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XAFS is a local sensitive, chemical selective probe which
may provide structural, electronic and even magnetic
details

Subjective (Absorber) view of the local atomic
structure in your sample




XAFS is a local sensitive, chemical selective probe which
may provide structural, electronic and even magnetic
details

Applicable to materials in any aggregation state:
gas, liquid, solid, single crystals, powders,
amorphous, nanostructures, etc....

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

Versatile probe (bulk, surfaces, layered structures,
quantum structures, etc...)

Simple experimental set-up and easy data
collection

Fast (quick XAFS) and ultrafast (dispersive) data
collection

Directional sensitivity (polarized XAS): to probe
structural anisotropy

Element selective Magnetic state sensitive (XMCD)
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Advantages of XANES based probes

XANES signal is stronger than EXAFS

Damping of XANES signal due to structural disorder is weak

Simpler/faster data collection respect to EXAFS

[ XANES

Restricted energy range

EXAFS

Info on: Electronic structure
(empty DoS) and structural
topology
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Applications of XANES spectroscopy

systematically increases
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XANES signal is dense of electronic, structural and
magnetic and information

XANES signal is stronger than EXAFS: XANES theory
- less sensitive to data statistics, sample quality, beam intensity, is comlex

- can be measured on less concentrated samples,
- can be measured faster than EXAFS (time resolved experiments),
- can be measured at low energies (i.e. Carbon, Oxygen, Nitrogen K-edges.

Damping of XANES signal due to structural disorder is weak:
- Applications to extreme condition studies: High T, High P, High H....

Electronic structure (DoS) and structural topology:
- XANES features are specially sensitive to the valence state, coordination chemistry,

ligand symmetry of the absorber. XANES are prone to
- Can be used as fingerprint for chemical speciation in mixtures and inhomogeneous simple interpretation

systems. for simple and fast
(semi-)guantitative

Restricted energy range around the edge: .
analysis

- Measurements at low energies (i.e. Carbon, Oxygen, Nitrogen K-edges)
- Fast data collection (time resolved XAS)
- XANES Microprobes (mapping) with sub-micrometer resolution

Chemical selective Magnetic information

- X ray Magnetic Circular Dichroism (XMCD) signal is an element specific probe for magnetism

- Sum rules at L, ; edges allow distinguishing orbital and spin contributions to the magnetic moment of the Gf\
7
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Deeper insight into the XANES region

Fe K edges:
post—edge representative XANES
AN 5 14 Fe in complexes
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the coordination chemistry & geometry:
number, kind and symmetry of ligands

Absorption Edges (energy position and
shape) definitively depend on the
oxidation state of the absorber 9




Origin of the XANES features

Abs. [arb.un.]

Pre-edge
caused by electronic transitions (mainly dipole
allowed) to empty bound states near the
Fermi level.

Provide information about absorber local
geometry and electronic state around the
absorber: number of neighbours, ligand
symmeftry, valence state
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defines the onset of continuous states (not the Fermi level |)

Edge (E
9 ( ° E, is a function of the absorber oxidation state & binding
geometry. It may also increase by several eV per oxidation unit

Post-edge (XANES)

multiple scattering features (FMS)

The analysis may provide finest details about local
atomic structure and geometry.
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The Pre-edge region

post—edge

K, TiSi;0,

Abs. [arb.umn.]

caused by electronic
transitions (mainly dipole) to
| empty bound states near the
core localized :continuum Fermi level.

level states
£ o)
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K pre-edges 3d metal oxides:
intensity & empty electronic states

Normalized pre-edge peak height

Example:
Pseudo Tetrahedral Metal Complexes M(B(3-isopropyl-pyrazol-1-yl)4)2
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Pre-edge features are caused by electronic transitions (mainly
dipole) to empty states close to the Fermi level.
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K pre-edges 3d metal oxides:

Normalized pre-edge peak height

Example:
Pseudo Tetrahedral Metal Complexes M(B(3-isopropyl-pyrazol-1-yl)4)2

] —
\/5+ -& g ZLO_____,/ _4—_ _I#_ _I#_ ’
- r'\:f” Intensity of the pre- oz\m/’io \ i
__Crf* A o
i edge decreases R s Myt
o g filling the d states .2
O ; 4
_ T o %Zl‘ ’5
0.4%F A,
Mn2+ Fe3+ 4?3 éc%‘
0.2k ) F 2+ + oy
7 Se %02 anz Cuz:-’mz),
0.0 T S R T T S S (R

o
0 1 2 3 4 b 6 7 8 *] 10
Number of 3d electron

TiW TIE X

3+
¢ v or Mn Fe o
e
TiO, (anatase) MnO Fe,0,
/-\.
[\
{ N
3
Mn7+ Fe "




Fe K edges in minerals

normalized absorbance
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Pre-edge features signal the transitions to bound
electronic levels below the continuum threshold

The XANES of the same ions, even
in the same oxidation state, may

behave differently in different
compounds!
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Pre-edge features signal the transitions to bound
electronic levels below the continuum threshold

The XANES of the same ions,

] even in the same oxidation state,
Fo may behave differently in
— different compounds

... depending on oxidation state
and coordination geometry of

Abs. [arb.un.]
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IIIII | I Semi-quantitative approaches:
tttttt - Comparison with model compounds
- Molecular orbital symmetry
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Selection of normalized pre-edge features

data normalization and background

normalized absorbance
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The Iron case: the average valence and coordination

chemistry from the pre-edge peak shape/position
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The case of Fe in metallo-proteins:  Soen,g,
Ibuprofen/warfarin induce V to VI Fe coordination transition in HSA
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Fe in archaean rocks

Geo,oh Vsics

reference samples with different ~ Andrew J. Berry Vol 455[16 October 2008|doi:10.1038/ nature07377
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Titanium: the average valence and coordination
chemistry from the pre-edge peak shape/position
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.... and the Vanadium
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and the Copper...

