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INTRODUCTION

Crystallography, based on the diffraction of X- rays, neutrons or electrons, is

imperative for determining the atomic structure of crystalline materials.
Kaduk, J., et al. Nature Reviews Methods Primers volume 1, Article number: 77 (2021).

Using the correct structure is essential when studying structure-property
correlations and developing new materials.

Most crystalline materials found in nature or synthesized in the laboratory, are
microcrystalline (powders, tens of microns in size) and are not available as single
crystals (tenths of a millimeter in size).
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X-RAY POWDER DIFFRACTION

Powder diffraction is a non-destructive technique.
L Inprinciple, it is experimentally simple.
" Itis based on the well understood diffraction physics.
A large amount of information can be obtained from a single measurement.
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The powder diffraction pattern is the fingerprint of a polycrystalline material.




X-RAY POWDER DIFFRACTION
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X-ray beams diffracted by a
set of crystalline planes that
satisfy Bragg law (2dsinO=A)
form cones with an angular
semi-aperture of 20.

When a detector
intercepts these
diffraction cones, they
appear as concentric
circles known as Debye
rings.

A powder is made up of millions of crystallites, each randomly oriented.
When a powder sample is exposed to an X-ray beam, all possible orientations of any
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The diffraction pattern is
one-dimensional.
Peak overlap!



SINGLE CRYSTAL
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Hydrogen atom positions from the electron
density map

Anisotropic refinement

One single crystal sampled from a solid-state

mass can be not representative of the material
(polymorph, impurity?).
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POWDER

Hydrogen atoms geometrically located

|sotropic refinement

A full solid-state sample is investigated.
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X-RAY POWDER DIFFRACTION PATTERN

Background
Amorphous component

Local structure
Scattering from air, from sample holder, ..

Background: short-range atomic order
Bragg peaks: long-range atomic order

Diffraction peak Positions
Cell parameters

Space group
YWy Diffraction peak Intensities
Crystal structure

Diffraction peak Shape
Instrument function

Size

Strain

Nanostructure



DIRECT SPACE - RECIPROCAL SPACE

Diffraction — Fourier Transform

or3 Powder diffraction pattern

Intensity

RECIPROCAL SPACE

Calculation — Inverse Fourier Transform

DIRECT SPACE




SOLUTION PROCESS
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Indexing and Space group determination
unit cell, space group, asymmetric unit
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Structure solution in reciprocal

or direct/real space
structural model

Rietveld method
refined crystal structure




EXPO SOFTWARE

A. Altomare, C. Cuocci, C. Giacovazzo, A. Moliterni, R. Rizzi, N. Corriero, A. Falcicchio, EXP0O2013: a kit of tools for

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

oy Determination of cell parameters
— Determination of the space group

= B Extraction of integrated intensities A
m— Structure solution in the reciprocal space: Direct Methods
m—

k Structure solution in the direct space: Simulated Annealing/

Crystal structure refinement using the Rietveld Method
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INDEXING _—
=

Triclinic atb#c EEY / cw
Monoclinic azb#c o=y =90° B % 90° A
Orthorhombic aFb#c a=pB=vy=90° ?/ o 90
Tetragonal a=b+#c oa=p=vy=90° — =
Trigonal a=b=c a=B=yz90° _ s Ae
Hexagonal a=b#c o=p=90°y=120°

Cubic a=b=c a=p=7y=90° \ i

120°

90.90°

90°




INIBIDYSINE

Indexing is a crucial step of the solution process:
its failure prevents the correct determination of the crystal structure.

The cell determination process is
also known as indexing because it
involves assigning the appropriate
set of Miller indices (hkl) to each
experimental diffraction line,
corresponding to specific lattice
planes.

INTENSITY
. 8.8 ¢ 8 8§ 8 8§ % %

(hkl)

(220)

(311)




TRADITIONAL INDEXING
Input Ouput
A=A 25iN0 - Unit cell parameters (a, b, ¢, &, B, 7)

List of peak positions (26 or d-spacing)
Algorithms search for unit cells that match observed peak positions.

Precision and accuracy in detecting peak
positions are essential for successful
indexing.

In practice, only the first 20-30
diffraction lines are used, as higher-angle
peaks are often overlapped and less

«»H%JWJLMUIMWMMM reliable for indexing.




TRADITIONAL INDEXING

dv=fla, b, ¢, &, f3, 7, h) e d,= fla*, b* c* o, % % h)

V= abcV1-cos’ @ —cos’ B —cos® y+2 cos a cos B cos y

V*=—=a*b*c*V1 —cos? a* ~ cos? B* —cos® y* + 2 cos a* cos B* cos y*

<|=

Symmetry 1 1
d;?gd 2 %2 d;/lid 2 Z
Triclinic azb#c a#B#y Cubic (hfkfi )a (hfkff Va__
— Tetragonal (h+k)a" +l ¢ (h +k)la+l/c
Monoclinic | a#b#c| a=y=90° g2 90 Hexagonal and | (4 +k +hk)a"+1'c” | 4(h +k +hk)3d'+1 /c
. Trigonal (P)
Orthorhombic | azb#c = fB=y=90° 5 ; o LY TS
a=p=r=9 Orthorhombic | j'o°+i’p"+7c” | h/a +k/a'+I/c]
Tetragonal a=b#c a=B=y=90° Monoclinic Ra+kb " +c | W Aasinp) +k /b +1 AcsinB)
**oos gt | -2kl cos Blac(sinf)
Triclinic Ba +kb "+ ¢ | (1-cos a-cos f-cos y+2cosacosfcosy)™
Hexagonal a=b#c|a=f=90° y= 120° +2hkab" cosy” W, ko, [, 2K
— sin’a+—sin B+ — sin p+ — ;
Cubic o=boc 0z Bz = 90° +2hlaj‘c**cosﬁ’: —7sinat=sin p sin - (cosficosy-cosa)
+2klb ¢ cosa 21h
+ — (cosycosa-cosf)
ca
2hk
+ — (cosacosfi-cosy)
ab




