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XAFS Is cal sensitivechemical selectivprobe
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XAFS is lacal sensitivechemical selectivprobe

which can providestructural, electronicand even
magneticinformationabouotspecific elements
(absorbers)

A Applicableto materialsin any aggregationstate: gas, liquid, solid,
singlecrystals powders,amorphous hanostructuresetc....

AMeasurablefrom bulk to the highest diluted samples(micro- and
nano-molar)

AVersatile (bulk, surfaces, layered structures, quantum structures
etc...)

A (relatively) simpleexperimentalset-up and easydatacollection
A Fast(min) and ultrafast (ps) datacollection

A Directionalsensitivity (polarizedXAS)structuralanisotropy

A ElementselectiveMagneticstate sensitive(XMCD



XANESeqion

A lack of an analytical ;

expression

A long computation time

A Good theoreticians

and data analysis skills
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EXAF$egion simple analytical formulauited for data fitting anakasystructural
refinement
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Advantagesof XANE®ased probes

Compared to EXAFS

i XANES signalliggherthan EXAFS 171 .
i Weaker damping due tstructural disorder | |
U Restrictedenergy range K |
U Simpler/faster data collection
U sensitive to el —

(i Electronic structurgempty D0S) e ST

U symmetry of the coordination geometry

s

/]

core localized | continuum
level states
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XANES signal Is dense of electronic, structural and
magnetic and information

,)&( Al\el,\\llszsser?slictlicsl ItolSdaSth[aLr(ztrz:lgseti,l;:';:??n’fl Seii(fl\i:jlsbeam intensity AANES BT
A can be measured oless concentratedamples, m
A can be measurethsterthan EXAFS (time resolved experiments) A lack of an analytical
expression
Damping of XANES signal due to structural disorder is weak: A | e
ong computation time

A Extreme conditions experiments: HighHighP, HighH....

Electronic structuredoS and structural topology
A XANES features are especially sensitive tostiience statecoordination chemistryligand

symmetryof the absorber. : :
A Can be used dingerprintfor chemical speciation in mixturesd inhomogeneous systemsE @A\ | =he) Slgnal IS prone ftt

Restricted energy range around the edge: (relatively) sSimple
A Measurements at low energies (Si, S, Cl, ...) interpretaﬁon for
A Fast data collection (time resolved XAS)

A XANES Microprobes (mapping) with satzrometerresolution

A Good theoreticians and data

(relatively) easy and fast
(semt)quantitative analysi:

Chemical selective Magnetic information

A X ray Magnetic Circular Dichroism (XMCD) signaléteament specifiprobe for magnetism

A Sum rules atlsedges allow distinguishing orbital and spin contributions to the magnetic moment gftb®absorber
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XANES signal is prone to

Deeper into the XANES region et s

interpretation for
(relatively) easy and fast

(semi-)quantitative analysis
5 14
8 Fe K edges:
4 representative
< XANES Fe in
® complexes
EO N 0.7 - R. Sarangi, Coord. Chem.
E 7110 7114 7118 Rev.25745%472 (2013)
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XANE$eaturesare strongly related to the Edge positiordepends on thexidation
coordinationchemistry& geometry. state of the absorber

Number, kKind and symmetryof the ligands
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XANES regions

post—edge

pre—edge
Ba,TiO,
K,TiSizOq

/" Abs. [arb.un]

Pre-edge..

1

05

caused by electronic transitions to

empty bound stateqear the
Fermi level.

Edge E)

Postedge (XANES)

full multiple scattering(FM9

electronic state and local
the onset ofcontinuous states

coordination geometry

around the absorber
E, is a function of the absorber oxidation state.
It may increase by several eV per oxidation unit
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Early research

The Preedge region

U Below the ionization continuum,
transitions to bound states occur

U Each transition has a defined
lines shapaletermined by the
core-hole lifetime(orentzian
convoluted with the xay energy
resolution Gaussiah

ux (arb.u.)

'Ar

ux (arb.u.)