NORMALIZED ABSORPTION AMPLITUDE
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K edges of 3d metal oxides... origin of the pre-edge peaks

Example:
Pseudo Tetrahedral Metal Complexes M(B(3-isopropyl-pyrazol-1-yl)4)2
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K edge: mainly s -> p transitions

crystalline field splitting of d
atomic orbitals

Iy (quadrupole) ~ 102 I, (dipole) ~
PR
Hybridization mixes p-d'states then T
dipole allowed transitions occur to empty

p-components of hybrid pdlevels

Table 1. Lists of imeducible representations and the relating

post—edge functions in Ty, Oy, and Dyj, point groups
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post—edge

Geometrical origin of pre-edge

pre—edge

peaks in Ti oxides | /\
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p-d mixing and sensitivity to local 3 of f centre
O/

Absorption

symmetry of TiOg units £

Off centre displacement and stretching of the
octahedron decreases the local symmetry (non-
centro-symmetric) allowing some degree of p-d

mixing, this affect the pre-edge peaks intensity
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p-d mixing and sensitivity to local
symmetry of TiOg units

Normalized Absorption
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In perovskite structures [1] the area of
peak A is proportional to the square of
the off center displacement:

A=vyd?/3
for Ti y=11.2-13.6 eV/A

the displacement d contains a static
plus a dynamic contribution:

d2 = d 2 +d2
d
o
o Cé



Example: hydrostatic pressure reduces TiOg distortions in BaTiO,

Absorption (a.u.)

Pre-edge mtensity
=

and suppress ferroelectricity
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The Edge region:
Shape and position
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Edge region: a valuable fingerprint for chemical speciation
(coordination geometry and oxidation state)

Sulphur K edges in organic compounds
having different functionalities

Edge shape = chemical environment Chemical shift = oxidation state
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2476.8 eV
L-Methionine o Sulfoxide S
Cysteic acid (R-SOR,)

3 ; l ) )
Thiols Sulfonium  Taurine 2476.2 eV Sulfonium S
compounds s
Methane neH
sulfonic acid T T v - .
24747 8V 1] Thiophenic S
Sulfones 3 —
Thiosalicylic acid \ k/l

2474 ﬁ\ Y Sulfidic and
Homocysteine 1oV N Thiolato S
Dimethylsulfonium B::Y‘ I\ (R-SR ; R-S-H)
ionate sulfone b
Glutathione prop __._L‘
i) 24733 eV Di-and poly-
FeS (2471.3 eV) Sulfidic S

Butyl

AW I i Outer sulfur of $,0," (2472.4 eV)
sulfone

FeS, (24726 eV) El tal sulfur 2473.1.8\)
T
2470 2472 2474 2476 2478 2480 2482 i 2484

(R-S-8-R;RSR)

Energy (eV) 0 2 4 & @\
Calibration Scale for XANES-Based Oxidation Levels
A Vairacamurthy / Spectrockimica Acta Part A 54 (1998 2009-2017 - ks Ll — R b

L-Cysteine

S-Methyl-
methionine CI

2465 2470 2475 2480 2485 2490 2465 2470 2475 2480 2485 2490 2465 2470 2475 2480 2485 2490 Energy (eV)




Edge region: a valuable fingerprint for chemical

speciation

A A l A .. 'S bk l A A ' A l A il A A l s s A

Sulfonate S
2481.5eV,0.0.:50

Thiophene S _

24748 eV;0.1: 1.0 <———— Data line
X Fit

Sulfide S

24737 eV, 0..:04

Sulfoxide S
24765eV;01.: 20

Di- & polysulfide S l

24729eV;0l.: 01

,“Enetwllms

-
-
»
-
—.

> el
24831 eV, 0L:60
2485 24

Mo\

2470 2475
Energy (eV)

A. Vairacamurthy / Spectrockimica Acta Part A 54 (1998} 2009-2017

chemical speciation of Sulphur in
complex humic substances
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The chemical shift reveals the absorber oxidation state...