THE BASIC INDEXING EQUATION

1
o = h*a™ + k*b** 4 *c** + 2hka*b* cos y*+ 2hla*c* cos B* + 2kib*c* cos o™
hkl
10*
Q(hkl) = i

hkl

| Q(hkl)- € < heA s+ k*Ayy + PAss + h-kAy,+ helA 5 + k-IA,5< Q(hki)+ € |

A, =10%a*, A, =10°p*, A, = 10%c¢*,

Ap =2 x10%"b" cos y*, Az =2 x 10"a"c" cos 7, -

A,y =2 x 10°b*c* cos o

Reciprocal Lattice (a*, b*, c*, a*, 8%, y*) = Direct Lattice (g, b, ¢, @, 8, V)
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Symmetry Q(hkd)
Cubic (W+E+E) A,
Tetragonal (h?+k?) A, +I7 As;
Hexagonal (R +hk+k?) A, +I° As;
Orthorhombic h? A, +k A+ A
Monoclinic h? A, +k A+ Ass+hl A
Triclinic | b2 4, +k A, +I? As;+hk A, +hl Ay +k A




INIBIDSINE

Non-traditional indexing methods are peak-position-independent approaches that include global
optimization algorithms.

Cell parameters (a, b, ¢, , B, ¥) are randomly varied to achieve the best agreement between the
experimental diffraction pattern and the pattern calculated from the current unit cell.

on [1 (statistically), o[
-------------------------- 20 pu—
:Each indexing method produces a list ofl 2<e> Ny ﬁ”zo>10<2
. . . . - unindexed—
I potential cells, with their reliability evaIuated.
1 . _ . " Q,, = Q value corresponding to the 20™" observed and
jusing a Figure of Merit (FOM), such as M, I indexed peak

N, = number of different calculated Q values up to Q,,

<g&> = average absolute discrepancy between the observed
and the calculated Q values for the twenty indexed peaks

Software: DICVOL, TREOR, McMAILLE, ITO, FIZN, TMO CONOGRAPH, TOPAS GAIN, AUTOX,
SCANIX, LZON, LOSH, Mmap, EFLECH/INDEX , POWDER/TAUP, .. cor



INIBISINE

2-Mercaptobenzoic acid = =0l X

File Pattern View Solve Refine Info

, —
Plausible cell parameters &
File Pattern View Solve Refine Info Sesae
Nr. Prog. a b c alpha beta gamma Vol. M20 FOMnew Mc20 shift NIX Symmetry Info
- " 3
#] { = Range ., 4 o | o St fyPea 17.68334  25.50979 90.600 90.600 90.000 1713.0  13.00
IﬂtEWﬂlS 2N 12.76102 §.82855 6.76098 90.000 94.811 90.000 759.0 9.00 0.530 - -0.080 2P 1211
- 3N 8.84111 25.50992 3.79766 90.000 90.000 90.000 856.5 26.00 0.250 - 0.000 1P 2121 _
&
- EaCk.grDUFId 4 N 8.83753 25.47702 7.58616 90.000 90.000 90.000 1708.1 11.00 0.106 - -0.040 0P 212121
1 5N 13.15884 7.67969 5.89363 97.744 96.272 74.165 566.1 9.00 0.000 - -0.080 1P1
i Peaks »
Indexing 4 N-TREQRO9
Space ESrDup r DICVOLO6
1 McMaille
? o
120000 Output g k
. 27.89300  3.19597 824.339355 0.16469
Cell List J M 28.48700  3.13067 17465.974609  0.11153
i n . . . .
it b bt 29.00800  3.07561 2017.914307 0.12840
100000 (R - RN 'ln. LI .‘ IEIET 30.28360  2.94896 2023.218262  0.13550
20 25 30 35 20.53000  2.92566 2487.927002 0.14424
32.25400  2.77311 2109.204102 0.14394
T and 33.06500  2.7@692 591.103760 0.15495
33.87700  2.64388 1827.232300 0.12904
a0000 7 35.96300  2.49516 887.305847 0.13790
36.61500  2.45221 624.469849 0.16423
NCVIULUUINL Lo
Reflections nr.: 245 37.33900  2.40631 1041.843506 0.11927
Press " Pattern " to work on the pattern or "Next" to go on 37.97700 2.36734 1644.691162 0.16639
33.64300  2.32805 1034.500366 0.18349
38.96200  2.30972 920.507874 0.14099  _
| Count=#828 2theta=16.976 [=42577.590 d=5.219 Refl.=#4 h k=01 1 2theta=15.996 d=5.536




INIBIDSINE

Plausible cell parameters

Select cell
Nr. Prog. a b C alpha beta gamma Vol. M20 FOMnew  Mc20 shift NIX
— 1 @ 10.39358 18.81631 6.82405 90.000 106.438 90.000 1280.0 110.00 6.080 - 0.000 O
2 N 10.40310 18.83935 6.83171 90.000 106.423 90.000 1284.3 21.00 2.344 0.036 O
3N 10.38221 18.79205 6.81667 90.000 106.452 90.000 1275.5 18.00 1.956 0.036 O
— 4@ 10.39450 18.81830 6.82470 90.000 106.436 90.000 1280.4 121.00 - - -0.004 O
— 5 @ 6.82310 18.81430 10.39300 90.000 106.431 90.000 1279.7 133.36 - 257.14 0.000 O
b M 18.812%90 12.71650 5.96830 90.000 00.000 00.000 2384.8 19.08 - 31.27 0.000 13

