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Soft Matter studies |: Methods & experiments
Definitions, complex liquids, colloids, storage ring and FEL experiments,
setups, liquid jets, ...

Soft Matter studies Il: Structure
SAXS & WAXS applications, X-ray cross correlations, ...

Soft Matter studies Ill: Dynamics
XPCS applications, diffusion, dynamical heterogeneities, ...

XPCS and XCCA simulation and modelling

Case study I: Glass transition

Supercooled liquids, glasses vs. crystals, glass transition concepts,
structure-dynamics relations, ...

Case study II: Water

Phase diagram, anomalies, crystalline and glassy forms, FEL
studies, ...
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Water Structure and Science

This page forms the entrance to a website concerned with the physical, chemical and biological properties of water.

Table of Contents | Site Map

Liguid water is not a bit player in the theatre of life — it'’s the headline act

Many regard water (H,0) as a rather uninteresting substance because it is transparent,
odorless, tasteless and ubiquitous. It is the simplest compound of the two most common
reactive elements in the universe, consisting of just two hydrogen atoms attached to a single
oxygen atom. Indeed, very few molecules are smaller or lighter. Liquid water, however, is the
most extraordinary material contradicting its apparently simple molecular constituent. =

Although we drink it, wash, fish and swim in it, and cook with it (although probably not all at the same time), we nearly
always overlook the special relationship it has with our lives. Droughts cause famines and floods cause death and
disease. It makes up over about half of us and, without it, we die within a few days. Liquid water has importance as a
solvent, a solute, a reactant, a catalyst and a biomolecule, structuring proteins, nucleic acids and cells and controlling our,
consciousness. HyO is the second most common malecule in the Universe (behind hydrogen, H»), the most abundant
solid material and fundamental to star formation. There is a hundred times as many water molecules in our bedies than
the sum of all the other molecules put together. Life cannot evolve or continue without liquid water, which is why there
is so much excitement about finding it on Mars and other planets and moons. It is unsurprising that water plays a central
role in many of the World's religions. This web site discusses many aspects of water science. =

Water science online: http://www1.Isbu.ac.uk/water/
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Why study water?

Most important liquid for life (biology), as
solvent (chemistry), geo-science, ...

Complex hydrogen bond network
« Strength O-H...O: ~21 kJ/mol

» Tetrahedral coordination

« E.g. high boiling points

http://lwww1.lsbu.ac.uk/water/
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Water — phase diagram

Druck
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Normal liquid Water

- anomalies

Figures: wikipedia
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Crystalline ice — polymorphism
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Phase diagram: wikipedia
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Crystalline ice — polymorphism Ice rule: one hydrogen
between two oxygens

Hexagonal ice (ice |,))

Tetrahedral coordination
4 H-bonds per molecule

http://www1.Isbu.ac.uk/water
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Crystalline ice — polymorphism

There are hydrogen-disordered and hydrogen-ordered ice phases

Disorded Ordered Tosg
phase phase

Ih XI 72 K
1] |X 170 K
Vi VIl 270 K
Xl XV 100 K
1V ?7?7? -
277 I ) Ilce XI: hydrogen-ordered form of
Vv Xl ~120 K hexagonal ice |,
VI XV ~130 K
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Amorphous ice

« Earth: hexagonal ice
» Space: amorphous forms of ice

Three forms of amorphous ice

« Low-density (LDA), 0.92 g/cm3

« High-density (HDA), 1.17 g/cm?3

« Very-high-density (VHDA), 1.26 g/cm3

Glass transition: no man's land
500

liquid water

400
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temperature T (K)

100
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. >| <€ 1= sci. Rep. 7, 3995 (2017)

0.01 0.1 1
pressure p (GPa)