“INFLECTION POINT (ev)"

20022 r
20020+

20018 F |

20016 F =

20014

20012

21 2005 20.1 20.15
Photon energy, (keV)

i 18 ,

uooi'+ L6
14
1.2
a 1.0
(.8
0.6
04

7 0.2

-
_- 4s*
—“ - -
- "’
_- -
-~ -
_- -
- _-
p -

1s —L

dp* . —F—

3d- 1

=

Raising the oxidation stat;:

1) shorter bonds (Coulomb)

l

destabilization of antibonding
(empty) levels

2) decreases the screening

stabilization of core level

0.0
7105 7110 7115 T120

s

7125 7130 7135 7140 T145 7150
E(eV)

Higher oxidation state

implies

High energy shift of the

resonances

Oy

32



L, ;.edge white lines: a probe for occupancy of d band

in nd elements (n=3, 4, 5)

Intensity

Intensity

{ 1 1 1 " | 1

Energy Loss (1 div = 50 eV)

41Ej | [KﬁAd1PEﬂ

——""Ag

Energy Loss (1 div = 125 eV)

PHYSICAL REVIEW B

Normalized White-Line Intensity

Normalized White-Line Intensity

-
o

T

0.8

0.6

0.4

0.2

0.0

VOLUME 47, NUMBER 14

LA S N B N A

L2 |

2

4

B AN A RAR AR RR RS RRANSRARAN RARRERRRA]

6

8

B step at peak _-
O step at onset

10

3d Occupancy (electrons/atom)

L}

8

®  slep al peak
O step al onset

10

4d Occupancy (electrons/atom)

I APRIL 1993-11

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

. H. Pearson,® €, C, Ahn, and B, Fultz

ABSORPTION COEFFICIENT

ENERGY
U B R |

Ly EDGE

r

[Xe].4f'* 5d° 6s

Oy
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Example: Pt L, edge white line in Pt,Ge, intermetallic

compounds
Platinum L,-edge XANES: Pt,Ge, Intermetallics
14
1 2 } Increasing %Ge |
content  PtGe,

S 10F N = f:f;-i-!—'
% g P1C - R— N _._q)"f_f-‘fyé-
S I
o0 08 1 _.
< : k' ]
B £/
N oosf Pt——7 y
© b
= - /
B "‘l’
< paf ,’f. “

02} //;’ .

0.0 M . L . 1 A M Z L .

20 -20 -10 0 10 20 30 40

Photon Energy (E-Ej) eV

» Transition is 2p to 5d: Pt d-band full. so “no™ intensity at edge.

» PtGe intermetallics: charge transfer from 4-band of Pt to Ge. resulting in
significant intensity at edge.

* Use as signature of Pt-Ge intermetallic formation.



Example: Charge transfer in Cu-Au thin film alloy

Au Ly edge e migrate from Au
(increasing density of
1.0 | empty states)
to Cu (decreasing
05 - density of empty
';' CuAu alloy states)
2 | L . | A.ll f.OilI L L |
.E. _ Cu K edge
B
= 1.0
0.5 [
CuAu alloy
Cu foil ——
0.0 L
0 20 40 60
E-E, [eV]
Meneghini et al. Corrosion effects in CuAu 6’\

thin films (to be published) 35



Analysis of mixtures: Linear Combination Analysis

f-f'th _ E &j“?'efj
J
2

R =37 (uer () — ™ (Ey))’

i

F. Bardelli et al. Geoch. & cosmochem. acta 2011

—~& adsorption in Natural Calcite samples

-
o

Normalized absorption

As,O5 model for AsV

s amane

11840 11860 11880 11900 11920
Energy (eV)




Analysis of mixtures: Linear Combination Analysis

#th _ Z aj“'r'efj
J

R =37 (e (E) - p™(E))*

i

[001]

Spin Cycloid

W

BiFeO;

0.3
1.6 F /|l
=) Bi,_,La,FeO; o
0.2 Gi I C / 4
— | B
% o | E ! | |// /
E ' B T - D
% 014 i E el | y : ':”‘.‘
= | Q@ <ol -
i q\ 0.4 :zn 10
. | \
nﬂ? |I T \\ T T T | AB (:// '):::
0 20 40 60 80 100 : 7‘/';‘ - 7'}‘
1 110 115 120 125 130
BiFeO, X % La\\ LaFeO, E [KeV]
\
\
\
\
i \/-:,‘
1.2 |
'..‘.-l.lluu‘_-_-h“
1 B
G | LaFeO .
- 3
= 0.8 La solution
&) ..
2 oc Ilml"' X~ 02
<1 O ¥ —
0.4
0.2
QO L T T
i i i i i
7110 7130 7150 7170 7190 7210
E [eV]

Deepti Kothari et a/ 2010 . Phys.: Condens. Matter22 356001
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Advanced materials: looking for magneto-electric coupling

Ferromagnetism: a property of certain materials which
possess a spontaneous maghnetic polarization

Ferroelectricity: a property of certain materials which
possess a spontaneous electric polarization

Magneto-electric coupling: magnetic control of
ferroelectricity and/or electric control of
ferromagnetism may open the way to new
devices

ferroelectric F )
- - Electric

+ = + = polarization

Magnetic
polarization

M




Advanced materials: looking for magneto-electric coupling

BaTiOg.; BaTij g5F€0.0503.5
Idata + I
M fit — ]
12l raron BaTij g5F€0.0503.x5
-SE' 08 -
(a) Cubic: a=b=¢ 2
g sl
7
S 04t
doping with magnetic 5
O ions (Fe) may provide vr s
o some magnetoelectric ot -
COUpllng and Stab|l|ze -"WMWM bbb T T
the ferroelectric phase o2 71I1o 71|20 71|30 71|40 71|50 71|50 71|70 7180
Energy
BaTiO; is :
ferroelectric: off center Large Oxygen vacancies causes the Fe
displacement of Ti4+ ions ions segregating as metallic Fe® phase,
produces a permanent the sample is no more homogeneous at
ebc";ﬁgfgﬁeg‘ T the short range scale, wrong magneto-
electric understanding

