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This White Paper describes the scope of the Centre for Molecular Water Science (CMWS), a 
collaborative, cross-disciplinary research initiative that shall use a highly dedicated laboratory 
infrastructure, the most advanced experimental techniques, leading theory/simulation tools and forefront 
photon facilities to answer the most important questions in molecular water science. The key scientific 
challenges, preliminary work, objectives, methodologies and infrastructural needs for five major 
scientific research areas (pillars) have been identified during the past three years by a group of more 
than 140 scientists from more than 15 countries. The results are compiled and summarised in this 
document. 
This task would not have been possible without the continued support from the host laboratory 
Deutsches Elektronen-Synchrotron DESY in Hamburg (Germany). Special thanks to the Chairman of 
the DESY Board of Directors, Prof. Helmut Dosch, and the Director in charge of Photon Science, Prof. 
Edgar Weckert. 
 
CMWS Coordination and Editorial Team  Gerhard Grübel, Melanie Schnell, 

Claudia Goy, Felix Lehmkühler and Sadia Bari 
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Water, Energy, Health and Environment are 
strongly interconnected. Addressing the challen-
ges that humanity faces today, such as climate 
change, the need for carbon-free energy produc-
tion via green hydrogen, pandemic diseases and 
the need for universal access to clean water, is 
key for the survival of our societies and our planet. 
The detailed molecular understanding of the role 
of water in the underlying physical, chemical and 
biological processes is prerequisite for sustain-
able solutions. 
The Centre for Molecular Water Science (CMWS) 
brings together key experts from Europe and 
across the world, and from different areas of 
water-related sciences, with the common goal of 
delivering a detailed molecular understanding of 
the various structures, phenomena and dynamic 
processes in water and water interfaces that are 
relevant for green-energy technologies, health 
and environment. In a series of workshops and 
general meetings, the science concept has been 
developed by the CMWS consortium consisting of 
more than 140 scientists worldwide. The results 
and conclusions have been aggregated in this 
White Paper. 
CMWS science is organised within five strategic 
pillars (Fundamental Properties of Water, Water 
in Climate-, Astro-, and Geo-Sciences, Water in 
Energy Research and Technology, Real-Time 
Chemical Dynamics, Water in the Molecular Life 
Sciences) which define both intra-pillar chal-
lenges as well as crucial inter-pillar topics to be 
addressed by CMWS in a cross-disciplinary 
approach that is unique worldwide: Bringing 
together researchers from different disciplines 
with a dedicated laboratory infrastructure directly 
connected to world-class research infrastructures, 
such as photon, neutron and NMR facilities. 
CMWS today is a pan-European consortium of 
European and international partners where more 

than 45 groups have expressed their continued 
interest via Letters of Intent (LoI). Scientific colla-
borations have already been started within an 
Early Science Programme (ESP) co-funded by 
DESY and the CMWS partners. Closer collabo-
rations are in the process of being defined via 
Memoranda of Understanding (MoU), collabora-
tion contracts, the build-up of a CMWS pre-
paration and characterisation laboratory on the 
Bahrenfeld Science Campus, and the implement-
tation of the first infrastructure hubs. 
A declared goal of the initiative is to locate a 
central part of the science activities in a new 
Research Centre on the Bahrenfeld Campus in 
Hamburg, Germany, under the leadership of 
DESY as host laboratory and coordinating part-
ner. It will provide space for about 15 research 
groups and a dedicated laboratory infrastructure. 
The Centre will be surrounded by de-centralised 
infrastructure hubs on other sites providing com-
plementary or further specialised capabilities, like 
e.g. NMR and laboratory-based spectroscopy 
techniques. Pivotal to the concept is access to  
the state-of-the-art photon facilities (PETRA III/IV, 
FLASH and European XFEL) in Hamburg. Young 
Investigator Groups (YIGs) will be working at the 
interfaces between the pillars. Knowledge, inno-
vation and technology transfer as well as the 
cooperation with industrial partners will be estab-
lished and organised together with the DESY 
Innovation and Technology Transfer Office. 
CMWS thus aims to be a worldwide unique plat-
form, where researchers from different disciplines 
will work together in a new way, having access to 
a highly dedicated laboratory infrastructure and 
forefront photon science facilities to create new 
knowledge necessary to tackle the most relevant 
and urgent challenges in molecular water science. 

