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== Fundamentals of Crystallography

State of matter Fixed volume Fixed shape Order Properties
Gas No No None Isotropic®
Liquid Yes Mo Short-range” Isotropic
Solid (amorphous)  Yes Yes Short-range” Isotropic
Solid (crystalline)  Yes Yes Long-range” Anisotropic®

a
b
€

A system has same properties in all directions.
Short-range order is over a few atoms. Long-range order extends over ~10” to ~10™ atoms.
A system has different properties in different directions.

Anisotropic solids

—f"{) - ,i 20
-{‘_J_,,'._)J 3 -jsi

Diamond has a cleavage plane and is therefore more fragile in some
Silicon and oxygen atoms in glass are randomly positioned. orientations than others.

Amorphous materials can be considered as solids with liquid- Graphite is a good electron conductor along the layers and an insulator in the
like structure. direction perpendicolar to the layers.
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(/= Fundamentals of Crystallography

A crystal is a solid where the atoms form a periodic arrangement. Periodic structure of an ideal crystal is best described by a lattice.
The smallest repetitive unit in a lattice is termed unit cell.

The crystal structure generates from translation of the unit cell in one, two, or three dimensions.
As long as the crystal structure is correctly described the selection of the unit cell is arbitrary.

Unit cell content:

2 %

o Jeiele:
° leleie:

Initial selection
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(/= Fundamentals of Crystallography

A crystal is a solid where the atoms form a periodic arrangement. Periodic structure of an ideal crystal is best described by a lattice.
The smallest repetitive unit in a lattice is termed unit cell.

The crystal structure generates from translation of the unit cell in one, two, or three dimensions.
As long as the crystal structure is correctly described the selection of the unit cell is arbitrary.

Unit cell content:

2 %

° 30523
0 geses:

Different origin
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(/= Fundamentals of Crystallography

A crystal is a solid where the atoms form a periodic arrangement. Periodic structure of an ideal crystal is best described by a lattice.
The smallest repetitive unit in a lattice is termed unit cell.

The crystal structure generates from translation of the unit cell in one, two, or three dimensions.

As long as the crystal structure is correctly described the selection of the unit cell is arbitrary.

Unit cell content:

2 %

2 %

Different origin

Seite 7



PAUL SCHERRER INSTITUT

(/= Fundamentals of Crystallography

A crystal is a solid where the atoms form a periodic arrangement. Periodic structure of an ideal crystal is best described by a lattice.
The smallest repetitive unit in a lattice is termed unit cell.

The crystal structure generates from translation of the unit cell in one, two, or three dimensions.
As long as the crystal structure is correctly described the selection of the unit cell is arbitrary.

Unit cell content:

1 x

Different geometry
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(/= Fundamentals of Crystallography

A crystal is a solid where the atoms form a periodic arrangement. Periodic structure of an ideal crystal is best described by a lattice.
The smallest repetitive unit in a lattice is termed unit cell.

The crystal structure generates from translation of the unit cell in one, two, or three dimensions.
As long as the crystal structure is correctly described the selection of the unit cell is arbitrary.

Unit cell content:

0.5 x

05 x‘

Wrong selection
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PAUL SCHERRER INSTITUT

P5 Fundamentals of Crystallography

Usually, unit cells contain more than one molecule or group of atoms that are converted into each other by simple
geometrical transformations, called symmetry operations.
The independent part of the cell is called asymmetric unit.

The positions of the atoms constituting the asymmetric unit cell must be defined, while those of all of the other atoms in
the unit cell can be derived by transforming the asymmetric unit by means of symmetry operations.

A unit cell can contain from one up to 192 asymmetric units, depending on the number and type of symmetry operations
existing in it.
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P5 Fundamentals of Crystallography

There are four types of simple symmetry operations (elements): rotation (axis), inversion (center), reflection
(mirror plane), and translation (vector).

Simple symmetry elements can be combined to create new complex elements, such as inversion axis
(rotation + inversion), screw axis (rotation + translation), glide plane (reflection + translation).