Note: XRD can't show Fe

crystalline phase because 1% ~
Of Feo T. Chakraborty, C. Meneghini, G. Aquilanti, S. Ray, J. Phys.: Condens. Matter 25 (2013) 23600

T. Chakraborty, C. Meneghini, G. Aquilanti, S. Ray, Advanced Functional Materials, Submitted




XANES - LCA for Catalysis

a.uU : TTT l TTTT I TrTT I TTTT I LELELEL I TTTT I TTT 3 Fit experilnental data to
. 25F — cav)oice 3 linear combination of
g 20f Cellisufate 3 known reference
g s 2 i compounds qooF T T T T T F
3 f / ] ey
g 10 ;- [ .‘Q
2 o5k / E 80— W —
B hg WOy
0.0'-|||||IllllllIIIIllllllllliIIIlIIIIIIlII g 60_ “’.-'-.'0“_
570 572 5.74 576 578 D -4 Ce(lV)
O —— Ce(Ill)
o 40t
situ reduction of X M
Cey,Zr, 5 oxide Io———— = =
: 20— =
LC-XANES fit
to determine o : | | 1
amount of ' ' .
Ce(III) and 0 200 400 600
1 1 1 1 I
568 570 572 574 575 578 580 582 CC(V) present Temperature, °C
. Photon Energy, keV as function of
Simon R. Bare temperature



Principal component analysis (PCA)

*Determination of molybdenum surface environment of molybdenum/titania catalysts by EXAFS
XANES and PCA. Mikrochimica Acta 109 (1992) 281.

PCA, based on linear algebra e statistical methods, is widely used in pattern recognition problems. Each
reference spectrum (component) represent a vector, the data are reproduced by vectorial sum. The
algorithms automatically determine (statistics) the relevant components (principal) out a given ensamble
and reject the others

2 12—

e s s o Automatic procedure to select
0 WA g S 1.0 WA e . . o
A i At A gy principal components on the basis of
their statistical relevance
:g : 0 Wl S E :  0.422Pd foi
Al NSNS ONE by 008 )P PCA model components
02 0182 pd'C,H'COO‘\‘ 02 0.274 EPE;(NH-) }C:_ L 1 | L . 1 ) d
i ‘ 1.0 4 = Mean L
U'Cz:ﬂ! 24 245 2456 ﬂ"u?‘.ﬁ 244 25 248 = Comp #1
0.8 4 =—— Comp #2 =
E [keV] E [keV] - Comp #3
J.W. Sobczak J. of All. and Comp. 362 (2004) 162 0.6 Comp #4 -

Local structure of a Pd-doped polymer

normalized u(E)

0.4 - -
Warning WL i
- Components maybe not "physical" 0.0 1 =T
- Which standards are required? 024 s
- Which STandqrdS are unphysical? 11880 11900 11920 11940 11960 11980 12000 12020
- Is the final fit reasonable? E(eV)

- Use all the a-priori knowledge on the sample
(physics, chemistry, etc...) (o
- Check carefully the results 41




How to calculate the XANES signal Test the structural models

Fermi Golden Rule

4 ﬁ
o(w) =a — 3 | < U|H;| U > |*6(hw + E; — Ey)

\ wf/T\\\ \

atomi&absorption Ground —
cross section state _ Final photon
Interaction state enerqgy
Hamiltonian

Electric Dipole

o(w)= Y | <y U e Fu; O > |26(E; — E; — hw)

One electron

21/ TN SR < yygle - s > [FO(Ey — E; — hw)

Many body effects




Muffin-Tin approximation

V(r) = Vi + Vir + Vi
Vi(r) = Z-r'ér[f_’— f?j}
J '

I region

ri{f'}}'y"' L =1.m

Only the L=0 is considered: spherical symmetry

K, I 11 region
K | e L e Sibaise
: 1 . S
/"a_‘\\h_ e () == L Sal < oyl ey > PAEy — E, — hw) W = Z B (e Y () -
O7 L
AY = s e B o
Al R e T e —
b=
- 11 regi &
Vi is a spherical avers oglw) = |B“[L]| ‘ R“I:lt,]|.'r,}h,l_rf.’,,J [!,,}Ij ( ]')
It depends to the physi L,L.my m“ -
. 4 Tdfﬂl g = Rogial part of the final EM interaction '.I.'-nlhwl shate
In the extended confinuum scheme V ; P steteatr. (the w.fis  (dipsleapproximation)
to continuum and bound s i scuﬂ:emng lacalizad)
_amplitude -

Selection rales | = 1,+1, 1-1

From the Lippmann-Schwinger equation and using the &reen's theorem:

Bi(L)-t;y G}

D e
Total scattering amplitude

of momentum L at the site i

5:n11gr|ng of waves coming
from neighbour scattering

The scattering amplitude at the site i with any
amplitude of the exciting wave J plus the «
neighbouring sites

| Tyson, Hodgson, Natoli, Benfatto Phys. Rev. 8 465897 (1992)

f

1;;;3".-[L:| —poal_7io T

olw) = Z |B“[La| |{P“t:..)I:..);,,htJ..:'|f?rr.!h.?51.¢[“a}>|
LoLarie g Y
i

ET:,, +1\:"+1 +i

1(. :,,_1\:..-1
._-’ || .,' |I
Atomic part | \ /- |
i i Vi !
1
|
Ty ol = (U: :uJ J”?(hrail)

" By, . e
M= f e () Ry (r)dF

1

1

- 1
ST ri" '|

Rarial dipele matrix element, the
integral Just inside the MT volume
die to the localization of the w.f

‘Jrf The dipole alfowed transition
lox1 po

| |
Xi =

(20 +1) -111

m

Z S Tfm Im

O TY N 1 Jo00
exact solution TLL' = (1 = T.G) " Tol7y,

Structural part

AF-.S E.XPI’.IHS-i“Dﬂ

=i

~Toy? = (e J“"

| T =T, + 1T.GT,GT, + T,GT,GT,GT, +

EXAFS region

O
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Muffin-Tin anhroximation

1 1 |
V(i) = Vi + Vir + | at o j 140.0
H(E} M &{ Siﬂ.?riﬂ“ 2Ly+1 Z[T[ }.L”.L”}

Vir) = Z 'f";.-_r[ r
. ITH)

\
{ AL 1) e —
S0
G 11F n
Vi is a spherical avere ; 2
It depends to the physi / _ T Fr s NS s L R -

= 2 X(k) = 7 3 Ak, 7y sin(2hr; + v (k)
| w(E) [ XAN J

Selected Scattering

EXAFS )

Ty '

L oA e, (r) Ry (r)di
15
L mairix element, the
O heide the MT volume
alization of the wf.

dipole-alfowed transition

ctural part

05

The matrix mversion allows
| okl all the structurel

ull Multiple Scattering
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Zn K edge in ZnO
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a. Models for the atomic potentials (Exchange and correlation)

J. Phys_: Condens. Matter 23 (201 ) 206006

Spherical symmetry Constant between
inside the atoms the atoms . T, . -
s o B Fn Keedpe

Zn0-Rock Salt

R =84
200 atomz

5
& 1o}
E
| =
5
g
< osf
a
T ] T T T T =
; : - ~ : : =
: f I ' —E— Dirac-Harz
| | | commex [H
: d 0.0 i i i i i i i a
! ! ! -25 0 25 50 75 100
| | | E-E, (eV)
' | | | [ 20 ; ; - ; : . - T .
B e ! |
5 : /, ; B ; MnO
/ : Mn K
Sz} ! = ! l = b) A, sl o
gs| ! o ; : 8 5|
E& I I I | | o
B . , =
= | e
[@]-:] I | | | | =
ny . : +]
== | I | I | B
: X : : g 10l
| ! [ [ | &
i | | | | e -g
A\d\ i  NaK-edgein NaC| i
o N | : E 0s |-
! B o | :
! e ! ! : | . ;
1080 1090 1100
: 0.0 . ; _
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C Guglieri', E Céspedes’, C Prieto’ and J Chaboy' 45



b. Calculate the Full Multiple Scattering: (I-TG)™1

ABSORPTION COEFFICIENT (arbirtrary units)

Size of the Atomic clusters

« Memory requirements:

~N2

e CPUtime ~ N3

S K-edge in ZnS

2470 2490 2510 2530
ENERGY (eV)

0,2

0,15

0,1

0,05

XANES p(£) (arb. u.) €

Bulk

(12.,6.,24.,12.}

60

Energy AE (eV)

80 100

Shell Distance | MNumber
19 . (A) of atoms
J experiment T [ s | =
2 3.61 19
CU'fCC | | 3 442 43
0 50 100 4 h.11 55
] 5 571 79
Erergy V)



Toward a quantitative interpretation of XANES

XANES development

Lee & Pendry Phys. Rev. B 11, 2795 (1975) (initial theory)
C.R. Natoli et al. Phys. Rev. A, 22, (1980) (first calculations)

First-principles calculation of x-ray absorption-edge structure in molecular clusters
C. R. Natoli, D. K. Misemer, S. Doniach, and F. W. Kutzler

CROSS SECTION (Mb)

SEENEREN

Theory

Tyson, Hodgson, Natoli, Benfatto Phys. Rev. B 465997 (1992)
A. Filipponi et al. Phys. Rev. B 52, 12122 (1995)
Ankudinov et al. Phys Rev. B 58, 7565 (1998)

J. Rehr Rev. Mod. Phys. 72, 621 (2000)

programs for XANES:

C. R. Natoli and M. Benfatto CONTINUUM, MXAN freeware
JI, Rehr', Ankudinov FEFFx (X:6,8,9) freeware Licence
Y. J'oly FODMNES freeware




