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Soft Matter – Timeline

• Do 27.05.2021 Soft Matter studies I: Methods & experiments

Definitions, complex liquids, colloids, storage ring and FEL experiments, setups, liquid jets, ...

• Di 01.06.2021 Soft Matter studies II: Structure 

SAXS & WAXS applications, X-ray cross correlations, ... 

• Do 03.06.2021 Soft Matter studies III: Dynamics

XPCS applications, diffusion, dynamical heterogeneities, ...

• Di 08.06.2021 XPCS & XCCA simulations and modelling 

• Do 10.06.2021 Case study I: Glass transition 

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

• Di 15.05.2021 Case study II: Water 

Phase diagram, anomalies, crystalline and glassy forms, FEL studies, ...

• Do 17.06.2021 Outlook: Opportunities at new facilities
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Water science online: http://www1.lsbu.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://www1.lsbu.ac.uk/water/
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Water – phase diagram

Normal liquid Water → anomalies

liquid

ice

vapour

Figures: wikipedia
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Crystalline ice – polymorphism

Phase diagram: wikipedia

Ice Ih

Ice VI
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Ice rule: one hydrogen 

between two oxygens

Crystalline ice – polymorphism

http://www1.lsbu.ac.uk/water

Hexagonal ice (ice Ih)

Tetrahedral coordination

4 H-bonds per molecule
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Crystalline ice – polymorphism

Disorded

phase

Ordered

phase

To→d

Ih XI 72 K

III IX 170 K

VII VIII 270 K

XII XIV 100 K

IV ??? -

??? II -

V XIII ~120 K

VI XV ~130 K 

There are hydrogen-disordered and

hydrogen-ordered ice phases

Ice XI: hydrogen-ordered form 

of hexagonal ice Ih J. Chem. Phys. 150, 060901 (2019).
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Amorphous ice

J. Stern and T. Loerting. Sci. Rep. 7, 3995 (2017)

• Earth: hexagonal ice

• Space: amorphous forms

of ice

(At least) three forms of

amorphous ice

• Low-density (LDA), 0.92 

g/cm3

• High-density (HDA), 1.17 

g/cm3

• Very-high-density (VHDA), 

1.26 g/cm3

Glass transition: no man's 

land

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

ASW –

amorphous solid 

water

HGW –

Hyperquenched

glassy water
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Clathrate hydrates

• In presence of gas molecules (e.g. methane, CO2, O2, 

H2, …) 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 network

→ Diverging properties upon supercooling

around -45°C

→ Connection to water structure

http://www1.lsbu.ac.uk/water

J. Phys.: Cond. Matt. 15, R1669 (2003)
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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 Röntgen 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 → higher density Dominates at room temperature
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Liquid water: continuum and mixture models

Molecular dynamics simulations:

• LDL: tetrahedral liquid

• HDL: broken hydrogen bonds

Phase diagram of amorphous water: 

Reaching "no man's land" to measure

HDL/LDL
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Liquid water: continuum and mixture models

Nat. Comm. 6, 8998 (2015)

If there are two liquids, will there be a (2nd) critical point?

Widom line: locus of correlation length maxima in the 

pressure-temperature (P-T) plane.

Thermodynamic response functions are expected to have 

maxima
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X-ray studies: structure factors

J. Chem. Phys. 113, 9140 (2000)Chem. Rev. 116, 7570 (2016)

Structure factor of water around 𝑞 = 2 Å-1 
→ for 8 keV X-rays → 𝜃 ≈ 29°→ XRD

Experimental limit: 𝜃 = 180° ⇒ 𝑞𝑚𝑎𝑥 =
4𝜋

λ
≈ 8 Å-1 for 8 keV → high-energy X-rays (≥ 50 keV) 

for pair-distribution function (pdf) studies
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Liquid water: structure factors

Nature 510, 381 (2014)

Liquid microdroplets: supercooling due 

to evaporation in vacuum

Ultrafast probing: FEL (~100 fs)

→ XRD patterns from single droplets
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Nature 510, 381 (2014)

Structure factors: peaks shift upon 

supercooling

But: here limited to 𝑞 ≤ 3.2 Å-1

Degree of tetrahedrality: 2nd peak

of 𝑔(𝑟)

Towards low-density liquid water?
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How to measure temperature of water droplets?