Rotations . Rotatory inversion
. .
2) - =
A & g @
?‘Q'
+ e L
P & .
—
A T
,’ Screw rotations s
s
+’ + &:
- . .
4,’ j #— 21 o
[y
Inversion -
”H D#’ il
: Axial glide
Reflection * ‘:t- ' é
AN €
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PAUL SCHERRER INSTITUT

P5 Fundamentals of Crystallography

“ The shape of a 3D unit cell is defined by three non-coplanar vectors,

meaning that there are six scalar quantities to be taken into account,
termed lattice parameters: a, b, ¢, a., B, 7.

Ll There are seven possible combinations of lattice parameters, which

a > b define just as many crystal classes.
Crystal class Axis system
Cubic a=b=¢ca9=p=y=9°"
Tetragonal a=b+ca=0p=y=90°
Hexagonal a=b+¢0=0=90"9=120
Rhombohedral d=Db=¢ 0= p=y " Decreasing symmetry
Orthorhombic a+bFeo=p=y=90"
Monoclinic a+hzkea=" =98 90
Triclinic axbFc,axf+y+90° 4

Inside every crystal class, a various number of possible crystallographic space groups can be identified, which feature
different combinations of symmetry operations.

There are 230 possible space groups, unevenly distributed among the seven crystal classes.

36 Cubic, 68 Tetragonal, 27 Hexagonal, 25 Trigonal (7 Rhombohedral, 18 Hexagonal), 59 Orthorhombic, 13 Monoclinic, 2
Triclinic
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== Fundamentals of Crystallography

Inside a crystal lattice, sets of so-called crystallographic planes intersecting all lattice points can be identified,
which are parallel to each other and equally spaced.
The distance between two adjacent planes is termed d spacing.

b
o "
! ~

[ LA ASA

»

.

-

-
e

2D lattice 3D lattice

Different sets of crystallographic planes are identified using a set of three integer indices h, k, I, named Miller
indices. When referring to a particular plane, the three indices are enclosed in parentheses: (hki).
Miller indices indicate that the planes that belong to the family (hkl/) divide lattice vectors a, b, c into h, k, |
equal parts, respectively.
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P5 Fundamentals of Crystallography

Highlights

»  Crystalline solids are characterized by long-range order

« The structure of a crystal can be represented as a lattice, where the unit cell is the
smallest repetitive unit subject to purely translational symmetry

* Inside the unit cell a number of symmetry operations exist, which act on the
asymmetric unit generating crystallographically equivalent atoms or molecules

» There are seven crystal classes, each subdivided into various space groups

« The crystal structure can be described by means of sets of lattice planes intersecting
all the lattice points, which are identified by Miller indices
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PAUL SCHERRER INSTITUT

PS5 Fundamentals of X-Ray Diffraction

Diffraction is an elastic scattering phenomenon occurring when a plane wave interacts with an obstacle or a slit
having size comparable to its wavelength (A). The scattered spherical wave has the same A of the original one.
Varying the size of the obstacle or slit, or their number, the same wave will be diffracted in different ways, as a result
of different interference effects.

) )) i i

Slit size = A Slit size = A Slit size = 5\

w=50p d=150p 3 slits 4 slits 5 slits 7 slits

When a wave encounters an entire array of identical,
equally-spaced slits, called a diffraction grating, the
bright fringes, which come from constructive interference 2siits
of the light waves from different slits, are found at the 3 sits
same angles they are found if there are only two slits, but
the pattern is much sharper.

1 slit

4 slits

5 slits

7 slits
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B

5 Fundamentals of X-Ray Diffraction

The periodic lattice found in crystalline structures may act as a diffraction grating for an electromagnetic radiation
with wavelength of the same order of magnitude as the repetitive distance between the scattering objects of the
|attice, i.e. crystallographic planes.

This means that the wavelength should be in the same range as the d spacing between adjacent planes belonging
to the same series, that is, in the order of A. X-rays, having A = 0.01-100 A, fulfill this criterion.

X-rays interact with the electron cloud surrounding an atom and are scattered in all the directions, as a
consequence an atom can be considered as a single slit of a diffraction grating. The electron density of many
atoms constituting a single crystallographic plane can also be considered as a single scattering object.