7.10110 30 . 14 00.000 1418.8 23.21 - 6.88 0.000

a QK xgancel L’g Export

] 1l -, o _mow -y [P F el B - o = l(t;|;‘)l.c....
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CHALLENGES IN INDEXING

LEFEBVRE (Rukiah, M., Lefebvre, J., Descamps, M., Hemon, S., Dzyabchenko, A. 2004. J. Appl. Cryst. 37, 464-471)
m-toluidine-C,HgN

standard laboratory data

published cell 24.8727 5.8073 8.7615 A 90.00° 100.062° 90.00°

240000
220000
200000
0000000
160000
140000
120000
100000

oooooo

000000

000000

205 21 215 2
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CHALLENGES IN INDEXING [

N-TREOR0OS DICVOLOE McMaille

LEFEBVRE

published cell 24.8727 5.8073 8.7615A 90.00° 100.062° 90.00°

Maximum Volume (A%) | 4000.000

Maximum ab.c (A 35.000
Max impurity lines 3 =

Minimum figure-of-merit | 10,000

Molecular weight 0.000 Measured density = 0.000 Error on density | 0.000
@ Defaults 5’ Run xgancel
Eﬂ Plausible cell parameters
Select cell
Nr. Prog. a b C alpha beta gamma Vol. M2 FOMnew Mc20 shift NIX
4.8 >.80944 - 0.000
2 N 10.71777  24.48799 5.99604 90.000 101.835 90.000 1540.2 11.00 0.473 - 0.040 2
3N 32.45689 6.08640 12.53210 90.000 95.843 90.000 2462.8 11.00 0.310 - -0.040 3

P oK AIC SCHOOL 20230 aRdely 2026, Bari, Italy f..?l Export




CHALLENGES IN INDEXING

LATI (Kasunic, M., Meden. A., Skapin, S. D., Suvorov, D., Golobic, A. 2011, Acta Cryst. B 67, 455-460)
non-perovskite compound-LaTi,Al;044

standard laboratory data
published cell 22.59355 10.99919 9.72968 A 90.00° 98.5634° 90.0°

the importance of small intensity peaks at low 26 region

u—-u— 'L‘ 20



REMARKS ON INDEXING

Do not accept unindexed peaks unless a valid explanation is available.
 Each observed peak should match a calculated reflection.
* Cell correctness is typically confirmed during structure solution.
* |f the solution fails:

Check and revise the peak list.

Try non-default indexing strategies.
 Use multiple indexing programs to improve reliability.

High-quality data is a crucial condition.

Machine learning—based methods are being developed to estimate lattice parameters
for a wide range of crystalline materials, including those with low symmetry.



SPACE GROUP DETERMINATION

Knowing the space group in crystallography is essential because it defines the

symmetry of a crystal structure.

The main source of information for the space group determination process is

1P1
2P-1
3Pp121
4P1211
5C121
6P1m1
7P1c1
8C1iml1
9C1lc1l
10 P12/m1
11 P121/m1
12 C12/m1
13 P12/c1
14 P121/c1
15 C12/c1
16 P222
17 p2221
18 P21212
19 P212121
20C2221
21C222
22F222
231222
241212121
25 Pmm2

26 Pmc21
27 Pcc2
28 Pma2
29 Pca2l
30 Pnc2
31 Pmn21
32Pba2
33 Pnaz2l
34 Pnn2
35 Cmm2
36 Cmc21
37 Ccc2
38 Amm 2
39 Abm2
40 Amaz2
41 Aba2
42 Fmm2
43 Fdd2
44 Imm 2
45 1ba2
46 Ima2
47 Pmmm
48 Pnnn
49 Pccm
50 Pban

51Pmma
52 Pnna
53 Pmna
54 Pcca
55 Pbam
56 Pccn
57 Pbcm
58 Pnnm
59 Pmmn
60 Pbcn
61 Pbca
62 Pnma
63 Cmcm
64 Cmca
65 Cmmm
66 Cccm
67 Cmma
68 Ccca
69 Fmmm
70 Fddd
71 Immm
72 lbam
73 lbca
74 Imma
75 P4

76 P41

77 P42

78 P43

79 14

80 141

81 P-4

82 1-4

83 P4/m
84 P 42/m
85 P 4/n
86 P 42/n
87 14/m
88 141/a
89 P422
90 P4212
91P4122
92 P41212
93 P4222
94 P42212
95 P4322
96 P43212
97 1422
98 14122
99 P4mm
100 P4bm

101 P42cm
102 P42nm
103 P4cc
104 P4nc
105 P42 mc
106 P42 bc
107 |4 mm
108 |4cm
109 41 md
110 141 cd
111 P-42m
112 P-42c
113 P-421m
114 P-4 21 ¢
115 P-4m?2
116 P-4c2
117 P-4b2
118 P-4n2
119 | -4m 2
120 1-4c2
121 1-42m
122 |-42d
123 P4/mmm
124 P4/mcc
125 P4/nbm

151 P3112
152 P3121
153 P3212
154 P3221
155 R32
156 P3m1
157 P31m
158 P3c1
159 P31c
160 R3m
161 R3c
162 P-31m
163 P-31c
164 P-3m1
165 P-3c1
166 R-3m
167 R-3¢c
168 P6
169 P61
170 P65
171 P62
172 P o4
173 P63
174 P-6
175 P 6/m