K edge
32 3204
1 1 1 ] T Ed]ge: T ]
E, =3205.9 eV

core level

Rydberg states

continuum

"3.208 E (keV)

E-E, (eV)

Experiment

L. G. Parratt,
Phys. Rev. 56, 295 (1939)

Energy resolution ~ 0.6 eV

Interpretation:

- Rydberg levels
- edge to continuum




The Preedge region

post—edge

electronic transitions to
empty bound stateear
the Fermi level.

Ba,TiO,
K,TiSi;0q

Abs. [arb.un.]

XANES signal is complementary
to the XP$ probing the
occupied density of states.

. Empty state
. density

core localized continuum
level states

(0)
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Kpre-edgesin 3d metal oxides:
Intensityvsempty electronic states

Example:

. 1.0 V/5+ Pseudo Tetrahedral Metal Complexes M(B(3-isopropyl-pyrazol-1-yl)4)2
ot (o 7+ )
g L M Intensity of the pre-
¥ o8d Crss edge decreases
o °7 .. filling the d states
= 0.6 ' F
d 0
@ Ti™ . o+
= O
o 04 -
g MI"I2+ F93+
= .
£ D2r > Fal+ -
2 o 5

0.0 1 I 1 I 1 I 1 T g

0 1 2 3 4 o G 7 a8 9
Number of 3d electron

Preedge features are caused by electronic

transitions (nainly dipole) to empty states // ~ .
7 | -

A 4

close to the Fermi level. 7

-

core localized continuum
level states
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Fe K edges

In minerals
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M Wilke F Faraes et al American Mineralosist. Volume 86, pages 714730, 2001

(b)

TiK edge spectra ifit* compounds
(a)

(c)

i

normalized
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3023.
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Fe K pre-edge may be different as a

function of

Fe oxidation state and

coordination number

Ti K pre-edge peak in 4-, 5- and 6-
fold coordinated Ti4* compounds

have different shape



Preedge features come from transitions to bound
electronic levels below the continuum threshold

The XANES features of thkame

Ti K edge lons, even in thesame oxidation Cu K edge
state, may behavedifferentlyin = 12
%&?\\ RAFTFSNBY UG O2YL
S L X ba | Fdzy OGIRf

Abs. [arb.un.]

y e absorberoxidation state
ShaN andcoordination geometry
ol /T ; TheXANES features are

ahidd fingerprints for specific 8670 8980  89%0 9000 901

0.40 |-

Normalized Ab

Energy (eV
CO m po u n d S R. Sarangi, Coord. Chem. Ra8i7 459472 (2013) gy ( )

tttttt
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pre-edge featuregre examples)

data normalization and background a 2N <Fe(ll)
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The Iron case: the average valence and coordination
chemistry from the predge peak shape/positio

n Mineralogisi, Volume 86, pages 714730, 2001
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Oxidation state and coordination of Fe in minerals: An Fe K-XANES spectroscopic study

MAX WILKE,"* FRANCOIS FARGES,'? PIERRE-EMMANUEL PETIT,’ GORDON E. BROWN JR., AND
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The case of Fe metallo-proteins Ibuproferwarfarin
iInduce V to VI Fe coordination transition in HSA
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HumanSerumAlbumin

OPEN & ACCESS Frealy available online @PLOS | one

The Five-To-Six-Coordination Transition of Ferric Human
Serum Heme-Albumin Is Allosterically-Modulated by
Ibuprofen and Warfarin: A Combined XAS and MD Study

Carlo Meneghini'®, Loris Leboffe’?”, Monica Bionducci’, Gabriella Fanali®, Massimiliano Meli®,
Giorgio Colombo®, Mauro Fasano®, Paolo Ascenzi®**, Settimio Mobilio’
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Fe inarchaearnrocks

reference samples with different
Fe3* over total Fe (S-e) content

a Fad+/SFa

— T T T T
7,100 7,150 7,200 7.250

Spectral components of
reference samples

e
7,108 7.110 7.115 7.120
Energy (e\)

Andrew J. Berry

Vol 455 |16 October 2008 |doi:10.1038/ nature07377
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Secale:
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komatiite as

high mantle temperatures (~1,700 °C),

rather ths

melting under hydrous conditions (3-5-wt% water), confirn

the existence of anomalously| hot mantle in the Archaean era.