 
  

Executive Summary 
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Water is key to life on our planet and plays a 
central role in a large number of environmental 
and technological processes starting from the 
complex aqueous contents of cells, to clouds in 
the atmosphere and aqueous catalytic cycles  
in industry. Climate change and environmental 
degradation are pressing existential threats to our 
planet and life as we know it. Any strategy to 
address these threats needs to deal with multiple 
challenges, such as the need for carbon-free 
energy production and the need for clean water. 
To address these challenges, we need a vastly 
improved understanding of the underlying physi-
cal, chemical and biological processes involved. 
This, in turn, means we need a molecular-scale 
understanding of water and the role it plays in all 
aspects of life, chemistry and the environment. 
To give a current example, our ability to effectively 
counteract pandemic diseases depends on de-
tailed molecular knowledge of how bio-relevant 
(macro-)molecular complexes interact with drug 
molecules in the presence of water and how the 
binding of individual water molecules can tip the 
balance towards specific functional outcomes. In 
addition, it is now clear that an understanding of 
small aqueous droplets (aerosols) is not only 

relevant for environmental and climate research 
but is in fact crucial for controlling the spreading 
of air-borne diseases. However, our ability to 
deliver the knowledge needed by establishing a 
molecular view of water is a non-trivial task since 
even some of the most basic properties of water 
remain poorly understood. For example, we know 
that water is very efficient in forming hydrogen 
bonds, and it is believed that this hydrogen-bond 
network is responsible for its complex and anoma-
lous behaviour. However, we are still uncertain 
about its exact microstructure, i.e., exactly how 
water molecules arrange themselves in the liquid 
form, at surfaces and around (bio-)molecules and 
the molecular dynamics associated with these 
interactions. The following paragraphs are inten-
ded to remind us of some of the mysteries of 
water, introduce current challenges in different 
areas of water research and point towards strate-
gies to address these with the help of theory, 
simulation and experiments with a particular focus 
on photon-based techniques. 
 

 
The three-dimensional structure of liquid water 
has fascinated scientists for decades. When 
supercooled to below -40 °C, many of water’s 
thermodynamic properties, such as heat capacity 
or isothermal compressibility, begin to soar, a  
sign that its density is fluctuating wildly at the 
molecular scale, indicating the possibility of some 
kind of phase transition. Already in the early 
1990’s it was hypothesised that this observation  
is indicative of a putative second critical point (in 
addition to the liquid–vapour critical point at 
373.946 °C and 220.64 bar). At temperatures be-
low this second critical point water might actually 
exist in two distinct liquid phases of different 

I. Introduction 

“Life on earth as we know it would not exist 
if water was a regular liquid.” 

A. Kananenka and J. L. Skinner, Physical 
Chemistry Chemical Physics, 22 18124-
18131 (2020). 

Figure I.1: Water is an anomalous liquid. It displays, 
e.g., a density maximum at 4 °C and a solid phase 
(ice) that is less dense than the liquid making the 
iceberg float on water. Sea ice is listed as one of the 
13 essential climate variables and subject to intense 
research (see e.g. the 2019 POLARSTERN 
expedition: www.awi.de/science/climate-sciences/sea-
ice-physics.html). 
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density. If true, this two-phase model would pro-
vide an explanation for the many anomalies 
observed in water, which also affect its properties 
at ambient conditions. The solid phase of water is 
equally mysterious, displaying a multitude of crys-
talline and amorphous ice phases with at least two 
rather peculiar amorphous solid forms that also 
show a significant density difference, reminiscent 
of the postulated two fluid phases. Thus, our 
understanding of both the liquid and the solid 
phases are now ripe for a thorough research effort 
on the molecular scale to obtain a unified picture 
of water across the entire phase diagram. 
Besides understanding the fundamental behav-
iour of water, it is also important to know how 
water interacts with technologically relevant ma-
terials at solid surfaces or interfaces. This con-
cerns in particular processes in which water is 
actively involved as a reacting species – ranging 
from corrosion, water as a catalyst to (photo-) 
electrochemical processes, photo-conversion and 
energy storage. One prominent example is the 
production of molecular hydrogen gas (H2) from 
water via photo-splitting (green hydrogen), for use 
as a fuel, which has the future potential to be a 
more climate friendly alternative to the production 
and use of fossil fuels. Since the solar energy to 
hydrogen conversion efficiency is low (1–2 %) and 
materials used in the process are costly, new 
materials with higher photocatalytic activity and 
efficiency are needed. However, for further pro-
gress, a detailed molecular understanding of the 
catalytic water splitting process is necessary. 
An important question is which role molecular 
water plays in biology, e.g. in processes such as 
macromolecular folding, molecular recognition, 
and biological transport processes. For this we 
need to understand the interplay between bulk-
water activity (influenced by co-solutes, pressure 

and temperature) and the formation of the solva-
tion shells which envelope macromolecules and  
– especially in the case of DNA and RNA – their 
counter ions. This topic is currently witnessing a 
paradigm change, where molecular water in the 
biological context is no longer regarded as just a 
“passive” solvent but rather as an “active” partici-
pant. 

Most viral and bacterial infection events and 
processes occur in aqueous environments. A 
better understanding of the role of molecular 
water in these processes, beyond water’s role as 
a solvent, is a necessary pre-requisite for rapid 
and efficient drug design. A thorough understand-
ding of the role of water in protein–ligand inter-
actions is needed in order to rationally develop 
better antivirals, e.g. for the pressing issue of 
treating infectious diseases like COVID-19 and 
antibiotics. 