176 P 63/m
177 P622
178 P6122
179 P652 2
180 P6222
181 P64 22
182 P6322
183 Peémm
184 Pb6cc
185 P63 cm
186 P63 mc
187 P-6m 2
183 P-6c2
189 P-62m
190 P-62c
191 P6/mmm
192 P6/mecc
193 P63/mcm
194 P63/mmc
195 P23

196 F23

197 123
198 P 213
199 1213
200 Pm-3

201 Pn-3
202 Fm-3
203 Fd-3
204 Im-3
205 Pa-3
206 1a-3
207 P432
208 P4232
209 F432
210 F4132
211 1432
212 P4332
213 P4132
214 14132
215 P-43m
216 F-43m
217 1-43m
218 P-43n
219 F-43c
220 1-43d
221 Pm-3m
222 Pn-3n
223 Pm-3n
224 Pn-3m
225 Fm-3m

T |Fyl?

226 Fm-3c T '
227 Fd-3m
228 Fd -3¢ ) | |
229 Im-3m < ' )
230 1a-3d ‘

CNRlIstituto di Cristallografia



SYSTEMATIC ABSENCES

C.=(R,,T,),s=1,..m
R, rotation matrix
T, translational component

m number of symmetry operators reciprocal space hR
r;is a generic positional vector in the unit cell

direct space r,= R+ T, s=1,....m

o s=1,....m

Symmetry operators also have important implications in reciprocal space.
Systematically absent reflections
FhR = Fhe}{p(—ZﬂZIhT)

|FhR| — \FhL Opr = O — 27thT

If hR, =h and hT.#n the relation is violated unless the reflection h is a systematically
absent reflection.

1CDI
Angela Altomare IC-CNR, Bari, Italy AIC SCHOOL 2026, 20-23 July 2026, Bari, Italy



SYSTEMATIC ABSENCES

P21/C -1 0 DJ { 0 J P2Jc ‘ Plzlhﬂ-t 2m No. 14
T- @ o o

= Reflections (0k0), with k=2n+1 2 axis||b R=| 010 1/2
(0 0 -1 0

(1 0 0 0 SEEEEE
= Reflections (h0/), with [=2n+1  cglide L b Rr=|0-1 OJ. T—{ 0 ] oy Loy Lo T

(0 01 1/2

are systematically absent (i.e., their diffraction intensities are zero)

The analysis of diffraction intensities provides information on systematically absent
reflections and the extinction symbol.

From systematic absences it is possible to recognize the presence of
= types of centered unit cell (e.q., A-, B-, C-, F-, I-, R-)
" screw axes EXTINCTION SYMBOLS

= glide planes o1




EXTINCTION SYMBOLS

Angela Altomare IC-CNR, Bari, Italy

Reflection conditions Extinction symbol

Point group

1

1

None P-

P1(1)

P1(2)

MONOCLINIC, Laue class 2/m

Unique axis b
Reflection conditions
hkl hol
Okl hkO h00 00/ 0k0 Extinction symbol
P1-1
k P12,1
h Plal
h k P12/al
/ Plcl
/ k P12 /c1
h+1 Plnl
h+1 k P12;/n1
h+k h k Cl-1
h+k h, 1 k Clel
k+1 l k Al-1
k41 h.l k Alnl
h+k+1 h+1 k -1
h+ k41 h, 1 k Ilal

1  Triclinic

14 Monoclinic

111 Orthorhombic

31 Tetragonal

15 Trigonal-Hexagonal
18 Cubic




EXTINCTION SYMBOLS

The space group determination is based on the analysis of systematically absent
reflections and the probabilistic evaluation of extinction symbols.

Extinction symbols are ranked according to their calculated probability values.

" Markvardsen et al., 2001; 2008 in DASH, FullProf, TOPAS, GSAS, PRODD and ExtSym

=  Altomare et al . 2004, 2005, 2007, 2008 in EXPO

= ..and other more recent methods, some of which are independent of systematic
absences (in FOX, FIDEL-GO), and new ML approaches.



EXTINCTION SYMBOLS

Monoclinic Orthorhombic
Space Extinction Space Extinction
group Eroup Eroup Eroup
P 21 P1211 P2l c a P-c¢ca
c 21,«,n>p 1211 Pmc a P-ca Nr. of extinction symbols for each crystal system = Nr. of space
P2 P1-1 P2lma P--a groups (not only standard Space groups)
P 2/m P1-1 Pmma P--a
Pm P1-1 Pm2a P--a 1 Triclinic 2 2 space groups
P 21/c P12l/c1 P2na P-na 14 Monoclinic (unique axis b) = 29 space groups
P 2/c Plcl Pmn a P-na 111 Orthorhombic = 226 space groups
Pc Plcl Pcca Pcca |31 Tetragonal = 68 space groups
P 21/n P121l/n1 Pmc2l P-c- 15 Trigonal-Hexagonal (only hexagonal axes) = 59 space groups
P 2/n P1lnl Pmcm P-c- 18 Cubic = 36 space groups
Pn P1lnl P2cm P-c -