B
16 L HSA-heme-Fe
14
= 12F
2
E‘ Lo
&
= 08 F
=]
S
T 06 PDB 109X —7]
E SMD —~
2 04
0.2
[h0
,/\k d-Das [ *%0.05)
" " 1 " " " 1
7.12 7.14
ElkeV]
. o
FMS: Atomic clusters of 4.5 A
V=H.L.
OPEN B ACCESS Froaly 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’

Ibuprofen/warfarin induce 5 to 6 Fe
coordination transition in HSA

. Hislil6\ CC

B
HSA-heme-Fe(lll) obtained via MD




FEFF 8

Cu-complex for cancer therapy

1.4 T T T T T
Cu-complex 1
L2r Experimental
| W
. 08
LLl
= 06r C“ : : I NN
M {k)\
0.2 Cu - complex 2
. | Cu - complex 1 Hexyl bis(3,5-dimethyl-1H-pyrazol-1-yl)acetate
8970 8980 8990 9000 9010 9020
Energy (eV)
1.8 ; . : ; . Cu-complex 2
L6l Model planar
' 30 deg AN
141 60 deg \
90 deg N—nN 0
12 | Cl
~ 1F \CU< >_<
L /\/\/\
\50.8 N Cl N—N (0]
0.6 / 7
0.4 .
Hexyl bis(3,5-1H-pyrazol-1-yl)acetate
0.2
0 1 1 1
8980 8990 9000 9010 9020 9030 9040 G/\

|. Schiestaro et al., in progress

Energy (eV) 49



CONTINUUM CONTINUUM+MXAN

1. Phys.: Condens. Matter 19 (2007) 266206 r [5I]||.|r5
+
= V50¢
. , = . . ' is M - 1 .
Ti0, - rutile Foal H=l. ECP o x
ST Tikedge e T8 BOY ? 3 { (4] 5% £
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compounds: a full multiple scattering study

First published: 15 june 2016 | https://doi.org/10.1107/51600577516008134

Federico Benzisgs Gabriele Giuli, Stefano Della Longa, Eleonora Paris Q



Absorption

imidazolonepropionase from Bacillus subtilis at the zinc site
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|. Synchrotron Rad. (2008). 15, 129-133

Feifei Yang, Wangsheng Chu, Meijuan Yu, Yu Wang, Sixuan Ma, Yuhui Dong and
Ziyu Wu*




XA(NE)S data collection is conceptually simple

Transmission geometry

Sample
L. I,
transmitted x-ray beam < I: incident x-ray beam
et I
U = Linear absorption It
coefficient
Fluorescence geometry
Ipx Iy -1 =1,(1—e %)
fluorescence intensity wexr K1

/1. il 2= =

\— incident x-ray beam g O
Sample




... but: warning to the data collection

Transmission geometry: inhomogeneous samples (i.e. holes)
may determine severe distortions of the XA(NE)S spectra

I

I

S- K edge calculated for a layer of spheres

I
s B ”.‘.-F andistoited Transmintance |
f1 '
x‘ 0.5 pm . ‘
L I f
€ /|
& | :
L0
<
: <
z
' -ﬁ'-"‘—v"-!"-.-'-'-wj
0__] l_L__Z__l__L__) A A l i A '} A -j'

Pickering et al. Biochem 40 92001) 8138

Normalized Absorbance

It — IO(yA i e_I-LAI _|_ yB i e_I—LBZC)

1
0 — — i
| In =2 =In(ya-e "% +yp - e #5%) |
° It °
S- K edge calculated for an ensemble of spheres
— — P p—
e < undistorted  Transmittance _
3|_ ! \ -
|
s, | «—— close-packed
2r ;7 \ € 20% space T
;T \S T 50% space
\\‘;
| /\"‘-s.__._-——-:
0, 1 | 1 i l I | i 'l 7]
2465 2470 2475 2480 2485
Encrgy (eV) ‘



... but: warning to the data collection

Fluorescence geometry: re-absorption and detector linearity may
determine severe distortions of the XA(NE)S spectra

L Ipoc I, — I = 1,(1 —e **) o= Lux

X << 1

effect of particle size (spheres) on I

T T T T T T T T

r T T I
| : "
4:,_ A ﬂ‘ undistorted Fluorescence - volume element
| \l\ ,
- i - ) a - - ) S~
i /(‘z'%* T\“}\/\
/ i \
- B ] : ,
2 [ ] — \ Incident beam
,E; u// ‘\\B : ~ \\ 7
< {\ S el ol
§ 2f | S s = e
- \ s /
E \ | / e
- 1 /\\\\__r,, ’/,/'/ y
x
" To detector
//

0




soworeductionon - YWarning to the data collection

Mn,Ca PS(ll) complex

Single crystal A

Radiation Damage (RD) &

photoreduction

Fllo

RD is a function of exposure time/dose, provoke shift of
the edge and deformation of XAFS features.

RD can be attenuated by:

- reducing the x-ray intensity

- reducing the exposure time

- collecting data at low sample temperature

—t
.

F/lo

RD can be very relevant in biological samples like
metalloproteins.