As a consequence, a series of crystallographic planes separated by a constant d spacing can be considered as a
diffraction grating. Since a crystal structure features many different series of crystallographic planes, it can be
considered as being constitued of many diffraction gratings, each providing its peculiar diffraction effect.

Every set of planes will have its own conditions for producing constructive interference, determined by the Bragg’s
law:

nA=2dsiné

Where n = integer value, A = X-ray wavelength, d = distance between lattice planes, 6 = angle of incidence of the
radiation on the lattice plane.

If the wavelength is kept constant, a series of crystallographic planes separated by a given d spacing produces
constructive interference only if the incident radiation interacts with it at a particular 6 angle.
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(5 Fundamentals of X-Ray Diffraction

In phase waves Out of phase waves

l l

Constructive interference Destructive interference

Derivation of Bragg’s law A A

In order to have constructive interference, two incident waves A and B, hitting at the

same angle 0 two adjacent lattice planes separated by a distance d, must produce B B’
two in phase scattered waves A’ and B’. To fulfill this condition, the difference in path \ el
length between the waves, 2I, must be equal to an integer multiple n of the d
wavelength A. According to trigonometric rules, | can be expressed as d sin®. 0 0
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(= Fundamentals of X-Ray Diffraction

In a diffraction experiment a source of X-rays generates a beam with a particular wavelength (see slides 30 and 31)
interacts with the periodic structure of a crystalline sample, generating a number of diffracted rays which are collected by a
X-ray detector (see slides 34 and 35).

Diffracted

rays
X-ray source
i i ;_ X-ray beam

\

v,."“i r ———

Crystallized
molecule

/
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== Fundamentals of X-Ray Diffraction

NaCI crystal

Incident X-ray beam, A = 1.54 A
—
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== Fundamentals of X-Ray Diffraction

(002) planes, d = 2.81 A
( 20 = 31.8°

Incident X-ray beam, A = 1.54 A

0 = arcsin(AM2d) = 15.9°

Seite 20



PAUL SCHERRER INSTITUT

== Fundamentals of X-Ray Diffraction

(022) planes, d = 1.99 A
, 20 =45.6°

Incident X-ray beam, A = 1.54 A I - i 7
: y A=, “ L ~’§ -
—atll® . A‘/ﬁ////ﬁQ{ l/

Ilegll//r""”’fﬁljlf

W, .4////':’

~

S

0 = arcsin(M2d) = 22.8°
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== Fundamentals of X-Ray Diffraction

(111) planes, d = 3.25 A

20=27.4°

Incident X-ray beam, A = 1.54 A '
| <\i/

0 = arcsin(M2d) = 13.7°
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BS Fundamentals of X-Ray Diffraction

The diffraction pattern of a single crystal consists of spots whose distance from the center (that is the axis of the incident
beam) is a consequence of the d spacing of the crystallographic planes which generated the diffraction effect.
The closer the spots to the center, the lower the 6 angle at which diffraction occurs, the larger the d spacing.

"--1
AN

|= in.iniimll .
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BS Fundamentals of X-Ray Diffraction

Every family of crystallographic planes generates a group of spots at the same distance from the center. The number of these
spots depends on the symmetry of the crystal.
The brightness of the spots (i.e. their intensity) is dependent on the electron density of the lattice planes scattering the

radiation (see slide 48).

"--1
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BS Fundamentals of X-Ray Diffraction

If the sample is constituted of four single crystals of the same compound, each oriented in a different way, the diffraction
figure produced will be the sum of the diffraction figures representative of the lattice of each crystal.
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BS Fundamentals of X-Ray Diffraction

The different orientation of the crystals will generate spots lying at the same distance from the center, but shifted along the
circle.
The spots lying on the same circle are due to the same family of crystallographic planes in each crystal of the sample.
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BS Fundamentals of X-Ray Diffraction

If the sample is constituted of a large number of crystals oriented in all of the possible directions, the spots belonging to
each crystal will sum up to produce continuous circular lines, the diffraction rings. As for a single crystal, the intensity of the

lines is dependent on the electron density of the crystallographic planes scattering the radiation.