Figure I.2: By screening thousands of drugs and 
synthetic mini-antibodies called sybodies, scientists 
have identified candidates that might stop SARS-CoV-
2 from infecting human cells. Using DESY’s X-ray light 
source PETRA III, the teams identified protein 
structures with binding sites to the virus and 
unravelled how the sybody interacts with the virus. T. 
F. Custódio et al., Nat. Commun. 11, 5588 (2020); S. 
Günther et al., Science (2021), DOI: 
10.1126/science.abf7945. 

Hydrogen as an essential component of the energy transition 
Germany and the European Union aim to be climate-neutral by 2050. This should be achieved 
while ensuring that the population has a reliable energy supply and that industry remains 
competitive. To ensure Germany achieves its energy transition goal, technologies for producing, 
storing, distributing, and using hydrogen (H₂) need to be developed and made commercially 
available on a large scale. 
Kompetenzatlas Wasserstoff in der Helmholtz-Gemeinschaft 
https://www.helmholtz.de/fileadmin/user_upload/01_forschung/01_Energie/Wasserstoffatlas_Handout_englisch_V02.pdf 
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In the atmosphere, aerosols partially counteract 
the greenhouse effect by reflecting solar radiation, 
thus playing an important role for the habitability 
of our Earth. Here, in particular, the formation of 
aerosol particles and their respective interface 
effects are yet to be fully understood. This can  
be achieved by studying aerosol growth and 
molecule pick-up on all relevant time and length 
scales, from just a few molecules to full-grown 
droplets. 
 

Water will play a pivotal role in the EU Green 
Deal Policy areas, particularly for the policy 
areas Clean Energy, Sustainable Industry, 
Biodiversity, From Farm to Fork and 
Eliminating Pollution. 
https://ec.europa.eu/info/strategy/priorities-2019-

2024/european-green-deal_en 

 
Molecular water in all its facets plays a major role 
in a variety of planetary and interstellar processes. 
Ice polymorphs are essential for understanding 
atmospheric and astrochemical processes, in-
cluding the radiative balance and hydrological 
cycle, as well as in the chemical dynamics of the 
Earth’s and other planets’ atmospheres. In the 
solid Earth, significant amounts of molecular 
water are stored in the crystalline structure of 
minerals and melts as H2O molecules, stoichio-
metric OH-groups or as defects. Cycling of this 
molecular water from the surface to the deep 
Earth is essential to plate tectonics, resulting in 
volcanism and earthquakes at convergent boun-
daries and the formation of continental crust. 
Astrochemistry is an exciting field, with more than 
200 different molecular species detected in inter-
stellar space so far. The chemical reactions resul-
ting in this richness of molecules are not well 

understood to date. One of the important scena-
rios for molecule formation in interstellar space 
proceeds via chemical processes on ice grains, 
which are formed of silicaceous and carbona-
ceous materials surrounded by icy mantles. In 
these ice mantles, molecules can adsorb, meet 
and react, while exposed to radiation. One of the 
holy grails of astrochemistry is to identify molecu-
lar building blocks of life in space, such as amino 
acids or sugars, which could be formed on these 
grains. Their identification would contribute to the 
open question of how life originated. 
Chemical reactions often take place in liquid water 
and occur on time scales from femtoseconds to 
minutes. A real-time characterisation of the under-
lying processes has to address both, the response 

Figure I.3: Dense molecular clouds as depicted here 
consist of a plethora of particles and atomic and 
molecular species, which are the basics of a rich 
chemistry. Dust grains in dense interstellar molecular 
clouds are coated with a mantle of ice that contains a 
variety of molecules. Infrared spectra indicate that the 
ices are generally dominated by H2O, but also host, 
e.g. methanol, carbon monoxide, carbon dioxide, 
ammonia, methane and others. These ices are 
exposed to various forms of high-energy photons and 
particles (such as cosmic rays and UV light) that can 
break chemical bonds of the molecules in the ices, 
resulting in the production of new chemical 
compounds. 

Infection Research 
The current COVID-19 pandemic is caused by the novel coronavirus SARS-CoV-2. 
A research focus within CMWS is to understand the role of water in protein–ligand interactions in 
order to help in developing better antivirals. At a more general level, revealing the interactions 
between molecular water and other molecules is a research aim of relevance in all research pillars 
of the CMWS, and the respective findings and developments will also reflect back to biological 
aspects. 
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of the electronic structure and the positions of the 
reacting molecules. A prominent example is the 
radiolysis of water by intense ionising radiation.  
If liquid water is ionised, the cationic hole of H2O+ 
reacts with another water molecule to form an  
OH radical and H3O+. The involved transfer of a 
proton (H+) happens here on an ultrafast 50 fs 
timescale. 
When it comes to unravelling the microstructure of 
water, i.e. exactly how water molecules arrange 
themselves in the liquid form, at surfaces, or 
around biomolecules, it is X-ray methods that  
can provide the necessary high spatial resolution. 
Currently the most powerful 4th generation syn-
chrotron radiation light source, the ESRF-EBS 
(Extremely Brilliant Source) in Grenoble (France) 
has just restarted operation, preceded by MAX IV 
(Lund, Sweden) and soon to be followed by most 
of the synchrotron radiation sources worldwide. 
The particular characteristics of the planned 
PETRA IV synchrotron in Hamburg promise to 
provide the ultimate X-ray microscope. 
Knowing how the molecular microstructure evol-
ves in time is even more challenging, since liquid 
water is extremely dynamic in nature with hydro-
gen bonds that form and dissolve on sub-
picosecond timescales. Answering such ques-
tions on molecular length and ultrafast timescales 
thus calls for the most advanced experimental 
tools, such as those that have recently become 
available with the start of operation of the most 
advanced X-ray Free-Electron Laser in the world, 
the European XFEL in Schenefeld near Hamburg. 
Soft X-ray laser radiation able to probe similar 