~] =

Fla

Ma(lli2,IV2) Details about radiation damage and
e photoreduction can be relevant for reliable

5540 6350 6560 6570 protein crystallography

Energy (eV)
Proc. Natl. Acad. Sci. USA 102, 12047 (2005)

0.0



Radiation Damage: XAS and Crystallography

<4 XAS PX e .
Visible Effect Visible Effect
« Edge shift (~ 1 eV per e-) Loss of diffraction intensity
- Shift in EXAFS peak positions » Increased unit cell volume
Structural Effect Structural Effect
» Can be monitored over time « Not monitored over time (one
(repeated single scans) cumulative data set)
- Longer Metal-Ligand bonds - Breakage of selected bonds

and/or increased o2 in M-L paths _
» High DW-factors

« Change in site geometry due to
9 g Y « Loss of or unexplained density

irradiation/chemical reaction

XAFS can be used to monitor (in situ)
e photoreduction of metals
s

man
and $SRL Deputy Director
The 2448 program i funded by DOB-BIER, NIN-NCRR. NI-MIGHS, PRT sad Collsborstve Partners



X-ray damage to the Mn,Ca complex in single

crystals of photosystem II: A case study . : YRS
for metalloprotein crystallography Photosynthesis _uses light gnergy to /] B\,
e L] e st Tl presss iy
L generates an aerobic atmosphere and et
oS A produces a readily usable carbon source. N5

Single crystal

Photosystem Il (PSIl) reaction catalyzes the
photoinduced oxidation of water so it plays an
essential role in maintaining the biosphere

Fllo

It is of considerable importance to elucidate its catalytic
mechanisms, particularly those involved in the water
oxidation process.

-—h
.

F/lo

...at present, there are serious discrepancies among the
models of the structure of the Mn,Ca complex in the
published x-ray crystallography studies, and there are
inconsistencies with x-ray, EPR, and FTIR (...). This
C disagreement is predominantly a function of x-ray-
induced damage to the -catalytic metal site (...)
Therefore, the reported model of the Mn,Ca complex at
atomic detail cannot be based on the diffraction data

= | Mn
Models

~] =

Mn(ll)

F/la

Mna(lll2,1V2) only (...). Proc. Natl. Acad. Sci. USA 102, 12047 (2005)
/*““*rim._ma V)
00 il L L
6540 6550 6560 6570 Qf\

Energy ) ____ photo-reduction of Mn ions 57

Proc. Nati. Acad. Sci. USA 102, 12047 (2005)



Radiation Damage and photoreduction

The PDB lists 40 structures for [Fe,S,]Cys, ferredoxins
8 are described as oxidized, 1 is described as reduced
none include spectroscopy that would verify the redox state!

Normalized Absorption

0.0

(1) oxidized crystal at ~ 110 K

Immediate photoreduction during
first scan

(2) oxidized crystal at ~40 K

Slower photoreduction still during
first scan
(3) oxidized solution at 7 K

Still slower photoreduction during
first scan

(4) reduced solution at 7 K

Reduced site — no change as
expected

Each set of spectra displays six
consecutive scans with a ca. 20
min duration

7105 7110 7115 7120 7125 7130 7135

Energy (eV)



How to cope with Radiation Damage

carb.un. ]

1.4 |

fresh sample
5h exposure
13h exposure

| 7.14
E[keV]

. » Measure at low temperatures
"« Preliminary check for the sample stability

« Acquire several fast spectra on fresh

sample regions.

vertically
shift the
sample

........................ X-ray beam
footprint

S



Special Applications of XANES
spectroscopy: p-XANES & mapping

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

XAS vs XRF
XRF= elemental sensitivity e S0
ags_ = ps.rluri. -
XAS= elemental sensitivity + 2o et ™~ ’

chemical speciation et ‘“%
N

“ !
Amounts Concentrations 2
) . e Undulator f/ ‘
Normalized Absorbance ‘ﬁ‘i Fluurct:cuncc | ™
=
i,

Apsenate _ﬁ”’v 1 I detector g .

m—
[I==nu||

Sufew) Sy X

(A2) AB1oug

OOLZI 069C1 089C1 0L9Z1 099¢1 0S9TI1

NOTE: X-ray lenses and zone plates work
in a reduced energy window, therefore the
EXAFS region is often
not accessible to
micro and nano probes

Arsenic e

thiolate

L"lw

aqoadoudipy

rsemc

I. J.Pickering & G. N. George Proc. XAFS13 conference (2006)



Bio- e Fito-Remediation or:
Plants and (micro-)organisms employed to requlate pollutant mobility (i.e. heavy
metals) within the ecosystem and environment

u-XANES mapping

4x4 um spot
@ ESRF BM23




Bio- e Fito-Remediation or:
Plants and (micro-)organisms employed to requlate pollutant mobility (i.e. heavy
rrLetEIs) witﬁin the gcosvstgm and jnviroiment

Elphidium B em,
P Ciaeosl  XANES & mapping
Ly A ALR A

C Elphidium spp

| | hydrozincite
N Ni

/I
f \ smithsonite

— ~—l

Zn oxide

Zn/Ca solid solution

Zn/Ca adsorption

Quinqueloculina s
q DQ_

| L | L |

: |
9660 9680 9700 9720
E (eV)