Seite 27



PAUL SCHERRER INSTITUT

BS Fundamentals of X-Ray Diffraction

By «cutting» the diffraction lines in a radial manner and representing this section as a plot of the intensity as a function of the distance
from the center (normally expressed as 26), we get the typical powder X-ray diffraction (PXRD) pattern of a polycristalline solid.

v
Intensity

20
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(5 Fundamentals of X-Ray Diffraction

Highlights

« Diffraction is an elastic scattering phenomenon occurring when a wave interacts with
an obstacle of size comparable to its wavelength

» Crystal structures can diffract X-rays because interatomic distances are in the same
range of X-rays wavelength

«  X-rays interact with the electron cloud of atoms
«  The condition for having diffraction effect is determined by Bragg’s law n A =2 d sin@

« The diffraction pattern of a polycrystalline material is the result of the contribution of
many single crystals constituting the sample
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(= Experimental Overview

Where do X-rays come from?

1. Fire beam of electrons at metal target

lonization of inner shell electrons results in formation of an ‘electron hole’, followed by relaxation of electrons from upper
shells. The energy difference is released in the forrp of X-rays of specific wavelgngths.
Commonly used radiations are Cu Ka (A = 1.5418 A) and Mo Ka (A = 0.71073 A).

KP can be suppressed using an appropriate filter, while for Ka, a monochromator is needed.
Such sources are normally used in laboratory diffractometers.

MV
(@) Outbound MIV
Inbound electron — MITIT
electron — MII
"\ Ejected — MI High Voltage
/ il K-shell K Contacts
electron p
® T T LIIT
Kai T LI
fKaZ—— LI
'Atgm * v K
(b) X-ray KB
photon kel Ka
Filament (W)
Mo Anode (Cu)
Window (Be)
~ Cu
Atom . Water Out
0.5 1.0 1.5
AMA)
Water Filter Name Plate
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(= Experimental Overview

Where do X-rays come from?

2. Accelerate electrons in a particle accelerator (synchrotron source).

Electrons are accelerated at relativistic velocities in circular orbits. As velocities approach the speed of light they emit
electromagnetic radiation in the X-ray region.

The X-rays produced have a range of wavelengths, which can be selected depending on the type of application they are
needed for.

Synchrotron radiation features high brilliance, which takes into account the number of photons produced per second the
angular divergence of the photons, the cross-sectional area of the beam and the photons falling within a bandwidth (BW) of
0.1% of the central wavelength or frequency. The greater the brilliance, the more photons of a given wavelength and direction
are concentrated on a spot per unit of time.

)
.\$
N
&
A

storage ring

booster [y &% Gel)
~

e,
@, 5
171/, Mo
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w-{}» Experimental Overview

How is a PXRD measurement performed?

1. Debye-Scherrer geometry

Also termed transmission geometry, it employs a capillary as a sample holder and works best for materials with low
absorption. No effects of preferred orientation exist in this geometry.

A few mg of sample are required and sensitive materials can be easily analyzed.

It is mostly used at synchrotron beamlines.

Focusing primary

monochromator T T T TN
R
RN Diffracted
y iffracte
beam S
' A
A}
Focused "‘
primary = .
beam I
I
I
I
\ 7 .
. Sample holder 4 Transmitted
\\\ R4 beam
o . 7

~ -
.I""'--n-_.-v-l"'I

MS Beamline @ Swiss Light Source
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(= Experimental Overview

How is a PXRD measurement performed?

2. Bragg-Brentano geometry

Also termed reflection geometry, it requires a flat sample of virtually infinite thickness, so as to make sure that the
radiation is completely reflected to the detector. Effects of preferred orientation can easily occur in this geometry.

Depending on the absorptivity of the sample, the amount needed for a measurement can be in the range of tens on mg.
Using non-ambient chambers (high temperature, inert atmosphere, reactive gases), in situ experiments can easily be
performed at the laboratory scale.

It is mostly used in laboratory diffractometers.

$
A Y
\Y
Diffracted
beam

1
1
1
I
1
[}

I

-
~
S
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(1= Experimental Overview

How is the information gathered?