time-scales is provided by the FLASH facility on 
the campus. 
By joining forces with our partners both on cam-
pus and beyond, enabling complementary 
techniques (NMR, (optical/vibrational) spectros-
copies, neutron and electron diffraction/spectros-
copy) and by using the most advanced 
experimental sample preparation and handling 
capabilities (nanofluidics, micro and nanojets), we 
are uniquely in a position to address the most 
relevant scientific challenges on water that nature 
has left us to explore. 
 

Figure I.4: The European XFEL generates ultrashort 
(< 100 fs) X-ray flashes – 27 000 times per second 
with a brilliance that is a billion times higher than that 
of the best storage ring X-ray sources. 

PETRA IV 
PETRA IV is DESY’s future ultra-low emittance synchrotron radiation source. Its high brightness 
and degree of coherence will be ideal for X-ray microscopy and dynamics studies by correlation 
spectroscopies.  
This will enable researchers to image microscopically heterogeneous samples and biological, 
chemical and physical processes under realistic conditions, enabling their investigation on length 
scales from atomic dimensions to millimetres and on process-relevant time scales. In particular, 
fundamental questions can be addressed about the unusual behaviour of water and water as a 
solvent, the role of water in biological systems or for various technological applications, such as 
corrosion or catalytic water splitting. 
PETRA IV: Upgrade of PETRA III to the Ultimate 3D X-ray Microscope. Conceptual Design 
Report (Nov. 2019, DOI: 10.3204/PUBDB-2019-03613/) 
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The Centre for Molecular Water Science (CMWS) 
is a pan-European consortium of key international 
partners from different fields of science (physics, 
chemistry, biology) with the common goal of 
achieving a detailed molecular understanding of 
water. The CMWS consortium has developed a 
science programme centred around five strategic 
research pillars (Figure II.1): 
 
i) Fundamental Properties of Water 

ii) Water in Climate-, Astro-, and Geo-Sciences  

iii) Water in Energy Research and Technology 

iv) Real-Time Chemical Dynamics 

v) Water in the Molecular Life Sciences 
 
Each of the five strategic pillars employs scientists 
from different fields to address not only very 
(pillar) specific topics but also overarching ques-
tions, taking advantage of the synergy and 
interdisciplinarity between the pillars. 
The CMWS consortium is interconnected via a 
framework of Letters of Intent (LoI) and, if ap-
propriate, by collaboration contracts defining the 
common goals of the partners on the basis of this 

White Paper. The consortium is open to new 
members and new research topics within the 
research field of molecular water science. It colla-
borates not only in science related questions but 
also explores funding channels for research acti-
vities, a PhD and postdoc programme, networking 
activities and outreach. A strong interaction with 
the DESY Host Laboratory ensures prime rela-
tions to the Hamburg Light Sources Environment. 
The central activities of CMWS will be located in a 
research building (office and laboratory) on the 
Bahrenfeld Campus in Hamburg. It is planned to 
provide space for 15 research groups and a total 
of about 150 staff. The Centre will be surrounded 
by decentralised infrastructure hubs, providing 
complementary or additional capabilities and 
expertise (NMR spectroscopy, soft X-ray radia-
tion, lab-based characterisation techniques) not 
available on the Bahrenfeld campus. Each pillar 
will operate with 1–3 core research groups. Young 
Investigator Groups (YIGs) will be located at the 
interfaces between the pillars. Science projects 
will be based on collaborations with local/on-site, 
European and international cooperation partners. 
A research hostel will enable external groups to 
spend research time at the centre even for 

II. The Centre for Molecular Water Science 
(CMWS) 

Figure II.1: Schematic organisation chart of the research of CMWS. 
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extended periods. The centre will enable, foster, 
and encourage the establishment of cross-
disciplinary research projects between various 
internal and/or external partners. Specific instru-
mentation (characterisation and analysis tech-
niques) and sample infrastructures (liquid jets, 
nanofluidics, ice laboratories and others) will be 
established (see also section VI.2). As a special 
asset, compatibility with and access to the local 
light source facilities (PETRA III/IV, FLASH, 
European XFEL) will be established from the very 
beginning. Contact to other national projects 
(ELBE/DALI, BESSY III) will be activated. A 
knowledge, innovation and technology transfer 
strategy will be established early on with the 
existing DESY innovation and technology transfer 
(ITT) office. 
The science portfolio and the organisation struc-
ture of CMWS is unique on a world-wide scale 
since: 
 
 It addresses a wide variety of the fundamental 

questions in molecular water-based sciences. 
 It builds on the combined expertise of an 

unprecedented number of key experts from 
different areas (physics, chemistry, biology) of 
water-related sciences. 

