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Liquids
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The structure of liquid systems

® The structure of liquids and amorphous systems is characterized by the
absence of long-range order which defines crystalline materials.

® Liquids, however, possess a rich variety of short to medium range order
that steams from chemical bonding and intermolecular interactions.

® The structure of liquids is a complex many body problem that has been
historically solved by X-ray or neutron diffraction, NMR, Molecular dynamics,
and Monte Carlo simulation techniques but none of these methods is able of
providing unambiguous and definitive results.

® The complex problem of determining the structural properties of liquids
can only be solved by combining different techniques.




One possible solution to determine the structure of solutions is to

combine:
/ N\

Computational Methods X-ray Absorption spectroscopy

l (XAS)

Molecular Dynamics
simulations
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EXAFS analysis of disordered systems I]

The XAS experiment probes the ensemble averaged cross-section over the possible instantaneous
atomic configurations which are subject to atomic vibrations and possibly disorder.

For a monoatomic system described by a pair distribution function g(r) and a triplet distribution
gs(ry, ry, f) (here r; and r, are the distances of two neighbors and f is the angle centered on the
central atom) the ensemble averaged XAFS signal is given by:

(x())=[ drazr?p g(r) y? (r,k)
+Idl’1 dr, d¢ 87 r12r22 Sin(¢)p2 95(1, 1y, P) 7(3)(I’1, r,, ¢, K)

_(r-R?

This equation has an analytical g (r)=+\/_e 2
solution for a Gaussian function. Amp r'o~2r

: : o), (rr
For disordered systems g(r) is g% (r) = 452 1| 2 r-R o 48 [2 aﬁ]
always asymmetrical. offT(457?) of

@ Where B gives the skewness of the distribution, and
o Rb' . ' I'(x) is the Euler’s Gamma function for the parameter x.

water solution ]

If an asymmetrical distribution is analyzed in the
Gaussian approximation:

+ the coordination numbers are too small (40%)
+ the second cumulant is too small (40%)

» the mean bond length R is too short

g(r)
n (] [ [%]] [e2]
] R

-
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Combined Molecular Dynamics and EXAFS analysis

Radial distributions functions g(r) and triplet distributions g5(ry, r,, ¢) obtained from
Molecular Dynamics simulations can be used in the EXAFS data analysis providing
reliable short-distance structural information.

Co?t in water
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Combined Molecular Dynamics and XANES analysis

The structural and thermal disorder of a liquid can be reproduced from the MD simulation and
XANES spectra can be calculated for each atomic configuration of the sampled ensemble

Ni2* in water
ERS
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The phase diagram of water

e At high pressures (and temperatures) water exists
in different liquid or solid phases whose properties
are very different from those found at normal
conditions.

—_ * At pressures between 0.1-10 GPa and temperature
between 300 and 500 K liquid water is in equilibrium
with several forms of ice and its phase in this region
Vapor is called compressed water.

Pressure (Pa)
o
[e]

—
o
w

0 100 200 300 400 500 600 700 800
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* In the literature it has been suggested the possible existence of a high-density state of water (HDW)
for pressure below 0.4 GPa and T=268K with a collapsed second coordination shell, but the structural
properties of water under high pressure are still the subject of intense debate.

e The properties of compressed water and compressed aqueous solutions are relevant for:

- Geoscience — Earth mantle
- Planetary modeling — Icy satellites
- Environmental science — High pressure chemical reactions
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Data collected at
BM23 @ ESRF

T between 300 and 560 K
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* The first hydration shell coordination number does not change.
* The octahedral cluster is conserved.
* The Zn-O distance undergoes a shortening of 0.09 A.



Spatial distribution functions [l

0.1 MPa 2.5 GPa

Both at ambient condition and in compressed water the O (green) and H (red) atoms of the first
hydration shell have a clear octahedral symmetry. Moreover, the squeezing of hydration shells is
clearly visible looking at the shift of isodensity levels towards the central Zn?* ion.



We have investigated the pressure effects on the hydration sphers of the Zn?* ion, which is

octahedral at ambient conditions.