J. Stern and T. Loerting.

Density maximum
Melting point

Lowest point at
which water can
be supercooled

Speedy-Angell
transition, T

‘No-man’s land’
where liquid water
cannot be studied
by directs means

Crystallization
when glass is
heated up

Glass transition, T

S. Sastry. Nature 398, 467 (1999)
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Water — solid states

High density . High density . Supercritical
crystalline ices - liquid water - water
>0.2 GPa 77 pél 0.1 MPa >0.2 GPa >22 MPa
| then ~160 K | )
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The precise temperatures and pressures
depend on the experimental conditions;

for example, the conversion of ice Ih to HDA
occurs up to ~130 K.

isobaric Metastable materials are shown in blue.
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ASW —
amorphous solid
water

HGW —
Hyperquenched
glassy water




Clathrate hydrates

* |In presence of gas molecules (e.g. methane,
CO,, O,, H,, ...) water forms ice-like inclusion
compounds

 Typically "more stable" than ice

» Methane hydrate at ocean floor and in perma
frost regions
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Water — anomalies

Water shows a large number of anomalous properties compared to "simple
liquids", e.g.

« Density anomalies (e.g. well-known highest density at 4°C)

 Phase anomalies (e.g. high boiling point)

« Thermodynamic anomalies (e.g. high heat capacity)

» Physical anomalies (e.g. high surface tension)

] > Complex hydrogen bond
x77y» network

7 \ - Diverging properties

/ T Viecosty \ upon supercooling
A\ — Viscosi )
— Compresaibity T \ around -45°C
—— Speed of sound
— Specific heat (Cp)
Thermal expansivity

- Connection to water
structure

«— Diverging properties — >

30 -20 10 0 10 20 30 40 50 60 70 80 90 100
Temperature, °C

http://www1.Isbu.ac.uk/water
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Liquid water: continuum and mixture models

Long-standing debate: Liquid water as...

(1) network of disordered tetrahedrally coordinated molecules with ~3.5 hydrogen
boonds per molecules

(2) Mixture of different species with different geometry (goes back to Rontgen
1892 to explain anomalous properties of water)

In more recent years: two-liquids hypothesis
» Low density liquid (LDL): strong tetrahedral coordination

» High density liquid (HDL): broken hydrogen bonds - hiaher density
Dominates at room temperature

L $e
ﬁ ~ ﬁ §
¢ o

¢ |
; o:-%
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Liquid water: continuum and mixture models

T/°C

Dgzi- ¢ o
1+ .
: Supercooled
0""3' héé? water
Separation [A] 200
Molecular dynamics.simulations: B "No man’s \ land”
« LDL.: tetrahedral liquid

« HDL: broken hydrogen bonds

Phase diagram of amorphous water:
Reaching "no man's land" to measure -200 _
HDL/LDL p/GPa
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Liquid water: continuum and mixture models

Critical Point Free Model Critical Point Model Singularity Free Model
Critical Point at -P Critical Point at +P Critical Point at OK
OREET
High Density v o ‘.t:..z‘
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];Ideal . I'II Critical point
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P.H. Poole, F. Sciortino, U. Essmann, H.E. Stanley, Nature 360 (1992) 324.

region
Anqmﬂlous
regln . - . . .
\*—Amb'eg;;j;:j;zgs If there are two liquids, will there be a (2nd)
High density g .
fauid HOL critical point?
Simple liquid region
grtal poit Widom line: locus of correlation length maxima

Phase coexistence line —

Low density
liquid LDL

Simple liquid region

in the pressure-temperature (P-T) plane.
Thermodynamic response functions are
expected to have maxima

P Nat. Comm. 6, 8998 (2015)
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X-ray studies:

100

80

20

Structure factor of water around g = 2 A-' > for 8 keV X-rays = 6 ~ 29° > XRD

Experimental limit: 8 = 180° = g4 = 47” ~ 8 A' for 8 keV = high-energy X-rays
(= 50 keV) for pair-distribution function (pdf) studies