 It is based on and fosters strategic coopera-
tion (cross-area projects, research hostel). 

 It is located around and provides access to 
the unique photon science infrastructure 
(PETRA III/IV, FLASH and European XFEL) 
in the Hamburg metropolitan area including 
their large-scale data handling facilities. 

 It provides sample preparation and sample 
characterisation facilities (within the centre or 
via partner facility hubs). 

 It integrates a unique environment of local 
research institutions: CFEL, UHH (CHyN, 
HARBOR), CSSB, CUI, TUHH, EMBL, 
European XFEL. 

 It includes a Knowledge, Innovation and 
Technology-Transfer strategy (cooperation 
with on-site technology-transfer office, ap-
plied science partners). 

II.1 The Science 
Portfolio of CMWS 

The following section will give an overview on the 
five CMWS research pillars and identify cross 
pillar topics in science and methodology. 

Pillar 1: Fundamental Properties of Water 
Understanding the structure and dynamics of the 
hydrogen-bonding (H-bonding) network in water 
is essential for many problems in chemistry, phy-
sics, biology and geoscience. The ability to form 
up to four directional H-bonds in addition to the 
non-directional interactions seen in normal liquids 
leads to many quite unusual properties, such as 
increased density upon melting, decreased visco-
sity under pressure, a density maximum at 4 °C, 
high surface tension and many more. Water is 
special in that it seems to exist in at least 19 
crystalline polymorphs and two rather different 
amorphous solid forms, low-density amorphous 
(LDA) and high-density amorphous (HDA) ice, 
with a density difference of 20% between them. 
There is debate about the possible existence of 
different liquid forms at low temperature, namely 
the low-density liquid (LDL) and high-density 
liquid (HDL). However, water crystallisation has 
made measurements of the bulk liquid phase 
below the homogeneous nucleation temperature 
of TH ≈ 232 K and above ≈ 160 K extremely 
challenging, leading to a “No-man’s land” largely 
devoid of experimental results. Exploring this 
“Terra Incognita”, in particular understanding the 
properties and anomalies of water by studying its 
structure and dynamics, is one of the central goals 
to be addressed within the centre. 

Pillar 2: Water in Climate-, Astro-, and Geo-
Sciences 
Molecular water in all its facets plays an important 
role in a variety of planetary and interstellar 
processes. Ice polymorphs are essential for 
understanding atmospheric and astrochemical 
processes, including the radiative balance and 
hydrological cycle, as well as in the chemical 
dynamics of the Earth’s and other planets’ 
atmospheres. Molecular water ice grains are 
understood to be central for astrochemical 
processes, while their formation and the actual 
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chemistry happening at their surfaces are not yet 
well explored. Another, on the first sight subtle, 
effect is the ratio between ortho/para water in 
space, which can give hints to processes so  
far unconsidered. In the atmosphere, aerosols 
partially counteract the greenhouse effect by 
reflecting solar radiation, thus playing an impor-
tant role for the habitability of our Earth. Here, in 
particular, the formation of aerosol particles as 
well as their respective interface effects are yet to 
be fully understood. In the solid Earth, significant 
amounts of molecular water are stored in the 
crystalline structure of minerals and melts as H2O 
molecules, stoichiometric OH-groups or as de-
fects. The presence of super-critical aqueous 
fluids in the crust is responsible for ore formation. 
Water ice and molecule/water ice mixtures are 
highly abundant in giant planets such as Uranus 
or Neptune where high-pressure and high-
temperature polymorphs might cause magnetic 
field generation. Thus, molecular water is a key 
ingredient for many cosmic and planetary 
processes, and it is our aim to unravel water’s role 
at the molecular level as part of the CMWS 
portfolio. 

Pillar 3: Water in Energy Research and 
Technology 
Water, the sustainable chemical of excellence, 
plays a prominent role in energy research and 
technology. On the one hand, it passively guides 
energy and/or reaction pathways in chemical and 
physical processes – statically through tuning its 
highly polar character and dielectric properties – 
or dynamically through dielectric relaxation as a 
Debye or near-Debye-type liquid. On the other 
hand, the oxygen–hydrogen bond in water is 
among the strongest single bonds known in 
chemistry and allows efficient energy storage and 
transformation, converting heat or photon energy 
into chemical energy, by water splitting or as-
sociation. Challenges in this field include the 
detailed study of the structure and dynamics of 
processes in which water is actively involved as a 
reacting species – ranging from corrosion over 
water as catalyst (“on-water” chemistry or water-
splitting) to (photo-)electrochemical processes, 
photo-conversion, and energy storage. Nano-
confinement and nano-structuring may enable 
tuning of the physical properties and chemical 
reactivity of water, which is especially important 
for water as a molecular-level solvent and for 
membrane technologies (purification and desali-
nation). 