SPACE GROUP DETERMINATION

21_dell{quercitina +etanolo) Find space group
File Pattern View 5Solve Refine Info
Space Group Extinction symbol FoM Nabs Nasym No.in CSD % of CS Rank  Chiral
R - : - . A " 1 .
aq = Range L e % ! o I ». P1- )
Intervals P 2/m P1-1 0.497 0 14 116 0.01 111 no
%- Background Pm P1-1 0.497 0 28 21 0.00 202 no
A Peaks » P21 P1211 0.497 &} 28 41791 5.18 5 yes
Indexing » P 21/m P1211 0.497 &} 14 4023 0.50 17 no
Space Group » Space Group Determination P 2/a Plal 0.003 15 14 5232 0.85 14 no
12000+ Space Group List [Space Group Determination| Pa Plal 0.003 15 28 3447  0.43 18 no
P 21/a P12l/a1l 0.003 15 14 279041  34.57 1 no
P 2/c Plcl 0.001 16 14 5232 0.65 14 no
100007 Pc Plcl 0.001 16 28 3847  0.43 18 no
. P 21/c P12l/c1 0.001 16 14 279041  34.57 1 no
2000 P 2/n Plnl 0.001 17 14 5232 0.65 14 no
_\} Pn Plnl 0.001 17 28 3447 0.43 18 no
W
\,J \A P 21/n P12l/n1 0.001 17 14 279%041 34.57 1 no
: c2 cl-1 0.000 29 14 6826 0.85 12 yes
7 \N‘JJ C 2/m cl-1 0.000 29 7 4094 0.51 16 no
4000+ R }[ A | H } F\ cm c1-1 0.000 29 14 203 0.04 69 no
| et N N I } WU L J \A A2 Al-1 0.000 30 14 5826  0.85 12 yes
»J\,ﬂ A2/m Al-1 0.000 30 7 4094 0.51 16 no
A )
2000+ - Ln.a",..
e Ageda A ) Am Al-1 0.000 30 14 293 0.04 69 no
i C 2/c Clcl 0.000 38 7 67434 8.35 3 no
0= 1L 11 | | | l L1 IU“I | l | II |l| “ ||| L0 " 11 ||| | |'| |||| 1 |||"| Cc Clcl 0.000 38 14 8450 1.05 9 no
10 15 20 25 30 35 I2 I1-1 0.000 31 14 6826 0.85 12 yes
I2/m I1-1 0.000 31 7 4094 0.51 16 no
. Im I1-1 0.000 31 14 293 0.04 69 no
Extraction command
The pattern has been divided |pto 2 intervals =
Press "Pattern> > Intervals" to rfodify predefined intervals or "Next" to go on £t & o 3 Cancel

Angela Altomare IC-CNR, Bari, Italy AIC SCHOOL 2026, 20-23 July 2026, Bari, Italy 1L
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SPACE GROUP DETERMINATION

Cell and Crystal System

V8l 2-Mercaptobenzoic acid (C7 H6 02 S) — L
File Pattern View Solve Refine [nfo Find space group
a6 P R A LIvew | o= Space Group Extinction symbol FoM Nabs Nasym Neo.inCSD % of CSD  Rank  Chiral
P 21/c ] 0 10 279041  34.57
y
P21 Pl2l1 0.219 2 20 41791 5.18 5 yes
P 21/m P1l1211 0.219 2 10 4023 0.50 17 no
P 2/c Plecl 0.206 19 10 5232 0.65 14 no
Pc Plecl 0.206 1% 20 3447 0.43 8 no
P2 Pl-1 0.093 0 20 142 0.02 96 yes
P 2/m Pl1-1 0.093 0 10 110 0.01 111 no
Pm Pl-1 0.093 0 20 21 0.00 202 no
P 21/n P1l2l/n1l 0.024 16 10 279041 34.57 1 no
P 2l/a P1l2l/al 0.014 2l 10 279041 34.57 1l no
P 2/n Plnl 0.010 14 10 5232 0.65 14 no
Pn Plnl 0.0l10 14 20 3447 0.43 18 no
F 2/a Plal 0.008 15 10 5232 0.65 14 no
‘M Pa Plal 0.006 19 20 3447 0.43 18 no
A2 L1-1 0.000 483 10 €326 0.85 12 yes
. JF*L—-—ﬂ AR 2/m Al-1 0.000 43 5 4054 0.51 1€ no
3 I | .]h 1 I‘l | { Illlll L hh“]ll‘ . {.““. Am A1-1 0.000 48 10 293 0.04 £% no
10 15 20 25 A 2/n Alnl 0.000 55 5 £7434 8.35 3 no
An Alnl 0.000 55 10 8450 1.05 % no
Extraction command C 2/c Clc1 0.000 54 5 67434 8.35 3 no
Full pattern
Rp' = 11.097 o
Cycle =8 = List P oK 3¢ Cancel
Profile function: Pearson

Press "Next" to continue or "File> > Exit" 1

& | Count=#2591 2theta=42.524 |=2136.709 d=2.124 Refl.=#97 h k=10 -7 2theta=42.464 d=2.127




REMARKS ON SPACE GROUP DETERMINATION

Ensure the agreement between reflections corresponding to the
identified space group and experimental diffraction peaks.

If the agreement is unsatisfactory, testing a different space group is
recommended.

Peak overlap and the presence of impurities are critical occurrences.



STRUCTURE SOLUTION

Structure
solution
methods

b

" Other methods
a charge flipping

\

o maximum-entropy methods

~

/

Traditional approaches
(reciprocal space)

o Direct methods

Patterson methods
K D

~

/

-

Direct-space methods

Alternative expressions: real space,
global optimization, global search

\_

~

J

\

ﬁ?roblems

a Peak overlap
a Background

a Limited experimental

resolution

+
poor peak resolution
20 zero shift
sample displacement
sample transparency
presence of impurities

presence of more than one
chemical phase /




EXTRACTION OF INTEGRATED INTENSITIES

000000

000000

000000

000000

000000

000000

00000

ol

I

Whole powder pattern
decomposition (WPPD)

[Ih = KMynLoAgPoEn|Fn|*= kh\Fh\QJ

My

scale factor

multiplicity
Lorentz-polarisation factor
absorption coefficient
preferred orientation

extinction multiplier

structure factor

-

\_

WPPD methods

~

a Pawley method (1981)

a Le Bail method (1988)