Bio- e Fito-Remediation or:
.~ Plants and (micro-)organisms employed to requlate pollutant mobility (i.e. heavy
| metals) within the ecosystem and environment

a
b
C c
=
o d
E R
§ A Elphidium B Quinqueloculina C Elphicium (High)
N E
E '/\\__ Hyckozincie
S c s S < IE."
= S ___}\_—:,_\“—__."‘_ﬁ—___ﬁ_.
E‘ H _'IJ 1 L 1 1
e H
@
0= : : %
0 20 40 E M J -
E-E, [eV] S By — Hydrozincite
Elphidium {Low)
' L
_Jk 2 |
— Hydrozincite
0 i i i 1 <l 1 L 1 1

20 40 60 80 O 20 40 60 80
E-E, [eV] E-E, [eV]

Chemical Geology 477 (Z018) 100-111



Bio- e Fito-Remediation or:
Plants and (micro-)organisms employed to requlate pollutant mobility (i.e. heavy
metals) within the gcosvstgm and jnviroiment

—

Elphidium (H)

normalized absorption

/\\J I
j\’x A Elphidium B Quinqueloculina C
jk E i
0 - £ .
0 20 4 £
E-E, [eV] _E
i)
5 —~
1 a3
ot
0 1 T

0 20 40 60 80 O 20 40 60 80 O
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Time resolved XA(NE)S:

experimental set-up

Quick XAFS
At = 10-102s

any data collection geometry

Dispersive XAFS
At=103-1s

c-Si
polychromator

Sample
Position

sensitive
detector

Transmission geometry

Pump probe

Pump pulse
400 nm, 500 um’ spot size, l
~350 uJ, 1 kHz, 100 fs T

[m—————

mirror

|
|
[
[
[

chopper
storage P

ring

crystal
monochromator

X-ray probe
7.1 keV, 300 um’® spot size, 70 ps
500-1000 photons/pulse/0.1%bandwidth AT <« ns

T=656 ns

N »’ Laser t
\\ L Pulse AT
----- (0.2ps)




Time resolved XAS

Single Energy - XAS

Melting of In p-particles
and structure of
undercooled In phase

T | T

0.04 | —

< 0.02— s —

07.94 27.96 27.98 28 2¢ - Undercooled.

E (keV) [ ;  Phase

0.00 — ]

L | A | L
300 350 400 450 500

A. Filipponi et al. J. Sinchr. Rad. 8, 81 (2001)




Light elements XANES

1.2-
1.0+

0.8+

The Effect of H coverage on Pt
nanoparticles:

H is notably weakly visible to x-ray

% Increasing He
W .

but becomes evident in the XANES region

0.6+

* At the Pt L;;; edge the effect of H is
0.4+ evident and can be followed in-situ to

‘ monitor the catalytic activity of Pt
0.2- clusters as a function of environmental

' r\_ | parameters.
0.0--—\-/ —

10 0 10 20 30
E-E, (V)

A2



Example: transient states of photoexcited hydrated atoms At ~1 ns

halide (x ) 200nm halogen (x°)

laser /M
5 H OH beam H._H O_
O H oH .- o H H
“H /0 -e H 0 O
— | Br0) ~
f|.||-I o " H'H
/O H hv / H l
H N H ™
NI ¢ o ©
" e H H
= H b
K (a) (b)
I= G* G*
S g =3 OH2 B .eo.
A 4 1] \ .l €0 88
\ Fd v 1
| " 1.. *-”) O\H 4p Lo’ 4P
’ : N 0 © 1 ' S
| T T ' .

SE-XAS

18.47 13.48 13.49 _
hoton energy (keV) d 9 m  13.476 keV )
O 13.473 keV production of Br,
. — (At ~10 ns)
i —
B B — 5 Br, molecules survive
Lo I - | after At >150 ns
- . ' . ' : Reaction
THE JOURNAL OF CHEMICAL PHYSICS 128, 061102 (2008) 0 1 oo 200 With Wate r
Transient x-ray absorption spectroscopy of hydrated halogen atom delay time (ns) ~
Christopher G. Elles,” llya A. Shkrob,” and Robert A. Crowell”’ Dohn A. Arms and Eric C. Landahl (At 50 n S) 68



Polarized XANES: directional probe
for not isotropic structures

1504 © T T T
AFM monoclinic
V,0; (77 K)
1.25 = h
phase

. wm  Sample
C. size
3 1.00 -
0
8
> - toe 5
=075 -
c L
: y \\

0.50 = i - : .

\U ‘. Structural dichroism
N A/ (absent in hexagonal
o5 HT phase) is the
fingerprint of
0.00 r—r r r 1 r 1 T 1 1 1 T 71T 7 monOC“niC dISTOI"Tlon

5465 5470 5475 5480 5485 5400 5495 5500
Energy (eV)

Structural dichroism in the antiferromag nsulating phase of V,0;



XMCD-XANES extreme condition studies

—
Y
j —

normalized XANES (a.u.)

R. Torchio et al. High Pressure Research 31, 148-152 (2011)

High pressure structural and magnetic
diagram of phase of 3d metal alloys
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