Ti:the averagevalenceand coordinationchemistry

¥ Ti4+ CsAITIO "
-é [4]
3 Rb,TI0, 5 = 14 Tid+
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X @ndVanadium

New Methodological Approach for the Vanadium K-Edge X-ray Absorption Near-Edge

Normalized Absorption (arb. units)
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calculated

(©
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J. Phys. Chem. B 2007, 111, 51015110

5101

Structure Interpretation: Application to the Speciation of Vanadium in Oxide Phases from

Steel Slag

Perrine Chaurand,”' Jérome Rose,” Valérie Briois,* Murielle Salome,® Olivier Proux.
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Pre-edge peak intensity
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éd@ of 3dnetal oxides: therigin of the pre-edgefeatures

JM_.andM edges But . :
g I g A _:::::::‘::_3d<_\ &
M and M edges Thesare 33 Y
—_ _— -_— —_ -_ —————————————————— -_—_—__ 3P E ez+ .
M, edge ; 3d States S 7? Gt N G b,
“r-r1-"r--"-"-"="-="=="="""7 - T T 1 Il Il Il 1 L 1 1 1
0 1 2 8 4 5 & 7 8 9 10
Number of 3d electron
L, edge
------------- - - —2p (32
L, edze
J4-L-_ - _____ - Ip I=12)
L, edge
B EEEEEEEE LR [~ = = — i
; Ti v Cr Mn
TiO, (anatase) MnO
K edge Ti
---------------- — : Mn Fe
KMnO, - [Fe(OCyoH13)al
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K edge + dipole selection rulesi © 1 transitions

crystalline field splitting of d
atomic orbitals

‘@ (quadrupole) 402G (dipole)

d

Hybridization mixeg-d states allowing
for dipole allowed transitions tempty p-
componentof hybridpdlevels

post—edge

Table 1. Lists of imreducible representations and the relating
functions in Ty, Oy, and Dyy point groups

Tq —*i}— E,

p d ¢
Ay P4yt +2
Az 1
E (22— 32 — 2, 32— ) pre—edge
h Ba,TiO,

Abs. [arb.un.]

Ts (xz, yz, xy) K, TiSi;Oq
O —— {) &
d =
P g 056 \

Ag a4yt 422

Azg

Eq (222 — a2 — 2, 22 =) )
T’lg (R,r; Ry; R:)

Ta2g (xz, yz, xy) < i

A'lu

Az () — 1
E. 4.95 5
Tiu (x, i, z) E [KGV]
Tou

Yamamoto X-Ray Spectrom. 2008; 37: 572-584
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pP-d mixing and sensitivity to local
symmetry ofT1Q, units

Off centre displacemenandstretchingof the octahedron
decreases the local symmetry (nroantro-symmetric)
allowingsome degree op-d mixing, this affects the preedge
peaks intensity

ADsorption

Regular TiOg4

1.2 +

0.6 -

0.4+

0.2

0.0

1.0 +
0.8 (6
. ©

T T
SrTiO, P =0 ]

Absorption

4960

5040
16-26.09.2024
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|
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Distorted TiO,

2.00 :
1.75 (b) BaTiO, P=0.7GPa _
off centre Ti 1
1.50 | displacement |
O -
1.25 o Cé 1
1.00
0.75 E
- £
0.50 | e
0.25 |
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Example: hydrostatic pressure reduces TiO, distortions in
BaTiO; and suppress ferroelectricity

0.30
0.25 |- o q -
The decrease of B peak intensity signals the
~ ool reduction of Ti atom displacement.
=
5 sl _ Above 10 GPa Ti must be at the center of a
3 —riaa | regular oxygen octahedron,
< oo pooiem o . . .
“““““ ——r-escea || the hybridization of the Ti 3d electronic states with
0.05 _pre=mera i the 2p electronic states of the surrounding oxygen
— pitecrs || is at the minimum
0.00 \ .
4968 4972 4976 4980
E (eV)
0.16 | ]
_ I BaTiO 3 pre-edge feature B a)
0.14 ® |
|
0.12 :
2
g 010
g
£ 0.08
& o.
E 0.06
|
0.04 . .
[ ' ]
0.02 — e, ] FEurophys. Lett., 74 (4), pp. 7T06-711 (2006)
0 5 10 15 20 DOI: 10.1209/epl/i2006-10020-2 J.P.ltiéetal

P (GPa) 16-26.09.2024



TheEdge region: The edge position
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The chemical shift (edge position) reveals the absorber oxidation state....