The detector is a fundamental part of the diffractometer, and it heavily influences the quality and the speed of a
measurement.

Detection of X-rays is accomplished by interaction of radiation with matter and subsequent production of certain effects or
signals, for example to generate particles, waves, electrical current, etc., which can be easily registered.

Detector efficiency is determined by first, a fraction of X-ray photons that pass through the detector window (the higher, the
better) and second, a fraction of photons that are absorbed by the detector and thus result in a series of detectable events
(again, the higher, the better).

Detectors can be classified according to the capability of resolving the location where the photon has been absorbed
and thus, whether they can detect the direction of the beam in addition to counting the number of photons. Three types of
detectors can thus be identified: point detectors (0D), line detectors (1D), and area detectors (2D).

%@’%\

f(26)
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«{=» Experimental Overview

How is the information gathered?

Position Sensitive Detectors (PSD) are line detectors. They are the most widespread nowadays, thanks to the short
measurement times and the good accuracy that they guarantee.

LYNXEYE XE installed on Bruker D8 Advance at PSI MYTHEN Il installed at MS Beamline at SLS

«  Maximum angular range: 2.9° «  Maximum angular range: 120°

» Energy dispersive: able to reduce the fluorescence »  Constituted of 30'720 silicon elements, divided up into
« No need for secondary monochromators or metal 24 modules of 1280 elements each

filters «  Allows very fast acquirement of high resolution data
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(== Experimental Overview

Highlights

« X-rays can be generated either by firing electrons against a metal target or by
accelerating electrons at relativistic velocities in circular orbits

» Powder diffraction measurements can be performed either in Debye-Scherrer
transmission geometry or in Bragg-Brentano reflection geometry

* The detector allows to harvest the information and can be designed to operate in
different ways, the most common being the PSD
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== Diffraction by Polycrystalline Solids

What is a polycrystalline sample?

A polycrystalline solid is an aggregate of a large number of small crystals or grains, called crystallites, arranged in a random
fashion, each having its own regular structure.

Polycrystalline materials are employed in a very wide range of practical applications, and even if a material is obtained in
single crystal form it is often reduced to microcrystal form (i.e. powder) prior to use.

As a consequence, PXRD is a very important analytical technique in solid state chemistry, heterogeneous catalysis, materials
science, pharmaceutical industry, and so on.

Graln Boundaries

'J? 5 — i B
27 S . v - DM
_:._‘__ \ ¢ o .a\- : >
! IR 2 ; P 3 .
A LU
o & 5 a) malleable iron
b) electrical steel without coating
(Diffcrenty Oviented Crystals) c) solar cells made of multicrystalline silicon
d) galvanized surface of zinc

e) micrograph of acid etched metal highlighting grain
boundaries
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== Diffraction by Polycrystalline Solids

What is a polycrystalline sample?

A polycrystalline solid is an aggregate of a large number of small crystals or grains, called crystallites, arranged in a random
fashion, each having its own regular structure.

Polycrystalline materials are employed in a very wide range of practical applications, and even if a material is obtained in
single crystal form it is often reduced to microcrystal form prior to use.

As a consequence, PXRD is a very important analytical technique in solid state chemistry, heterogeneous catalysis, materials
science, pharmaceutical industry, and so on.

Crystalline

AAAAA

UiO-66
Zrg04(OH),(bdc)g

“Gralns" =
(Differently Oriented Crystals)
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=== Diffraction by Polycrystalline Solids

What does a PXRD pattern tell us?

Counts

2Theta (Coupled TwoThetaTheata) WL=1.54080

The diffraction pattern reflects the nature of the material under investigation, it is like a fingerprint.
Seite 39




=== Diffraction by Polycrystalline Solids

What does a PXRD pattern tell us?

wooo] Peak positions and systematic absences:
] lattice parameters, symmetry and space

group

Counts

e S S

T
Lo O

|
&0
2Theta (Coupled TwoThetaTheata) WL=1.54080
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(== Diffraction by Polycrystalline Solids

The process of indexing consists in the attribution of Miller indices (hkl) to every observed Bragg peak, i.e. the
determination of the lattice parameters.