Figure II.2: Water is key to a variety of fundamental processes and technologies, addressed within the five 
research pillars of CMWS. 
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Pillar 4: Real-Time Chemical Dynamics 
Many, if not most, of the important chemical 
reactions take place in liquid water. These 
processes occur on multiple time scales, ranging 
from femtoseconds to minutes. Therefore, it is a 
central objective to provide a real-time character-
risation of the fundamental processes occurring in 
this ubiquitous solvent. Such a characterisation 
has to address the temporal evolution of both the 
electronic structure and the atomic positions. This 
is because the electronic structure determines the 
forces acting on the atoms, and the atomic 
positions in turn affect the properties of the 
electronic states. Another recurring aspect is the 
influence of solvation on chemical properties and 
transformations, addressing the question of how 
solvation is initiated on the microscopic level, and 
changes the properties of the reactants, the 
intermediates and transition state(s), the pro-
ducts, and even the solvent itself. Knowing how 
the solvent changes the properties of electronic 
states, the solvent alters the reaction pathway or 
the products and to what extent solvent molecules 
are spectators, catalysts, or participants in chemi-
cal reactions are important questions to answer. 

Pillar 5: Water in the Molecular Life Sciences  
Water is the molecule of life, ubiquitous in 
biological environments and indispensable for 
biochemical reactions. Living cells contain about 
60–70% water, and evolution has optimised the 
sophisticated biological processes that determine 
life to function in an aqueous environment. One of 
the most striking challenges is correlating water’s 
intrinsic physical properties – hydrogen bonding, 
polarisability and collective vibrational states – 
with its spontaneous capacity to generate frus-
trated order out of apparent chaos. Understanding 
the interplay between the bulk-water activity that 
is influenced by co-solutes, pressure and tem-
perature, and the formation of the solvation shells 
which envelope macromolecules and, especially 
in the case of DNA and RNA, their counterions is 
crucial for understanding structure and the 
structural dynamics of biological systems. The 
influence of water on the association states of 
proteins, RNA, DNA, lipids and carbohydrates is 
also of the highest interest. The formation of 
higher-order assemblies consisting of multiple 
components are fundamental to all intracellular 

processes and are associated with a number of 
disease states. Therefore, the role of water in 
biomolecular structure, be it defined and ordered 
or intrinsically disordered, and the link that water 
provides between structure, bio-catalysis, regu-
lation and molecular transport will be the focal 
points for biochemical and biological function 
research in CMWS. 

Inter-Pillar Topics and the Big Data Challenge 
There are important cross-area topics that in fact 
concern several pillars. They are of scientific, 
methodological and/or technological character: 
 
i) Complex sample environments and sample 

delivery systems 

ii) Novel X-ray methods 

iii) Overarching science questions:  

 Hydrogen-bond network, 

 Climate challenges 

 Food-energy-water nexus 

iv) Multimodal approaches 

i) Complex sample environments and sample 
delivery systems 
There are overarching questions in pillars 1–5 
concerning the properties of water in confined 
geometries (in liquid jets, droplets, nanofluidic 
environments, pores and channels) or under re-
duced dimensionality (at surfaces, interfaces). If 
water molecules are confined they can exhibit 
novel and surprising properties. Water molecules 
can pass through filters or biological membranes 
with nanopores just slightly bigger than them-
selves faster than through membranes with much 
bigger pores. This has profound impact on the 
development and design of novel filter techno-
logies. Many of these nanofluidic effects arise 
from the very peculiar properties of the hydrogen-
bonding network and are barely understood on 
the molecular level. Understanding the arrange-
ment of water at extended surfaces and inter-
faces, the role of surface charge and counter ions, 
and transport mechanisms at interfaces is of 
critical importance for predicting reactivity 
(electrocatalysis, electrochemistry) and transport 
(membranes). 
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In order to address such questions, the respective 
sample environments have to be developed and/ 
or adapted. This involves, for example, the litho-
graphical design of nano and microfluidic devices 
for studying transport processes for technology, 
chemical and life sciences. Furthermore, surface 
modifications of nanoporous materials will allow 
tuning of the pore–water interaction that is used 
for designing new model interfaces. 
Nowadays, liquid jet, liquid droplet and aerosol 
injectors have become standard devices for 
studying structure and dynamics in liquids. For 
instance, injection of nano to micrometre sized 
droplets into vacuum results in fast cooling of the 
liquid. This gives access to deeply supercooled 
water. The adaption of these sample environ-
ments to different measurement techniques, e.g. 
the synchronisation of droplet injection with the 
pulse structure of an XFEL, as well as tailor-made 
jets and droplets will be needed for the research 
in all pillars. 
Water is also special in that it seems to exist in at 
least 19 crystalline polymorphs and two rather 
different amorphous solid forms. The crystalline 
and amorphous polymorphs of ice are typically 
found at extreme conditions, e.g. low tempera-
tures and high pressures. Therefore, production, 
storage and provision of these phases need to be 
handled via the dedicated ice laboratory and 
flexible sample environments that will be deve-
loped in CMWS. 

ii) Novel X-ray methods 
Since conventional scattering methods only yield 
ensemble-averaged information, novel methods 
based on coherent X-rays and higher order corre-
lation functions have been developed by CMWS 
researchers. X-ray Photon Correlation Spectros-
copy (XPCS) can provide information about 
equilibrium and non-equilibrium dynamic process-
es even on ultrashort timescales if appropriate 
optics are applied. X-ray Cross Correlation 
Analysis (XCCA) is sensitive to local symmetries 
and thus gives information on local order beyond 
the information from pair-correlation functions. 