%

RPRPOMNMWMRROMNMRKEDNMNKE

I \
.521

.606
.193
.754
.809
.360
.652
.252
.966
.636
.527

.262/




PAWLEY METHOD

It’s a non-linear least-squares procedure. The integrated intensities, along with the

profile parameters, are refinable variables.
The minimized function

Yy obs . | . |
7 The observed profile intensity at the i-th data point

N
Xz — Z w; D/iObS L Y;:cal(:]Z Y;;calc

The calculated profile intensity at the j-th data point
1=1

The weight is given by W; = Y‘%bs

1
bf,; The background intensity at the i-th data point

S The scale factor
UYn The contribution from the h-th individual Bragg

cale __ § k calculated usi file function t
Yi — b@; + S Ihyh-calc (-rh) peak calculated using a profile tunction to
h

model the diffraction peak

I, The integrated intensity of the h-th Bragg
Th = 29@' — 29h reflection; the sum is over all reflections
contributing to the intensity at 26.



PAWLEY METHOD

Q

a

a

~
lll-conditioning of the least-squares matrix

Singular matrix

Negative values
y

Other refined parameters

Q

Q

Q

Q

Background coefficients
Peak-shape parameters
Lattice parameters
Zero-point shift parameters

+ Observed
— Calculated




LE BAIL METHOD

It’s an iterative decomposition algorithm based on the Rietveld formula.

r =20
[nitialize IS) > Uh,,

|

|

r

.

1

) Zk IIF:) Yk cale (fL’k)

(1)
I T
I}(1T+1) E h yhcalc ( h) (] ?‘_Obs . bg)

J

4 )
Least-squares fit
background, peak shape,
lattice, zero-point shift parameters
\_ J

" a Speed A
o Easy to incorporate into standard
Rietveld refinement code
\_o No esd provided )




EXTRACTION OF INTEGRATED INTENSITIES
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DIRECT METHODS*

*Giacovazzo, C. (2013). Phasing in Crystallography: A Modern Perspective. Oxford: IUCr/Oxford University Press.

1
Veell

p(r) =T 'R, = Fh exp (—27ih - r)
h

Fn = | Funl| exp (t¢n)

Ih XX ‘Fh‘2




DIRECT METHODS

The phase problem

Phases play a crucial role in electron density map calculations,
as incorrect phases lead to inaccurate maps.

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

Atomicity. Electrons are concentrated around nuclei rather than being dispersed
throughout the unit cell.

Direct Methods have been a groundbreaking
discovery for structural crystallography.




DIRECT METHODS

J Normalized amplitudes { Scaling and normalizating}

Invarian
[ Structure aria ts E s 1By
[ Electron density map

FulZ. = K |Fal’

obs

Yo =208 s =sin(0)/A i P B S
‘Fh’ ‘Fh‘ Wilson plot /

obs

T ([Ful%y)  Ke(h) SN (f0)exp(—2Bs) o1




DIRECT METHODS

) Structure Invariants

1 Normalized amplitudes [
1 Electron density map

Finding triplet and negative quartet invariants
among the reflections with largest £,

|

Triplet invariants

EnExE nx = |EnExE nx| expli(on + Yk + ©-h-k)]

Quartet invariants

EnwExE\E hk1 = |EnExEAE_hk-1| expli(pn + ¢k + @1 + ©-h-k-1)]

Tangent formula

-

tan pn

N

21 [BxEnk|sin(¢x — pnx)

2k | BBk

cos(Pk — Ph-k)

~

y




A TYPICAL DIRECT-METHODS PROCEDURE

Scaling and normalizing Estimating triplet and negative
|F [ Eql quartet invariants

Ranking the most promising
phasing trials (CFOM)

LPhasing by tangent formula} Multisolution approach

4 Calculating E-map,
completing the structural
model and preliminary

\_ refining it )

Select a new
N . .
phasing trial

No

Rietveld
refinement

Yes

1 ; .
p(r) & " Z |En| exp(ipy ) exp (—2mih - r)
ce h




STRUCTURE-MODEL OPTIMIZATION

The structural model derived from the electron density map (E-map) is
often approximate: some atoms may be missing, false atom positions can
appear, and atomic coordinates may lack precision.

* 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. ). 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.




STRUCTURE-MODEL OPTIMIZATION

E-MAP MODELS OPTIMIZED MODELS

UTM-1 zeolite

Clomipramine hydrochloride

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

Angela Altomare IC-CNR, Bari, Italy



DIRECT-METHODS REQUIREMENTS

The success depends on:

Experimental resolution d_. .=A/(2sin0__,)
The atomic resolution (<1.0A) is the optimal condition

Reliability of integrated intensities extracted from the experimental pattern
The peak overlap should be minimal

Structure complexity
It depends on the number of non-H atoms in the asymmetric unit
(A current reasonable limit is 35.)



DIRECT METHODS

Uncertainties on experimental structure factor

moduli extracted from the diffraction pattern

95 q

Ri£1>40%: 62%
RIFI>50%: 35%

65 -

55 4

45

35 4

25 A

Reduced number of independent
observations*®

*Altomare, A., Cascarano, G., Giacovazzo, C., Guagliardi, A., Moliterni, A.G.G., Burla, M.C., Polidori, G. On
the Number of Statistically Independent Observations in a Powder Diffraction Pattern. J. Appl. Cryst. 1995,

28, 738-744,
80

IRP(%) "

15

TEST STRUCTURES

The Ry values for test structures are ranked in ascending order.

ngh success rate by Direct Methods

Low success rate by Direct Methods

IRP > 60% and RES < 1.2A
and
NA-noH < 30 and IR/NA-noH > 15

IRP < 50% and RES > 1.5A
and
NA-noH > 35 and IR/NA-noH <9

Angela Altomare IC-CNR, Bari, Italy

AIC SCHOOL 2026, 20-23 July 2026, Bari, Italy

TEST STRUCTURES

The percentage of independent reflections (IRP) values for test structures.