“¢"

Zn2+

Pure water

=== Zn"" 2" shell
Ll T Hg2+ 2" shell

The Zn?* ion does not alter the tetrahedral
structure of the HB network of water beyond
the first hydration shell.
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Inorg. Chem. 2017, 56, 14013-14022

Structure of Water in Zn?* Aqueous Solutions from Ambient
Conditions up to the Gigapascal Pressure Range: A XANES and
Molecular Dynamics Study

Valentina Migliorati,*** Adriano Filipponi,” Andrea Di Cicco,” Simone De Panfilis,”"

and Paola D’Angelo™ "
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Earth models
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Experimental methods: Energy dispersive beamline ID24 I]
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The dispersive geometry is ideal for time
resolved measurements




Diamond anvil cell: Diamonds: 1~ lrifune, Ehime University, Japan
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The only LH system coupled to XAS

Infrared lasers y
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LOCAL STRUCTURE OF LIQUIDS: State of the art

Structural
model

Cicco 2014] G - @ @
AV A7 /

Under pressure: the structure does not change with pressure

[Lee 2016]

&

Ambient pressure, liquid nickel: predominance
of icosahedra and distorted icosahedra
(MD calculations and EXAFS) [Ma 2013. Di

Radial distribution function g(r)

Compression of liquid nickel calculated with MD [Cao 2015]

and AIMD [Lee 2016]

Phase diagram (Ni, Co)
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GNXAS analysis
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Phase diagram (N, ‘Co)

This work (Co)

T
5000K

This work (Ni, Co)

Tempe

/

A
NN P

x(k)*k2 (A7%)

a

|
Pressure

oo Lee (2016) || |

aaa Cao (2015)
¢ -9 EXAFS

0 20 40 60 80 100

mop Lee (201
aaa Cao (2015) |

4 4 EXAFS

mOg calculations
¢ -9 EXAFS

R (A)

oOo calculations ||
aaa Zhang (2014)
4 -4 EXAFS

0 20 40 60 80 100

40 60 80

40 60 80 100



>

Phase diagram (Ni, Co)
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SCIENTIFIC REPg}RTS

OFEN Probing local and electronic
structure in Warm Dense Matter:

. : ' 'single pulse synchrotron x-ray
N dynamic compression eamm absorption spectroscopy on
= ™ shocked Fe
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1 1 I I I |
@ this work (ESRF)
18000 - o cLs (Harmand et al.)
IO = ®m OMEGA (Pingetal.)
i 15000 + Brownetal. .
— —BLF
Anzellini et al.
Q — = Aquilanti et al.
< 9000 -
6000 .
DAC cryost;at L
' ) -/ )
50 100 150 450 500 3000 i
P (GPa) 0

0 100 200 300 400 500 600
P(GPa)



k(AT
5 6

P(GPa) TK) 3 4 7 8
' ' : ambient bec Fe

1600 " 06
P 0.0
b) 06 R

hep Fe at 76 GPa | g

R L W L

-0.6
C) A esther B multi 1.05
76 @ EXAFS fit 090 3

O shock data

—— SESAME 2150
A A9 1600
60 ———BiF + o = 4500 ’;
43 A N <
a) P max error 800
4 0 —_— 400

71 72 73 74 30 40 50 60 70 80 90
Energy (keV) P(GPa)

A

)

hcp

experiment ab-initio calculation
f——500 GPa 10400K

—— 500 GPa 17000 K

T(K)

- 16000

-12000

P(GPa)
500 | 8000 ——ambient ——ambient
270 l—— 120 GPa 2700 K -—— 120 GPa 2800 K 1

170
120

4000

absorption
o

74 72 73 712 716
Energy (eV) Energy (eV)

7.10 712 7.10 7.12
Energy(eV)



FUTURE PERSPECTIVES

EBS, new ID24:
Monochromator (fast scanning, longer k& range)
» Focal spot down to 1 um x 1 um Full
Width
«  Flux between 101 - 1014 ph/s
« Full EXAFS in 1s
+ X-ray beam < 0.5 ym FWHM

4 undulators

Longer and nicer data of liquids
Higher pressures will be accessible

Improvement of the LH optics: ! . \
» Flat-top beam shaper Double Crystal Polychromator

« New lenses with spatial resolution < 1 ym Monochromator

Reduced temperature errors

High flux & small focal spot only possible with EBS

Quantitative analysis of the EXAFS spectra at extremely high T and P will
be possible
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