It is basically a trial-and-error computational procedure which requires the position of at least 20 reflections as an input and
the definition by the user of some parameters (symmetry, max cell axes length and angles, max volume) to narrow the
search for a unit cell that can predict the correct Miller indices.

The goodness of the indexing procedure can be estimated by various figures of merit.

A = 14.756830 .015568 A ALFA = 90.000000 .000000 DEG
B = 8.845984 .004741 A BETA = 97.522960 .067834 DEG

C = 8.867941 .005909 A GAMMA = 90.000000 .000000 DEG

UNIT CELL VOLUME = 1147.65 A**3
H K L SST-OBS SST-CALC DELTA RTH-OBS||2TH-CALC| D-OBS FREE PARAM.
0 1 0 .007583 9.991
0 0 1 .007678 .007677 .000001 | 10.054|| 10.053 | 8.7910 5
1 1L 0 .010385 .010355 .000030 | 11.698|| 11.681 | 7.5588 14
2 0 0 .010995 .011089 -.000094 | 12.038|| 12.090 | 7.3463 62
0 i 1 .015284 .015260 .000024 | 14.203|| 14.192 | 6.2308 51
-2 0 1 .016346 .016350 -.000004 | 14.691|| 14.693 | 6.0249 33
=il 1 1 .016846 .016824 .000022 | 14.915|| 14.905 | 5.9349 12
2 i 0 .018626 .018672 -.000046 | 15.688|| 15.708 | 5.6442 20
1 il 1 .019244 .019240 .000004 | 15.948|| 15.946 | 5.5528 5
2 0 1 .021124 .021182 -.000058 | 16.714|| 16.737 |5.3000 2
=2 1L 1 .023927 .023933 -.000006 | 17.797|| 17.799 | 4.9798 86
2 1L 1 .028644 .028765 -.000120 | 19.488|| 19.529 |4.5514 85
0 2 0 .030390 .030331 .000059 | 20.079|| 20.059 | 4.4187 44
0 0 2 .030711 .030707 .000004 | 20.186|| 20.185 | 4.3955 55
1 2 0 .033097 .033103 -.000006 | 20.964|| 20.966 | 4.2341 7
-2 0 2 .036966 .036965 .000001 | 22.170|| 22.170 | 4.0064 100
0 2 1 .037993 .038008 -.000014 | 22.480|| 22.484 | 3.9519 12
=i, i, 2 .038657 .038647 .000010 | 22.678|| 22.675 | 3.9178 12
1 2 1 .041934 .041988 -.000054 | 23.633|| 23.648 | 3.7616 77
3 il 1 .043979 .043834 .000145 | 24.211|| 24.170 | 3.6731 85
2 0 2 .046504 .046629 -.000125 | 24.907]| 24.941 | 3.5720 22
-2 2 1 .046681 24.955

NUMBER OF OBS. LINES = 20 NUMBER OF CALC. LINES = 22
M( 20)= 16 AV.EPS.= .0000414 ; F 20 = 37.( .01503s, 36)

U LINES ARE UNINDEXED

The typical output of the program TREOR.
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(== Diffraction by Polycrystalline Solids

Once the most probable unit cell has been found, analysis of the systematic absences of classes of reflections allows to
identify if specific reflection conditions apply.

Systematic absences derive from the existence of particular symmetry operations inside the cell, which define the
space group.

Measured reflactions  Cel pararmeters | Refl Selection | Celefinement | _

B 154157 @KeyhnamJ Fle B ElysflreflleJ Best Gioup J Angulartolerance (%) | 0.150 Fm3m No. 225 ‘1‘1;,
BL=| S0t T e Symmetry Operators Reflection Conditions ¢
260 [ 5173 ol parametets alulated diagram

ey (|| . lxy,2 ! (general)
= IS i 2 x,y,2 2 (x,0,0) hkl: h+k,h+ 1L k+1=2n

2001103700 8527 R
02 2| 7.3327| 12070 3x%y,2 2 (0,y,0) Okl : k,l=2n
31162533 14163
2722|5887 14797 4 X,z 2 (0,0,2) hOl: h,1=2n
;103 i;g:]“ };:;3; 52.x%y 3% (x, x, x) hk0: h k=2n
02 4| 4637 13138 6 zZ.%X,y 3% (x, X, X) hhl: h+1=2n
22 4| 42355 20984
e 72,%y 3" (x, x, X) hih: h+k=2n
333 39974 22273 8 Z.xy 3 (% X, x) hkk: h+k=2n
04 4] 36663| 24277 | - )
Moot sk el [ 9 vy,z,x 37 (x,x,x) h00: h=2n

