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Crystallography
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DUNE AFPLICATION [ES PRISCIPES DE CETTE SCIENCE
A LA DETERMINATION DES FSPECES MINERALES,

Crystallography is the scientific study of crystals, the branch of
science concerned with the structure and properties of crystals
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Crystallography

Schonflies Fedorov

Lorsque certaines causes produisent certains effets, les
éléments de symétrie des causes doivent se retrouver
dans les effets produits.

Lorsque certains effets revélent une certaine
dissymétrie, cette dysymmeétrie doit se retrouver dans
les causes qui leur ont donnée naissance.

La réciproque de ces deux propositions n'est pas vraie,
au moins pratiquement, c’est-d-dire que les effets
produits peuvent étre plus symétriques que les causes.
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=» The Symmetry of the Crystal reflects the Symmetry of the Property
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Bravais Lattices and Crystal Systems

Crystal System # of Point # of Bravais  # of Space Groups i ¢ €
Groups Lattices

Triclinic 2 1 2

Monoclinic 3 2 13

Orthorombic 3 4 59 P I F s

Tetragonal 7 2 68

Rhombohedral 5 1 25

Hexagonal 7 1 27

Cubic 5 2 36 P 1

Total 32 14 230 Po—o! To, of
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Limited Number of Symmetry
‘Ideal’ Crystal: repetition of Unit cell

Crystallography

Unit Cell: Metrics & Nature of the Atoms

C. Martineau & F. Taulelle 3
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Crystallography by X-ray Diffraction

M ax vou LaUE

Concerning the detection of X-ray interferences

MNobel Lechure, November 12, 1915

Fig,. 3.
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Single-Crystal Diffraction

L. B. McCusker, ETH Zurich

C. Martineau & F. Taulelle http://www.crystal.mat.ethz.ch 5
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Powder Diffraction

L. B. McCusker, ETH Zurich
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Powder Diffraction

L. B. McCusker, ETH Zurich
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Powder: Millions of randomly oriented crystallites
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L. B. McCusker, ETH Zurich
C. Martineau & F. Taulelle http://www.crystal.mat.ethz.ch
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Diffraction of an ‘ideal’ powder

20
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L. B. McCusker, ETH Zurich
http://www.crystal.mat.ethz.ch
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The Overlap Problem

L. B. McCusker, ETH Zurich

C. Martineau & F. Taulelle http://www.crystal.mat.ethz.ch 10

Strategies: Diffraction Crystallography

Patterson
Direct Methods
Direct Space Methods

Indexing
Line Extinction

Unit Cell Parameters Unit Cell content
Space Group Integrant Unit
\ Y J Rietveld
Structural Model —— Refinement

Diffraction Problems: ‘

- Overlap problem, Intensity measurement Structure
- Detection of extinctions, Space Group selection
- Electron density contrast

- Non periodicity, Dynamics

C. Martineau & F. Taulelle 11
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Strategies: NMR Crystallography

Indexin Patterson
Line Exgnc tion Direct Methods
Direct Space Methods

Crystallochemical Formula NMR connectivity
Distance Measurements
Unit Cell Parameters Unit Cell content

Space Group Integrant Unit

‘ Y ‘ Rietveld
NMR parameters
Structural Model —_— Refinement

Rules to describe periodic and non-periodic sub-networks

-

Structure

=>» Generalized Crystallography (Mackay, J. Mol. Struct. 1995, Struct. Chem. 1995... )

C. Martineau & F. Taulelle

Strategies: NMR Crystallography

Indexin Patterson
Line Exgnct'ion Direct Methods
Direct Space Methods

Crystallochemical Formula NMR connectivity
Distance Measurements

Unit Cell Parameters Unit Cell content

Space Group Integrant Unit
J .
Y Rietveld
NMR parameters
Structural Model _— Refinement

Rules to describe periodic and non-periodic sub-networks

-

Structure

=>» Generalized Crystallography (Mackay, J. Mol. Struct. 1995, Struct. Chem. 1995...)