The study of local order and dynamics in hetero-
geneous systems is relevant for all pillars. Many 
disordered systems including complex liquids 
(colloidal suspensions, protein solutions or water) 
display spatiotemporal fluctuations in their local 
dynamical behaviour. It is believed that this 
behaviour is linked to the appearance of local, 
transient order, that is, to the existence of patches 
or domains in which single-particle displacements 
are correlated. XPCS and XCCA allow one to  
gain information on local order and dynamics in 
disordered systems such as water.1 A primary 
goal is to address the controversy about the 
potential two liquid phases HDL/LDL of water. 
Another question concerns how hydration water, 
i.e. water molecules at the protein interface, leads 
to different local order and (fast) dynamics. Here, 
coherent X-ray techniques can provide useful 
additional information and support the modelling 
and interpretation of conformational heterogenei-
ties. 
Forefront imaging techniques (Coherent Diffrac-
tion Imaging, Ptychography, Fourier Transform 
Holography and others) benefit from the ever-
improving properties of the 4th generation syn-
chrotron light sources, e.g. PETRA IV, providing 
nanometre resolution and acting as true real-
space microscopes. These techniques will allow 
one to take real-space images of solid state and 
biological materials. 
The availability of high-energy X-rays at the mo-
dern light sources such as PETRA III/IV combined 
with novel high-pressure environments enables a 
better understanding of different aspects of mole-
cular water. For instance, the measurement of 
pair-distribution functions throughout the phase 
diagram of water and ice will shed light on the 
kinetics of the particular phase transitions, cover-
ing atomic to several nanometre length scales. 
Furthermore, the water cycle within the Earth will 
be accessed across its history by investigating the 
stability of H2O-bearing mineral phases as well as 
establishing the equations of state of H2O ices at 
conditions similar to those found in the interior of 
water-rich planet.

 

                                                      
1 see: F. Perakis et al., Nat. Commun. 9, 1917 (2018); 
F. Lehmkühler et al., Sci. Adv. 6, eabc5916 (2020). 
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iii) Overarching science questions 
 
Hydrogen-bond network  
The hydrogen-bond network of water is res-
ponsible for many of the unique properties and 
anomalies. At the surface of ice and water, and at 
the interface with other molecules or materials, 
this network is interrupted, giving rise to yet other 
fascinating properties, such as the very high 
surface tension of water. As a result of this the 
importance of water across many disciplines of 
science and engineering cannot be overstated. 
The recent advent of novel approaches for studies 
of the hydrogen-bond network, both theoretical 
and experimental, with the ability to describe the 
structure and dynamics of water in complex 
systems at the molecular level, is at the very 
centre of the increased interest in investigating 
water at the molecular level across several 
disciplines.

Climate challenges 
The water–surface interaction plays an important 
role in several pillars. It is particularly relevant  
for the surfaces of nano and microparticles, either 
on the particle surface or when immersed or 
dissolved inside droplets. It also plays a very im-
portant role, e.g. for cloud formation and climate 
research in general. X-rays from synchrotron 
radiation sources have been a crucial tool in 
recent years to unravel the structure of water 
solution droplets containing organic material. With 
this understanding, scientists will be able to 
formulate new theoretical models providing a 
much-improved description of the formation and 
transformation of water solution droplets in the 
atmosphere. In the coming years, the collabora-
tive effort within CMWS will radically transform our 
understanding of air pollution, climate effects of 
airborne nanoparticles and cloud droplets, as well 
as the transmission of particle and droplet-borne 
pathogens. 

Figure II.3: Schematic illustration of an X-ray experiment in “No-man’s-land” (see temperature and pressure 
diagramme) requiring sophisticated sample manipulation and state-of-the-art X-ray technologies. 
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Food–energy–water nexus 
The food–energy–water (FEW) nexus is 
ultimately defined via resource trade-offs. Water 
is an essential input to produce both food and 
energy while also serving many other purposes. 
At least in the short run when technologies and 
the allocation of water for other uses are fixed, 
allocating more water to produce more food 
implies that less will be available for energy. 
Similarly, more “water for energy” leaves less 
“water for food”, and obtaining more water for 
other uses takes resource away from both food or 
energy. These trade-offs comprise the so-called 
trilemma of FEW resources, which is only 
expected to intensify in the future because of long-
term global trends including population growth, 
income growth and climate change. This 
perspective for the FEW nexus motivates the 
need for research that can conserve resources 
through more efficient technologies. There is a 
direct connection to the activities in research 
pillar 3, while also the fundamental properties of 
molecular water studied in pillar 1 will be relevant 
to address the FEW trilemma.2 