25
Ca,Cr. O
20+ Ca_Cr.0.
Ca,Cr,0, CaCrO,
= 154
2]
Higher the oxidation state L_!L__Ju" - - Cr K edge
20 Higher the edge energy 1
7105 7110 7115 7120 7125 7130 TL35 7140 T145 7150 0 ¢ Cr metal
E(eV) T
+
Fe 1) destabilizes the antibonding
(empty) levels
Fe 4’9*/___
_ e
"//’——"’—‘—’ o o o o 1 . . . .l'l;
pL S B - Raising the oxidation Ca, o0, 1 A s
T T 1 f |
I state shortens the wcro. I / [
3 [N E———— IR |
bond length ! -*’IHI N
E
E ° ‘ CaCr0), _J;'I \/
0 T L B T ¥ L | L T ¥
i 200 -0 0 10 20 30 40 50
s 2) decreases the screening AE (eV)
T stabilizing the core level
Raising the oxidation state:
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L, ;edge white linesa probe for occupancy of d band in

nd elements (n=3, 4, 5)

L, 5 transitions

Intensity
f
| 7

Cu

g

Energy Loss (1 div = 50 eV)

4d
-

1 zr I- -I 1 |

Intensity

) 1 1
[Krl4d'’5s’
Ag

Energy Loss (1 div = 125 eV)

PHYSICAL REVIEW B

Normalized White-Line Intensity

Normalized White-Line Intensity

VOLUME 47, NUMBER 14

1.0 e s La Lo

B siepatpeak ]
O siep at onsst 4

o8F
0.6

0.4}

0.2}

0.0k i
0 2 4 6 8 10 13

3d QOccupancy (electrons/atom)
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I APRIL 1993-11

White lines and d-electron occupancies for the 3d and 44 transition metals

. H. Pearson,” C. C. Ahn, and B, Fultz
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Examples

Charge transfer in GAu thin film alloys

Pt L, edge white line irPtGe, intermetallic compounds

14
1 2 | Increasing %eGe ]
content  PtGe, ~
5 1O K Pt (Se -I'f . x\ --)':/-'-'--_*;i'-ﬂ-—:"'
e ghIC, e, - i
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L J'I
8 na I — ,./f -
=L -t'l /
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N ogsf Pt ———# J
= |
i {
0 j‘l,-
= 04 £ 4
/
02 A A
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00 _— - _—
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Photon Energy (E-Ej) eV

significant intensity at edge.

Transition is 2p to 5d: Pt d-band full. so “no’
PtGe intermetallics: charge transfer from d-band of Pt to Ge, resulting in

" intensity at edge.

* Use as signature of Pt-Ge intermetallic formation.
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Au Ly edge

CuAu alloy

Au foill ——

e migrate
from AU (more empty states)
to Cu(fewer empty states)

pr——

CuK .ed.ge

CuAu alloy

Cu foil —
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Meneghini et alCorrosioneffectsin
CuAuthin films (unpublished