16

structure factors

—_
(=
=
@A

8
QA

- == Self + intra-molecular + Compton scattering
= Total x-ray differential cross section

QA"

Chem. Rev. 116, 7570 (2016)

Joolr)

(a)

r/A
J. Chem. Phys. 113, 9140 (2000)
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Liquid water: structure factors

a
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Nature 510, 381 (2014)

Sample-nozzle distance (mm)
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273+
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228,,‘, ,,,,,,,,:,,,,,,,,,I,,,,,,,,,’

223

Travel time (ms)

Liquid microdroplets: supercooling
due to evaporation in vacuum

Ultrafast probing: FEL (~100 fs)

- XRD patterns from single droplets
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Structure factors: peaks shift upon
supercooling
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How to measure temperature of water droplets?

Raman scattering - Interpretation debated

(a) Time, t (ms)

6500(:) 0205 0450 0676 0901  1.126 :
E 6400 Droplet diameters
Q 6300 | ] from vibrational
2 6000 = spectroscopy &
§ s100k } — . Knudsen model of
- § 5 evaporation

6000 —————
() 300 ———
<
= 280 ]
S 260 ; lce formation
S 240 ¢ —o - : /
Q i © o) ;
£ 220} o N
= : )

0 5 10 15 20 25

Distance, z (mm)

19 Methoden Moderner Rontgenphysik - Vorlesung im Masterstudiengang, Universitdt Hamburg, SoSe 2019




UH
M| Universitdt Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Typical example: XRD of ice(s)

X-ray diffraction: ices e —
— 4:41 ms i i i
20f — 4.89ms : : !

Fingerprint of structure - no
"new" ice without XRD proof

1.0r

Radial Intensity (ADUs/pixel)

(d) °45 15 2.0 2.5 30 3.5
Momentum Transfer (A ')
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26 (degree)

Phys. Rev. B 77, 220105 (2008)
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Transition of amorphous ices
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J. Chem. Phys. doi: 10.1063/1.2830029 (2008)
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X-ray spectroscopy

22

Intensity [arb. units]
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J. El. Spec. Rel. Phen. 177, 99 (2010)
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XAS = X-ray Absorption
Spectroscopy

Fine structure of absorption edge <
local structure of sample

Only indirect access, need e.g. DFT
calculations

Intense debate to which extent XAS
results provide information on water
models (e.g. LDL/HDL)
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Liquid water: SAXS

Small g limit in SAXS: S(q — 0) « density fluctuations (see Lecture 7)
Isothermal compressibility y; can be extracted for g — 0: S(0) = kgTp, xr

0.1 2 ; 0.1 . .
a H20 b D20
0.095F 0.095¢
0.09 ¢ 0.00}F
0.085 4 0.085k
o {J.U-B B - ﬂ-{}a -
s}
w

0.075F 2562 K

4 0.075

4 007

0.065F J0.085}
0.06 f 4 0.06
284 K
0.055 . . 2 2 0.055 . . .
0 02 04 06 08 0 02 04 06 08 1
Q (1/Angstrom) Q (1/Angstrom)

J. Chem. Phys. 133, 134504 (2010)

Compressibility x10° (bar™)
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= = = Kell 1970
© Huang etal. 2010(]
B Huang etal. 2009

Q
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Chem. Rev. 116, 7570 (2016)
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Liquid water: SAXS

Is there a connection between compressibility and the two-liquid hypothesis?

- Strongly debated!

