑖 ⋅ 𝑦𝑜𝑖 − 𝑦𝑐𝑖
2

yoi the observed intensity at the i-th data point,
yci the calculated intensity at the i-th data point,
wi a weight 1/σ2( yoi)

• Scale
• 2 correction
• Background coefficients

• Atom coordinates

• Isotropic displacements

• Profile parameters 
(FWHM, asymmetry, peak form coefficient)

Reliability parameters of refinement

• Preferred orientation
• Cell parameters
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Rietveld refinement: EXPO



Angela Altomare IC-CNR, Bari, Italy ECS7, July 2022, Lisbon, Portugal 56

The CIF File
#=============================================================================
data_global
#=============================================================================

_audit_creation_method Expo2014

_chemical_name_systematic ?
_chemical_formula_moiety 'C11 H7 O2 S'
_chemical_formula_sum 'C11 H7 O2 S'
_chemical_formula_weight 203.240

loop_
_atom_type_symbol
_atom_type_description
_atom_type_scat_source
'H'   'Hydrogen'   'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'C'   'Carbon'   'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'O'   'Oxygen'   'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'S'   'Sulphur'   'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'

_cell_length_a 10.1317(3)
_cell_length_b 19.5045(7)
_cell_length_c 9.6954(3)
_cell_angle_alpha 90.000
_cell_angle_beta 90.000
_cell_angle_gamma 90.000
_cell_volume 1915.95(11)
_cell_formula_units_Z 8
_cell_measurement_temperature ?

_exptl_crystal_density_diffrn 1.409
_exptl_crystal_density_meas ?
_exptl_crystal_density_method 'not measured'
_exptl_absorpt_coefficient_mu 2.738
_symmetry_Int_Tables_number 61
_symmetry_cell_setting orthorhombic
_symmetry_space_group_name_H-M      'P c a b'
_symmetry_space_group_name_hall '-P 2bc 2ac'

loop_
_symmetry_equiv_pos_site_id
_symmetry_equiv_pos_as_xyz
1   'x, y, z'
2   'x+1/2, -y, -z+1/2'
3   '-x, -y+1/2, z+1/2'
4   '-x+1/2, y+1/2, -z'
5   '-x, -y, -z'
6   '-x+1/2, y, z+1/2'
7   'x, y+1/2, -z+1/2'
…….
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The solution process: EXPO

Experimental

Pattern

Cell

Parameters Space

Group

Structure Factor

Moduli

RSS 

Solution 

Hydrogens

Rietveld

Refinement

Solution Check

CIF FILE

57

DSS 

Solution 
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Conclusions

Powder diffraction is a powerful tool for solving structures of microcrystalline
materials, assuming that cell parameters and space group have been determined.

If the quality of diffraction data (almost atomic resolution, limited peak overlap) and
crystallinity are good, Direct Methods can correctly and automatically solve
structures, organic, inorganic, metallorganic.

Direct space methods are widely used for solving both molecular and non-molecular
structures. A crystallochemical inspection of the solution is mandatory. DFT (Density
Functional Theory) calculations effectively support the solution process.



EXPO software*

Free; Advanced methodologies; Simple use; Unique software; Automatism; User-
friendly graphical interface; Authors’ support
> 1000 citations
> 9000 downloads

*Altomare, A.; Cuocci, C.; Giacovazzo, C.; Moliterni, A.; Rizzi, R.; Corriero, N; Falcicchio, A. EXPO2013: a kit of tools for phasing crystal structures
from powder data. J. Appl. Cryst. 2013, 46, 1231-1235.
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EXPO: Registration and Download

Free software and documentation download for no-profit institution:

http://www.ba.ic.cnr.it/softwareic/expo/expo2014-download/

Suggestions
Bug Reports
Future requests
Help 60

http://www.ba.ic.cnr.it/softwareic/expo/expo2014-download/
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