Edge regionfingerprints ofchemical species

Chemical shift = oxidation state Edge shape = chemical environment

- Organic sulfides Sulfoxides Sulfonates
2483.2 eV +
Ester Sulfate S O
Shoran || mese gy
A8
+] n % Benzyl phenyl sulfide
e o B
2481.7 eV Sulfonate S 75} 1) S BGFIZYI[ 5-Sulfosali-
Inner sulfur of ! - = = sulfoxide cylic acid
2 (R-30, ) 1) o wn
5.0, @15V i) H Dibenzyl sulfide Methion T
e R, = ionine oluene
2480.4 eV # o W sulfoxide sulfonic acid
Sulfone S o —
. §§ (R-SO,R,) it %] '; Thiochroman-4-ol Homocysteic
$0," (2479.1 8V) 1] - _ acid
| ] a (] wn Butyl sulfoxide
P | s 8
" y L-Methionine o
2476.8 eV Sulfoxide S .-9 | = Cysteic acid
{R-SOR,) i el &
I - . _8 - ..E \ Thiols Sulfonium Taurine
2476 2 8V Sulfonium § < e compounds
RER L‘,_',‘ Methane
(RSR) (2 \ sulfonic acid
2474.7 eV Thiophenic 5 | Sulfones
D _f Thiosalicylic acid
/|
. . . . . f
. 4_?"::?{ Sulfidic and 1F ' Homocysteine
Thiolato S Dimethylsulfonium Benzyl
(R-8-R,; R-S-H) B P - propionate sulfone
. - 0 — 1 Glutathione
(] 247336V Di-and poly- 2.47 2.475 2.48 2.48
FoS (2471.3 eV} Sulfidic S : Butyl
~ Outer sulfur of 5,0, (2472.4 eV) R.S.5.R : RS.R E [KeV] L-Cysteine S-Methyl- sulfone
| Fes, (24726 &V) (R-S-S-R,; R-S,-R,) methionine Cl
et - - Elemental sultur @473.1.84). |
2470 2472 |' 2474 2476 2478 2480 2482 | 2484 TN SUTTU U TE
2465 2470 2475 2480 2485 2400 2465 2470 2475 2480 2485 2490 2465 2470 2475 2480 2485 2490
| Energy (V)
Energy (eV)
] 2 4 [

Calibration Scale for XANES-Based Oxidation Levels A, Fairgeamurthy / Spectrockimica Acta Parr A 54 (1908 2009-2007
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reveal chemical species in mixturesm™e, "

i 1 L i L I 1 1 1 I L I L B i L | I i i i

Thisphena 5 Sulfonate S5 ; Data ling

24T4.8 eV, O.L: 1.0 2481.5 eV; 0.1 5.0
X Fit
Sulfide 5 Sulfoxide 5
2473.TeV: 0004 2ATES eV Ol 2.0

Di- & polysulfide S

2472.9 &V; O.1.: 0.1 ' | ) -—-
" - e
/
KO\

alle.

24865 2470 2475 2480 2485 2490
Energy (e\)

A Valrqeamurthy / Spectrockimica Acia Part A 54 (1928 2009-2007

chemical speciation of Sulphur
In humic substances
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Chemical speciation in Natural samples: the problem >

natural sciencesbiology, geology,
? medicine, cultural heritage,

Natural samples are intrinsically OKSYAAauUNE 06Ok Ul f
disordered multiphase, poorly
know compositionchemical species

A Chemical lab: Elemental analysis

........................ A XRD blind to the amorphous phases,
- local disorder, chemical defects,
AN AYy 02dzyRIFI NASaXx

TheXANES features
are fingerprints for
specific compounds

2485 2470 2475 2480 2480
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Analysis of mixtures: Linear Combination Analysis =

(LCA) %@m‘w

TheXANES features are h
fingerprints for specific
compounds

F.Bardelliet al. Geoch & cosmochemacta 2011

As adsorption in Natural Calcite samples

-l
(6]

J

e 2 |\
R* =) " (uP(E;) — p'™(Ey)) . | %
| ‘__-_J F, ...............................
‘.-" As,O5 model for AsY
0 ......_...--"'.-

11840 11860 11880 11900 11920
| atomic fraction of the chemical specie | Energy (eV)

Normalized absorption

(@]
(8]
-

also:Linear Combination Fit (LCF)
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XANESLCAor Catalysis