Raman scattering for diameter measurement

Phys. Rev. Lett.120, 015501 (2018)

Ice formation

Droplet diameters from vibrational

spectroscopy & Knudsen model of

evaporation
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X-ray diffraction: ices

Phys. Rev. B 77, 220105 (2008)

Crystallisation upon fast cooling

Nature 510, 381 (2014)

Typical example: XRD of ice(s)

Fingerprint of structure → no 

"new" ice without XRD proof
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X-ray diffraction: Latest ice

Ice XIX as second polymorph of ice VI

Ice VI: hydrogen disordered

Two different hydrogen-ordered phases: Ice XV 

and ice XIX

Here: Neutron diffraction to make hydrogen 

„visible“

Nature Comm. 12, 1128 (2021)
Ice Ih Ice VI
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Transition of amorphous ices

http://www1.lsbu.ac.uk/water

Isothermal decompression of VHDA at 140K 

to several selected pressures 

J. Chem. Phys. doi: 10.1063/1.2830029 (2008)
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X-ray spectroscopy

J. El. Spec. Rel. Phen. 177, 99 (2010)

• 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)

e.g. PNAS 116, 4058 (2019)
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Liquid water: SAXS

Small q limit in SAXS: 𝑆 𝑞 → 0 ∝ density fluctuations (see Lecture 6)

Isothermal compressibility 𝜒𝑇 can be extracted for 𝑞 → 0: 𝑆 0 = 𝑘𝐵𝑇𝜌𝑛𝜒𝑇

Chem. Rev. 116, 7570 (2016)J. Chem. Phys. 133, 134504 (2010)
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Liquid water: SAXS

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

→ Strongly debated!
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Liquid water: SAXS at FEL

Microdroplets → stronger supercooling possible

SAXS data: 𝑆(𝑞 → 0) Compressibility Proposed phase

diagram

→ Compressibility maximum by crossing the Widom line

→ But: depends on the estimation of water density
Science 358, 1589 (2017)
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Fast water heating at FEL sources

Pulse length dependence

PNAS 115, 5652 (2018)

Pulse-length dependence

of structure factor

Simulation results
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Dynamics in amorphous ices & liquid water

X-ray diffraction

• Double peak for eHDA: coexistence of high- and low-density

form

• Decomposition of 𝑆(𝑄) (and 𝑔 𝑟 ) in two (main) contributions

possible

Dynamics information to quantify glass-glass or liquid-liquid 

transitionTransition of HDA to LDA 

PNAS 114, 8793 (2017)
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Dynamics in amorphous ices & liquid water

PNAS 114, 8793 (2017)

• 𝑇 < 110 K: viscoelastic relaxation of HDA

• Onset of diffusive dynamics for 𝑇 ≥ 110 K 

• HDA domains transform to ultraviscous

HDL

• Around 𝑇 = 130 K: transformation to

ultravisous LDL
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Ultrafast XPCS: X-ray Speckle Visibility Spectroscopy

• So far: short exposure time 𝑡𝑒 ≪ 𝜏0

• Dynamics change during exposure →

reduction of contrast

• Typical FEL pulse length: 𝜏0 = 100 fs
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Finite pulse lengths

• Contrast as function of exposure (𝛽2 =
𝐼2

𝐼 2 − 1)

• 𝛽2 𝑞, 𝑡𝑒 =
2𝛽0

2

𝑡𝑒
0׬
𝑡𝑒 1 −

𝜏

𝑡𝑒
𝑓 𝑞, 𝜏 2𝑑𝜏

• For diffusion, this can be solved analytically (→ Exercise!)

• Limited by accessible exposure times
• Pulse lengths (FEL)

• Detector read out & flux (storage rings)

• FEL: pulse lengths variations & split-pulse applications

Ultrafast dynamics: XSVS
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Dynamics in amorphous ices & liquid water

• 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

JCP 144, 

074503 (2016)

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

Nature Comm.  9, 1917 (2018).

• XSVS experiment

• FEL pulse length variation

between 10 fs to 130 fs

• Water structure factor peak

around 2 Å-1

• >10000 shots per setting
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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).