10 y,z,x 37 (x, X, X) 0k0 : k=2n

Il y,z.x 37 (X, x X 00/: I=2n

Obzerved profile: Uid-PS1.RD) _

12 y,z,x 37 (%, x, x) Okk : k=2n

13 x,z,y 4% (x,0,0) hOh: h=2n

14 x,z,y 4" (x,0,0) hhO: h=2n

A,Aﬁ\]\, B> xzy 2 Oy
e ‘ s ‘ ’su ‘ e ‘ zar ‘ H TJD ‘ ‘ a‘aﬂ ‘ H ‘hu ‘ 47’: m 16 x.z.y 2 0.5y (more)
IC slculated reflections
| “e 20 =g ] 'k:l‘ - % @ ﬂ Click and drag arectangle to "Zoom" and on the "Z- " buttor to "Unzoom”

The pattern of the metal-organic framework UiO-66 is indexed by a cubic cell with a = 20.74 A. Analysis of the
systematic absences performed with the program Chekcell suggests that the most probable space group is Fm-3m.
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=]

Diffraction by Polycrystalline Solids

Once the most probable unit cell has been found, analysis of the systematic absences of classes of reflections allows to

identify if specific reflection conditions apply.

Systematic absences derive from the existence of particular symmetry operations inside the cell, which define the

space group.

Chekeell (11/01/04) - — - - [ [ 1 [t ]
File Erase About Exit
Cuntsrit valuss Measured reflections ~ Cell parameters | Fief Selection | Cel refinement |
A=|154187
~ & Keybuardl File: Crysfire NEI Eest Group J Angular tolerance () | 0.150
261 | s00 |
280 -] =173 Cal parameters Calulsted diagram
System & [2074
& e [+ o 2T -
+ b7 20010 27
i o [mm ||| 02 2 737 12070
i o 22 2| 53871 14797
& 40 0] 5.1850) 17.102
B 02 4| 45375 19138
vy B0 |[ZZ¢ 473 g
save ||| %0 4] 36663 | 24277 fl
I 3 513 35057 25.407
Fiaw diagram N Y T
File: Li0-PSLRD | B tond 244 34567 25774
Sample; * Cale. ||| 0 2| 22793] 27.194
anode: [Eu 2 Evmim 622 31267 28549 ~
261 262 + Addro el | Nbofcalo. el 47
i il
Diagram TR
Observed profie: Ui0 PSLAD
50 200

0.0 ‘

|| T

1]

=]
=

R
i

i

’5 0 ‘ 25.F
[Calculated reflections

co 20T m ||| a0 x|

Click and drag arectangle to "Zoowm" and on the "Z- " button to "Unzoom"

Fm3c
Symmetry Operators

L xyz

2 xy,2
3%y,7

4 xy,z
5zxy

6 z,xy

7 z2,%y

8z xy

9 y.2,x
10 y,z,x
11 3,7, x
12 y,z,x
13 x,Z,é+y
14 x,z,'_l,—y
15%7%3-y
16 X,z,é+y

1

2 (x,0,0)
2 (0,y,0)
2 (0,0,z)
3% (%, x, X)
3% (x, X, %)
3" (&, x, X)
3t (%, X, x)
37 (x,x,x)
37 (x,x,x)
37 (%, x,X)
37 (x, x, x)
4 @b
4G5
2, (0,4 =y [0,
2, 0,5+, [0,

il

No. 226 Jt
Reflection Conditions g
(general)
hkl: h+k,h+1Lk+1=2n
Okl : k,1=2n
hOl: h,l=2n
hkO: h,k=2n
hhl: h,l=2n
hkh: h,k=2n
hkk : h,k=2n
h00: h=2n
0k0: k=2n
00/: I=2n
Okl : k=2n
hOh: h=2n
hh0: h=2n

(more)

The pattern of the metal-organic framework UiO-66 is indexed by a cubic cell with a = 20.74 A. Analysis of the
systematic absences performed with the program Chekcell suggests that the most probable space group is Fm-3m.
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Once the most probable unit cell has been found, analysis of the systematic absences of classes of reflections allows to
identify if specific reflection conditions apply.