C. Martineau & F. Taulelle
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Space Group Selection

Martineau et al. Inorg Chem. 50 (2011) 2644

Jal oxp.
| ]l cal.
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i —
5 10 15 20 25
20 (%)

TEM (CEMHTI — Orléans)

X-Ray
Synchrotron source (11BM — USA)

Observed reflections condition hkl = 2n

=>» | lattice with 8 possible space groups:

14, I-4, 14/m, 1422, IAmm, I14/mmm, I-4m2, I-42m

C. Martineau & F. Taulelle 13
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Space Group Selection
14/"1 Cfp, 4/m Tetragonal § ) NP
Generators selected (1) ¢(1,0,0) #(0.1,0): ¢[00, 1) ¢(5,5,:): (2): (3): (3)
No. 87 14/m Patterson symmetcy 14/m Positions
Muliplicity, Coordnates
- . . Wychoff lotier, R
|5\ @ o Sike symmetry (0,00)+ (z,3,:)+
¢ "6‘, ¢ [0 ] 0 16 11 Mg @192 3) 952 @ xnz
|4 ! = & S @S9 6y Ly (M4 (8) 9,50
$ o ' e
] § 6 7l
o oo o L Lo [
=) & 8 & m.. Y0 19,0 9,50 %1.0
8 p 2.. 0,;,2 00z 058 102
International Tables of Crystallography — Vol. A 8 s 1 BP0 4D b
4 ¢ 4. 0,0.7 00,2
4 . 0L L0
4 ¢ 2fm.. 0,4.0 1,00
- Possible Multiplicities of a SG (1,2,3,4,6,8,12,16,24,48)| * * *=- %
2 @ 4/m.. 0,0.0

- Wyckoff Spectrum: Number of Sites for each multiplicity

e.g. (0,2,0,3,0,3,0,1,0,0) for 14/m

- Crystallochemical Formula (shubnikov, 1922): splits each atom type into its inequivalent
crystallographic sites and associates the multiplicity

F. Taulelle, Solid State Sci., 6 (2004) 1053

Possible SG if the crystallochemical formula can
be embedded in the Wyckoff Spectrum

C. Martineau & F. Taulelle
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Crystallochemical Formula

19F s BagAl;F
= 5
WA 54 Kz z=4 - 8 F lines of relative ratio: 1:1:4:4:4:8:8:8
(38 eq)
Rec. H /L
\/
40 0 -40 -80 -120 -160 -200
*°F frequency (ppm) Crystallochemical formula
Ba20(Al4AI8)(F2F2F8F8F8F16F16F16)
27A|
Bo=11.7T
MAS 30 kHz
2

T —

50 0 -50
27Al frequency (ppm)

-100

- 2 Al lines of relative ratio 1:2

C. Martineau & F. Taulelle
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Space Group Selection
19F e Ba Al;F 4
= 5
WA 54 Kz 7=14 - 8 F lines of relative ratio: 1:1:4:4:4:8:8:8
(38 eq)

Rec. J k /L

20 0 w0 0 D0 qe0 200

19F frequency (ppm) Crystallochemical formula
Ba20(AI4AI8)(F2F2F8F8F8F16F16F16)

27A|

By=1.7T

MAS 30 kHz

\/
Required Wyckoff Spectrum (0, 2,1,0,4,0,3,0,0)
\/
14/m
50 0 -50 -100
27Al frequency (ppm)

C. Martineau & F. Taulelle 15
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Strategies

Patterson
Direct Methods
Direct Space Methods

Indexing
Line Extinction

Crystallochemical Formula NMR connectivity

Distance Measurements

Unit Cell Parameters Unit Cell content
Space Group Integrant Unit

Y Rietveld

NMR parameters

Structural Model Refinement

-

Structure

C. Martineau & F. Taulelle

Rietveld Refinement

Starting model for Ba:Al;F 4
Rietveld Refinement

14/m (n287)

a=14.576 A, c=7.460A,2=4
Ryp = 7-4%, Ryrags = 4.1%
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Validation and optimization of a model: DFT Calculations