24
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Recent water myths

Alan K. Soper

STFC Rutherford Appleton Laboratory, ISIS Facility, Harwell Science and
Innovation Campus, Dideot, Oxon, OX11 00X, UK

Abstract: Recently, there have been a number of claims about the nature of water as a liquid
that scem to contradict traditional vicws. The prosent paper takes a closc look at two of these
claims—namely, that water is not the Lclnh:dr.ll network that it is raditionally regarded as
but a chain-like liquid. and that water is intri by d attempts
to make sense of them.

mixture models; neutron diffraction; water;
: N-ray cmission spectroscopy; X-ray

Is: chain ; comp

X-ray it py; Xeray
Raman spenmscupy

INTRODUCTION

Because it is so important in many different fields of science, water quite n.nturslly attracts an enormous
amount of rescarch into its ics and the le origin of those both in its purc state
and in solutions of ions and molecules of all shapes and sizes. Homeopathy, for example, arises from
the perceived ability of water to remember its structure around a dissolved entity long after that entity
has disappeared, the so-called memary effect of water. Perhaps two of the more bizarre recent claims
are that the structure of water is affected by relatively modest magnetic fields [1] and that the structure
of water is altercd by sunlight [2]. This change in the structure of watcr duc to sunlight appears unlikely:
in Britain, for example, the rain during the day is just as wet as the rain at night. In [3] it is stated that
water is not the tetrahedral structure traditionally assumed. but consists of chains of water molecules.
In [4] it is proposed that ambicnt water is intrinsi of a mixture of low-
and high-density forms, an idea which has been proposed on many previous occasions for more than
108} years. Given all this often confli it is not there is much confi on
the true state of water.

Perhaps one of the most surprising facts about watcer is that it is a liguid. All of the clements that
surround oxygen in the periodic table have hydrides which are gases at ambient temperature and pres-
sure, while hydrogen oxide is definitely a liquid with quite a low vapor pressure, =5 mbar. Even more
difficult to comprehend is that while water is a liquid with marked “hydrogen” bonds between its con-
stituent molecules, water hydrogen bonds are being formed and broken extremely rapidly. typically
around 10" times per sccond. The diffusion constant is also surprisingly large, around 2 x 105 em” 571,
which means that after | s any given water molecule Ims on average moved about 44 wm from its start-
ing posifion, ing to = 130000 Therefore, we attempt to de-
velop a picture of water we have to keep in mind the extremely dynamic nature of the underlying water
molecules that form this material. Based on these numbers, it is difficult to envisage how water can re-

“Paper based on a prescntation at the 31% Intermational Conference on Sclution Chemisiry (ICSC-31), 21-25 August 2009,
Innshewck. Ausiria. Other presentations are published in this issue, pp. 1355-1071
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Liquid water: SAXS at FEL

Microdroplets - stronger supercooling possible
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Science 358, 1589 (2017)
- Compressibility maximum by crossing the Widom line

- But: depends on the estimation of water density
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Dynamics in amorphous ices & liquid water

High density

X-ray diffraction

CE - Double peak for eHDA: coexistence of high-
£, and low-density form
&i - Decomposition of S(Q) (and g(r)) in two
Sap oo et oot oo oorom oo oo (main) contributions possible
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Transition of HDA to LDA Dynamics information to quantify glass-glass or
liquid-liquid transition
PNAS 114, 8793 (2017)
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Dynamics in amorphous ices & liquid water
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Dynamics in amorphous ices & liquid water
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Liquid water: fs dynamics - FEL pulse length

MD simulations of liquid water show two-step decay

of intermediate scattering function
—> fragile-to-strong crossover

- LLCP hypothesis

Nature Comm. 9, 1917 (2018).
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Dynamics in amorphous ices & liquid water

- XSVS experiment

Real space Reciprocal
space

- Water structure factor
peak around 2 A-1

setting

X-Ray Diffraction

’L/A - >10000 shots per

Nature Comm. 9, 1917 (2018).
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Ballistic Cage effects
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Molecular dynamics in real time experiments
Influence from H-bonding at sub-100 fs time scales

"Cage effects”
Nature Comm. 9, 1917 (2018).
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Further questions, interest, master thesis etc.

Soft matter, colloids, coherent X-ray scattering (XPCS, XCCA, ...), water

Contact:;
Felix.L.ehmkuehler@desy.de
Gerhard.Gruebel@desy.de
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