Momalized Absorption

= 1 T T T F
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Spin Cycloid

16-26.09.2024

Q e
0.3 i Scy 9/
. 16 | /)C@
0 Bll- XLaXFeO3 Lok | s
0.2 9 i P |C /“ e
= | B
5 ° ! s 0t |/
3 | Z L= /| D
5 o | 2 o8 = '
= I q < 0.6 —».;,«//'/’ o
i q\ 0.4 m0t8
. ! \ ¥ 0.1
ﬂlﬂ'? | I .\\. . | 0.2 AB C’!, ’:,:;n
0 20 40 1\5[] 80 100 . — . L =
1 Tl T115 120 T125 T30
BiFeO, X %1La\ LaFeO, E [KeV]
\
\
\
1.4 \
1.2
...‘.‘.‘-.-"‘-t..“‘
1 I
= ! LaFeQ . .-
£ os Lasolution limit
E 0.6 x~0.2
<t .j o
0.4 —
0.2
)
i i [ i [
7110 T130 7150 T170 7190 7210
F [a\/
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:
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O doping with magnetic ions
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magnetoelectric coupling | | | , | | |
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because of lowl{ p P Fe metal

T.Chakraborty C. Meneghini, G. Aquilanti, S. Raphys: CondensMatter 25 (2013) 23600
T.Chakraborty C. Meneghini, G. Aquilanti, S. Ray, AdvafkaetttionaMaterials(2014)
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Special Applications of XANES
spectroscopy: mXANES & mapping

M. Bonnin-Mosbah et al. / Spectrochimica Acta Part B 57 (2002) 711-725

XAS vs XRF s,
XRF= elemental sensitivity ™ aser scanned """“““““‘
XAS= elemental sensitivity + Zone plate

chemical speciation ﬁ;f,y.?é‘l'hn@m copectmiont — j

A
V

Undulator f/ O
Fluorescence

Normalized Absorbance ﬁ‘ﬁ
§ l detector

g NOTE Xray lenses and zone plates work
i In a reduced energy window, therefore the
g EXAFS region is often

- not accessible to

micro and nano probes

I. J.Pickering & G. N. George Proc. XAFS13 conference (2006)
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Anal. Chem. XXXX, 0, 000-000

Characterization of a Degraded Cadmium Yellow
(CdsS) Pigment in an Qil Painting by Means of
Synchrotron Radiation Based X-ray Techniques

Geert Van der Snickt,! Jorls DIk, * Marine Cotte,®' Koen *t Jakub Al
Wout De Noit,' Jasper Groenewegen,? and Luuk Van der Loeft*

| “Still Life with Cabbage™ by James Ensor (ca.1921

XRF SCAN AT 2 4730 keV XRF SCAN AT 3.5427 keV
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Energy Energy
(01) yellow paint in sample, (02) white/transparent globules in sample, (03) CdS, (04) anglesite (PbSQy), (05) 0@4 Meﬁegﬁ | n_} Vale:ﬂ«& @%%mt in the sample, (02) white/transparent globules in the sample, (03) Cd-rich, S- and Pb-poor area inside the yellow
2024 pain o e sam) CdS, (05) CdSOq, (06) hydrated CdSO4, (07) metallic Cd, (08) CdCl, (09) CdO, (10) CdNOsg, (11) Cd formate ((CHO2)oCd), 39

(12) Cd acetate (Cd( CHgCOO)z 2H:0), (13) CdCOs. Right column: Cd chemical mappings obtained by «-XRF scanning near the Cd L edge,
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Revealing new insights into
black stains on the
passepartout of Leonardo da
Vinci's Codex Atlanticus
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Revealing the causes of
darkening of “fake-gold
decorations on medieval
paintings
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Bio-Remediatioror: howto usePlantsand (micre)organismsmployedto regulate
pollutant mobility (i.e. heavy metalsyithin the ecosystems [ i e

XANES
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Chemical Geclogy 477 (2018) 100-111 16-26.09.2024



Bio-Remediatioror: howto usePlantsand (micre)organismsmployedto regulate

pollutant mobillity (i.e. heavy metalsyithin the ecosystems

normalized absorption
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Normalized absorption
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New instruments® new data analysis methods

fast data collectio®

huge datasets
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search for tiny effects
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Principal Component Analysis

Signal
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Principal Component Analysis
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Principal Component Analysis
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