Comparison between experimental and calculated NMR parameters

- Determination of the 2’Al parameters: §,,,, Co, Mg

Al

A\

Bo=11.7T

MAS 12 kHz A
IF-SPINALdec. e Exo. MAS 30 kHz
Rec. l | l | | I I |

400 300 200 100 O -100 -200 -300 -400 50 0 -50 -100
27Al frequency (kHz) 27Al frequency (ppm)

U Co Ny
(ppm)  (MH2)

2505 19(1)  08(1)
1005 1131 0001

C. Martineau & F. Taulelle 18

Ba:Al,F,4: Validation and optimization of the model

DFT calculation of 27Al EFGs : NMR CASTEP (Segall, Pickard et al. , J. Phys.: Condens. Matter, 2001)

Calculated EFGs very sensitive to the precision of the atomic position
=» Geometry optimization necessary for structure resolved from powder X-ray

diffraction data

Experimental Calculated Calculated
SPD structure Geometry optimized structure
6150 CQ ﬂQ 5150u CQh nQ 5isou CQh nQ
(ppm) (MHz) (ppm)  (MHz) (ppm)  (MHz)
All | -2.5(0.5) 1.9(1) 0.8(1) 4.6 -1.8 2.30 0.79
Al2 | -1.0005) 11.3(1)  0.0(1) -0.5 11.21 0 2.4 10.69 0

- Deviation from the experimental values for All

Martineau et al. Inorg Chem. 50 (2011) 2644

C. Martineau & F. Taulelle 19
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Ba Al,F,,: Validation and optimization of the model

DFT calculation of 27Al EFGs : NMR CASTEP (Segall, Pickard et al., J. Phys.: Condens. Matter, 2001)

Calculated EFGs very sensitive to the precision of the atomic position
=>» Geometry optimization necessary for structure resolved from powder X-ray

diffraction data

Experimental Calculated Calculated
SPD structure Geometry optimized structure
S, CQ Mo 8" CQb Mo 8" CQb Mo
(ppm) (MHz) (ppm)  (MHz) (ppm)  (MHz)
All | -2.5(0.5) 1.9(1) 0.8(1) 4.6 =742 0.44 -1.8
Al2 | -1.005)  11.3(1)  0.0(1) -0.5 11.21 0 24 10.69 0

Closer after G. O. =» more accurate location of the F atoms around All

C. Martineau & F. Taulelle 20

Ba Al,F,,: Validation and optimization of the model

DFT calculation of 1F §,..;: NMR CASTEP

Zheng et al., J. Phys. Chem. C 113 (2009) 15018

By =7 T, MAS 54 kHz
8

Bisorexp = - 0-83 Bigo car ~17.6, With R? = 0.999

50 1

-50 1

-100

-150 1

Calc. "°F isotropic chemical shift (ppm)

-150 -100 -50 0 50
Exp. '°F isotropic chemical shift (ppm)

40 0 -40 -80 -120 -160 -200
19F frequency (ppm)

=>» Incorrect sorting of the F atoms

C. Martineau & F. Taulelle 21
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Ba:Al,F,4: Validation and optimization of the model

DFT calculation of 1°F §,: NMR CASTEP

Zheng et al., J. Phys. Chem. C 113 (2009) 15018

Bo= 7T, MAS 54 kHz 5 Sisoexp = - 0.83 Bigo ca -17.6, With R2 = 0.999

iso,exp —

[$1]
o

o

o
S

N
o
[S]

N
o
o

Calc. '9F isotropic chemical shift (ppm)

-150 -100 -50 0 50
Exp. '9F isotropic chemical shift (ppm)

40 0 -40 -80 -120 -160 -200
19F frequency (ppm)

=> corrected after structure optimization - Validation of the structure

- Full assignment of the 1°F NMR Spectrum

C. Martineau & F. Taulelle 22
Strategies
Indexin Patterson
g Direct Methods

Line Extincti '
Ine Extinction Direct Space Methods

Crystallochemical Formula NMR connectivity
Distance Measurements
Unit Cell Parameters Unit Cell content
Space Group Integrant Unit
‘ Y ‘ Rietveld
NMR parameters
Structural Model —_— Refinement