RES:
NA-noH: Number of non-hydrogen atom in the

IR:

Experimental resolution

asymmetric unit
Number of independent reflections

IC J1

AItomare A.;Corriero, N.; Cuocci, C.; Falcicchio, A.; Rizzi, R. Solving a Structure in the Reciprocal Space, Real Space and Both by Using the EXPO Software Crystals 2020 10, 16.



SUCCESSFUL SOLUTIONS USING DIRECT METHODS

La,Ti Al O

Synthesized in a choline chloride
(ChCl)/urea eutectic mixture.

Q CiHaaN,S, ®)
HN NH S 0 NH OH
J \l'r NH

C16HZZNZOS




RECENT SUCCESSFUL SOLUTIONS USING DM

Navigating the complex solid form New findings on the crystal polymorphism  X-ray molecular structure of (Z)-4-iodo-

landscape of the quercetin flavonoid of imepitoin C,;H,,CIN,0, N,5-diphenyl-7H-thieno[2,3-c]pyran-7-
molecule C;c H,, O, imine C;4H,,INOS
Laboratoory X-ray data Synchrotron X-ray data
RES=1.2A RES=1.0A Laboratory X-ray data
IRP=35% IRP=52% RES=1.4A
NA_noH=22 NA_noH=19 |sz3é%
NA noH=23

Raffaella Mancuso, Patrizio Russo, |da Ziccarelli, Melania
Lettieri, Angela Altomare, Matteo Tiecco, Edoardo Mosconi,
Panayiotis Klitou, Emmanuele Parisi, Simone Bordignon, Federica Giovanna Bruni, Doretta Capsoni, Anna Pellegrini, Angela Tommaso Moretti, Bartolo Gabriele Chem. Eur. J. 2025, 31,
Bravetti, lan Rosbottom, Marzia DellAera, Corrado Cuocci, Altomare, Mauro Coduri, Chiara Ferrara, Pietro Galinetto, Renato 202500081

Michele R Chierotti, Angela Altomare, Elena Simone Crystal Molteni Molecules 2024, 29 (8), 1724 IC‘[)I

Growth & Design 2023, 23 (8), 6034-6045



GLOBAL-OPTIMIZATION METHODS

f(

\_

X = fractional coordinates of (x,y,2)
OR

Find x= min{F(x)}, where

X = position (x,V,z), orientation (U, ¢, ), torsion angles (., T

F:R" - R

17 Lor e by

T ) of molecular fragments )/

N

A “'.r"I
ey ﬁr

Ty "t

v i-
iy "1-
= * _’ "."

.......

Local optimization methods

Global optimization methods

-l'
;c""-.ﬁ."' m.'l

i
_mﬁﬁ‘

\ \ ‘i*ﬁ,“-*f’

________

'*'l' Py

‘!:;fi

ﬂ

afﬁ,w 1
,f -f

L

Global mmimum

Structure refinement

Structure solution

-



GLOBAL-OPTIMIZATION METHODS

Heuristic strategies _ _
_ _ a Widely used and with I
Genetic Algorithms (GA)*

the largest impact
Simulated Annealing (SA)* ‘

Tabu Search Various modifications:

o o parallel tempering (PT)
Ant Colony Optimization \_ @ adaptive simulated annealing
Particle Swarm Optimization (PS)*

Bee Algorithms Software: DASH (SA), EXPO (SA),
Firefly Algorithms ENDEAVOUR (SA), FOX (PT), GEST (GA),
Harmony Search PeckCryst (PS), PowderSolve (SA), PSSP
Big Bang-Big Crunch* (SA), TOPAS (SA), ...

(*) employed in solving crystal structure Non-commercial software are in rec



SIMULATED ANNEALING
Initial random configuration a  NITER=Number of moves
o  NRUN=Number of SA runs

’------------------ ------------------~

P <
\

/[ acF=cF_-CF m \
I | RND = random number \
[ Generate trial structure by random 0
0 . . 0
I displacement of structural variables 0
0 i=i+1 |
0 I
0 Accept new [

. .. fm————

I configuration if Evaluate the cost function L--LNRUN |

: exp(-ACF/T) > RND (CF) for trial structure : -t T
0 I
0 0
0 : 0
0 Metropolis: | 0
: No (ACF > 0) new configuratio.n better Yes (ACF < 0). :
\ than the previous? Keep new configuration);
\ Angela Altomare IC-CNR, Bari, Italy ICOI I'

LS isi=NITER? B



SIMULATED ANNEALING

N

Degrees of Freedom (DOF) COST FUNCTION

;Wi (ye:xp (6:) = Yeate(05) )2
; \ Eiwiyexp (gi)z

; |I}i$p . I}clalc|

> X LT
h




DIRECT-SPACE METHODS

Software: DASH (SA), EXPO (SA), ENDEAVOUR (SA), FOX

RECIPROCAL-SPACE METHODS

Software: EXPO, MICE, XLENS, POWSIM

(PT), GEST (GA), PeckCryst (PS), PowderSolve (SA), PSSP
(SA), TOPAS (SA), FIDEL-GO (MC)...

Chemical knowledge is not necessary.l [They can incorporate a massive amount of prior chemica)

information.