Systematic absences derive from the existence of particular symmetry operations inside the cell, which define the
space group.

Pm3m No. 221 %
Symmetry Operators Reflection Conditions T4 ¢

L xyz 1 (general)
2 xy,7 2 (x,0,0) No conditions
3xynz 2 (0,50
4 x5,z 2 (0,0,2)
5%,x%y 3% (x, x,x)
67,%y 3" (x, %, %)
7%y 3 (6 x %)
87,xy 3" (%, %, %)
9y, z,x 37 (x, x,x)
10 y, z,x 37 (x,x,X%)
11 y,z,x 37 (x,x,X%)
12 y,z.x 3 (xxx
13 x,7,y 4% (x,0,0)
14 x, 7,y 47 (x,0,0)

J\ 15 %2,y 2 (0,y,y)

T T T T IR A A I T == o e
[Calculated reflections I
W = |« I:‘ z- ﬂ Click and drag a rectangle to "Zoom" and on the "Z-" buttor.to "Urizoom"

The pattern of the metal-organic framework UiO-66 is indexed by a cubic cell with a = 20.74 A. Analysis of the
systematic absences performed with the program Chekcell suggests that the most probable space group is Fm-3m.
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The correctness of the chosen unit cell and space group can be proved by performing a whole powder pattern fitting
(WPPF), a procedure that assumes that the entire powder pattern of a given compound can be modeled on the basis of a
single profile function.
WPPF is an ab initio procedure that does not require a priori knowledge of the crystal structure, it just refines lattice
parameters, zero error, peak width parameters, background parameters, and calculates the peak intensities in order to obtain
a profile function that fits the experimental pattern. If the selected lattice parameters and the space group are wrong, the fitting

will be poor.

There are two approaches to perform WPPF: the Pawley method and the Le Bail method, which mainly differ for the way the
intensities are calculated.

2 i 2 il
Al 24 PYA
2+ AYR v
1 f o - 1 [
) \ 2 /
c o4 N = o4 o
= —— M\ 2 3 ——
£ 36.5 375 385 8 M 36.5 375 385
2 i 2
3 % 3
o (&)
0- 0- -/
4 s
I 1 I | " | B} " m Pmonomomn | . | 1 ‘]l”\ ] IH ‘lllll ‘ I‘l 1] ‘;I |‘u| 1 IIll‘l"lll“:lllllll‘l Ill :L i y
20 40 60 80 100 120 20 40 60 80 100 120
20 () 28 (°)
R3c R3c + Pna2,
R,p = 7.421 R, = 6.373

Counts (arb. units)

‘r 2
2 | FAVA
1 / !
.\
0 —
R
1 36.5 37.5 38.5

P11a
R,p = 6.169
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Both zero error and sample displacement cause a general and constant shift of the pattern towards higher or lower
20 angles.

As the relation between d spacing and 8 is not linear, the same shift at different 26 angles will affect more heavily the
reflections associated to large d spacings.

To get rid of zero error, the instrument must be appropriately calibrated using a reference material (normally Si).

Sample displacement can be limited by a careful preparation of the sample, but it is hard to completely get rid of it.

Example:
B Diikamett | \ = 1.54056 A: Shift = +0.1°
|
i | 20=5°0=25° d=MN2sind = 17.66 A
LAAA 20=5.1°,0=255° d = N2sinf = 17.32 A
0 mm Error = 0.34 A

ol | .
A A o 2= 50°, 8= 25°. d = N2sin = 1.823 A
‘ 20=50.1°,0=25.05°, d = M2sinB