-

Structure

Dynamics, Non-periodic sub-networks

C. Martineau & F. Taulelle 23
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Ba Al,F,4: Anionic Dynamics

B, = 7 T, MAS 54 kHz F1

5 F4

L L L L
0 -20 -40 -60 -80 -100 -120 -140 -160 -180

19F SQ dimension (ppm)

- Broadening and Coalescence of some F lines

=> Rigid Framework + Dynamic Sub-network

C. Martineau & F. Taulelle
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BaAl;F,4: Anionic Dynamics

T =28°C F2.F1 T =90°C F1
F3 B
F6
6
F5F4, 8 F7 F8 F7
¥ T
-160 -160
E £
g g
—-120 £.120 f _________
> > | F-------=-=
D
4 1 1
Eg-so g-so : : i
& & i i
¥ 40 ¥ g0f 0 i’
1 1y
1 1y
L]
0 o pf~ """ -
-40 -80 -120 -160 0 -40 -80 -120 -160
19F frequency (ppm) "°F frequency (ppm)
B, =7 T, MAS 54 kHz
F1 F1
F3 B
F6
6
F5 F4 s F7 F8 F7
-160 B -160 ®---A
1
£ 7 E @A
&120 Q—-@ &.120 F ---------- P4
c h . c | F----=-—==-=-- o
'% ! '% 1 : |
] T 50 ! b
£ ! o £ 1 '
© : : : i © | : 1
1
G a0} oo 3 4l ! '’
w ! Lo w 1 [
2 ' Lo ) | e
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0 -40  -80 -120 -160
19F SQ dimension (ppm)

0 -40  -80 -120 -160
19F SQ dimension (ppm)

EXSY

Chemical Exchange

2D NMR

DQ-SQ

Homonuclear dipolar interaction

C. Martineau & F. Taulelle
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Ba Al,;F,4: Exchange Spectroscopy

T=28C F2,F1
F3
F6 F5F4
A / \ F8 F7
¥
160
- P
/
5'120 / \
3 | AR |
_ /
S _80 \ 4 ﬁ/
> N /
&) \~’/
& 40
0

0 40 -80 -120 -160
19F frequency (ppm)

By =7 T, MAS 54 kHz
tmix = 2 MS

Reorientation of the Al1F, octahedra

C. Martineau & F. Taulelle 26
Ba:Al,F,4: Dipolar DQ-SQ
T=28C F2,F1 F1
F3 B
Fé F5F4
F8 F7 F8 F7
-160 @ BG4y ¢ Cypuy'Py" A Sy N
| 3 1 1
3 o / 1
_‘ | N2
~ | A e e e — - I
g 120 5’ ''''''''''''''''''''''' % ﬁ b v Q“@ /
‘% ’_ ____________ "y Q_ ________________ |_\' 7
5 -: 1 H :\__,/
2 -80 fommmmmomees L [
o ! Y .
g : : 1 ::' f :
S ! b o
3 40| by .
w ! ooy i
2 : pooa [
o | grmmmmmeee o-L-ob S
0 40 -80 12 40  -80  -120  -160
19F SQ dimension (ppm) 9F SQ dimension (ppm)
Mobile Fluorine atoms are filtered out by the Dipolar Filter
C. Martineau & F. Taulelle 27
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Conclusions

Determination of the

Structural Model ‘ Validation of the Model

Optimization of the

Atomic Positions

NMR Crystallography

TEM, XRD, NMR, DFT calculations...

Life of the Fluorine sub-networks:

- Reorientation and Chemical Exchange

‘Diffraction’ resolution vs ‘NMR’ resolution

Bouchevreau, Martineau, Taulelle et al. submitted
Layered Aluminophosphate

NM m
Synchrotron Diffraction Crystallography: 1 Building Unit

TH/27Al dec.
3 6 9 2 15 18 21 l ; i l g i i : i

31P dimension (ppm)

NMR Crystallography: 3 Building Units

- X-ray diffraction and 3'"P MAS NMR spectrum =» ‘Average’ Structural Model
- Higher-resolution of the 3'P MAS NMR spectrum under multiple-resonance decoupling
=> higher-resolution structural description

C. Martineau & F. Taulelle 29
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