The complexity of the structure depends on the | | The complexity of the structure depends on the number of
number of non-hydrogen atoms in the a.u. degrees of freedom (DOF).

\H. 32 hon-H atoms and 8 DOF
2

OH O OH O
Clegg, W. & Teat, S. J., (2000). Acta Cryst. C56, 1343-1345.

7

They take advantage of higher-resolution data.] [ High resolution is not needed. Default resolution: 2-2.5 A. ]

. . They requires time and patience. For large molecules, use a
They generally require less runtime. , .
faster computer, run overnight, or utilize a parallel program.




BUILDING THE STARTING MODEL

Understanding molecular connectivity is essential, and spectroscopic techniques such as MS and

NMR can provide valuable insights. H\A/
HO~ i

The crystal structure can be described as an e
assembly of building blocks.

atom

). molecule
polyhedron

1 Molecular-mechanics force fields
(MMFF99 and UFF provided by Open
Babel library)

 Semi-empirical methods (MOPAC)

O Ab initio methods: Hartree—Fock
methods, DFT (GAMESS-US,

NWChem, Gaussian, CRYSTAL, ABINIT,
Quantum EspRESSO-

Check for similar molecules in databases.

Optimize
molecular
geometry by
computational
chemistry

A molecule editor can be used.



NON-MOLECULAR COMPOUNDS

Sb,(PO,),
‘!( :
X g
..’
C o® ¢
®
Dynamical occupancy correction (DOC)* N
a Atoms can occupy special positions OBS > 8
a Different building blocks can share atoms INpor

DOC can automatically merge excess atoms.

*Falcioni, M. & Newsam, J. M. (1989). Nature 342, 260-262. IC\DI
*Favre-Nicolin, V. & Cerny, R. (2002). J. Appl. Cryst.. 35, 734-743



MOLECULAR COMPOUNDS

% ﬁ center of symmetry a.u.is a half molecule Z’ = 1/2
m*gk [\E/.\lc\)\ 1,4-Bis(2-phenethyloxyethanesulfonyl)piperazine
N\ﬁ/\/o

kﬂxpﬂﬂﬂ
LA e

Recommended strategy

SA+DOC*
DOF = 6+14

15 times slower

AIC SCHOOL 2026, 20-23 July 2026, Bari, Italy IC\DI ,



COMPLEX COMPOUNDS

ST

Z-(Aib).-O-t-Bu small peptide

C32H51N508 /

E. Benedetti, A. Bavoso, B. Di Blasio, V. Pavone, C. Pedone,

M. Crisma, G. M. Bonora, and C. Toniolo, J. Am.Chem. Soc.
104, 2437 (1982)

DOF
Internal: 20
External: 6
SA SETTINGS
NRUN: 100
NITER: 1000
TIME

Single CPU-core: 500 h
20 CPU-cores: 25 h
Parallel speedup: 20

Angela Altomare IC-CNR, Bari, Italy

Complex structure
(internal DOF > 10)

AIC SCHOOL 2026, 20-23 July 2026, Bari, Italy

( )
j\,\/\/\/o\)t ’s 4

M. Husak, A. Jegorov, J. Czernek, J. Rohligek, S. Zizkova, P.
Vraspir, . Kolesa, A. Fitch, and J.Brus, Cryst. Growth Des.
2019, 19, 8.

DOF
Internal: 13+13 (2 molecules in the a.u.)
External: 6+6

SA SETTINGS

NRUN: 100

NITER: 2000

TIME

45h on 25 CPU-cores (2.90 GHz)




SOLUTION EVALUATION

= |nspecting the crystal packing
= Check for close contacts, void spaces, and potential interactions
= Check for interaction network: hydrogen bonds and short contacts

Select

e EYdE Info Window Help
way ] 0w L R W D bl 3
paracetamol
" Preferences

ooooo




SOLUTION EVALUATION OF ORGANIC COMPOUNDS

» Density Functional Theory with Dispersion Corrected (DFT-D) calculation.
» Software: VASP, CASTEP, CRYSTAL, Quantum ESPRESSO, NWChem, Abinit

An r.m.s. Cartesian displacement (RMSD) exceeding 0.35 A for non-hydrogen atoms could indicate
incorrect experimental crystal structure. (Jacco van de Streek et al., Acta Cryst. (2010). B66, 544-558.)

lbuprofen
RMSD=0.091 A

e [xperimental crystal structure

@ DFT-D3 with NWChem




COMBINING SA AND DM

Extraction of integrated intensities

B A

Lm0 IllﬂllUIlIIIIIIIIIIllllJJJIIIIIIl-IlIILIIIlIIIlIIIIlI.l.IIIIlIJ]IIlIIIIlIIII-IIlIJlIll
| :

: |
M qu JM M by ) Jn b,

k Solution using SA / ',
\ \ Solution using DM /
<dist> +

AIC SCHOOL 2026, 20-23 July 2026, Bari, Italy ICDI




CONCLUSIONS

Powder diffraction is a powerful tool for solving the structures of microcrystalline
materials when the cell parameters and space group are known.

If the diffraction data quality is high, with near-atomic resolution and minimal peak
overlap, and the crystallinity is good, Direct Methods can accurately and
automatically solve the structures of organic, inorganic, and organometallic

compounds.

Direct-space methods, such as Simulated Annealing, are commonly used to solve
both molecular and non-molecular structures. Density Functional Theory (DFT)
calculations offer valuable support during the solution process of organic
compounds.

Angela Altomare IC-CNR, Bari, Italy 1COI
AIC SCHOOL 2026, 20-23 July 2026, Bari, Italy
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