iv) Multimodal approaches 
The need for cross-topical technologies and 
multiple experimental approaches is illustrated 
more explicitly in Figure II.3 for the example of 
studying water under deeply supercooled 
conditions. Exploring “No-man’s land” (see phase 
diagram) requires mastering either the super-
cooling of small water droplets, e.g. via a gas 
dynamic nozzle (GVDN) to produce small droplets 
that supercool upon expansion in a vacuum 
vessel, or the heating (with ultrashort high-power 
laser pulses) of specially prepared (pressure, 
temperature) amorphous ice phases. Measuring 
the structure and dynamics of supercooled water 
requires ultra-short coherent X-ray pulses from a 
FEL such as the European XFEL as atomic 
displacements are to be investigated. Such data 
require the most sophisticated 2-D detection 
schemes as provided by the Adaptive Gain 
Integrating Pixel Detector (AGIPD) with one 
million pixels acquiring up to 3520 images per 
second. Such experiments also require the 

                                                      
2 Competition for Water, edited by J. R. Ziolkowska 
and J. M. Peterson; Elsevier (2017) DOI: 
10.1016/C2014-0-03820-8. 

handling of very large data quantities and 
corresponding processing power. Interpretation of 
data involves comparison with theory and simu-
lation, such as using a molecular dynamics (MD) 
approach. 
The extended use of large Megapixel detectors 
acquiring data at Megahertz rates (up to 4.5 MHz 
for the case of the European XFEL) is reaching 
petabyte data volumes comparable to the ones 
known from particle physics, e.g. from the Large 
Hadron Collider (LHC) at CERN in Geneva. 
Meeting this challenge of big data requires 
increasing efforts in machine learning and artifi-
cial intelligence to generate computation and 
resource-efficient algorithms for searching 
through data to find and mine relevant or pertinent 
information. CMWS will thus reach out to initia-
tives such as the DFG Priority Programme BIG 
DATA (SPP1736) or the initiatives of the BMBF 
(see https://www.bmbf.de/foerderungen) addres-
sing, e.g. Künstliche Intelligenz (KI)/ Artificial 
Intelligence (AI). 
 

II.2 The Role of CMWS in 
the European 
Landscape 

One of the key features of the CMWS is the  
strong involvement of the partners to form a  
pan-European network addressing water-related 
science in all dimensions, and establish comple-
mentary infrastructure hubs outside of Hamburg. 
This pan-European ambition manifests itself in  
the distribution of partners and partner institutions 
that have expressed their support by a Letter of 
Interest (LoI). Figure II.4 shows a map illustrating 
the geographical distribution of the present LoI 
partners. 
The role of CMWS within the European Land-
scape is thus at least fourfold: 
 CMWS will continue to act as the scaffold for 

a pan-European network of academic and 
industrial partners addressing questions of 
molecular water research. It will continue to 
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welcome new partners and new capabilities 
within the network. 

 CMWS will pursue, support and coordinate 
science and science programmes between 
the CMWS partners. CMWS science is in 
many aspects commensurate with HORIZON 
EUROPE. The CMWS science portfolio, as 
illustrated in Figure II.1 and laid out in detail in 
section III, lists several subtopics addressed 
in the HORIZON EUROPE pillar 2 clusters 
[https://ec.europa.eu/info/sites/info/files/rese
arch_and_innovation/ec_rtd_he-
presentation_062019_en.pdf]. This holds in 
particular for activities in the CMWS pillars 
pillar 5 Water in the Molecular Life Sciences, 
pillar 3 Water in Energy Research and 
Technology and pillar 2 Water in Climate-, 
Astro-, and Geo-Sciences, which connect to 
the HORIZON EUROPE clusters > Health, > 

Digital, Industry and Space, and > Climate, 
Energy and Mobility. 

 An Early Science Programme (ESP, see 
section II.3) financed by DESY and partners 
started in 2019 and currently supports 
students from eight different European part-
ner countries. This programme is expected to 
be extended with support from European 
funding such as Horizon Europe MSCA-
doctoral networks-cofund-staff-exchange. 

 CMWS will promote, coordinate and facilitate 
the access to the CMWS infrastructure such 
as the DESY-CMWS preparation and charac-
terisation laboratory but also to European 
research infrastructures (European XFEL, 
PETRA III, SOLEIL, ELETTRA and others). 
This involves also access to hub infra-
structures, such as the NMR facility at KU 
Leuven, or priority programmes for water-

 

 
Figure II.4: Map of CMWS Letter of Intent (LoI) Partners in Germany (light blue), northern and eastern Europe 
(dark blue), central and southern Europe (magenta) and overseas (grey). 
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related research presently being discussed at 
the European XFEL in Hamburg. 

 Since science at synchrotron radiation and 
free-electron laser (FEL) facilities plays an 
important role for CMWS the League of 
European Accelerator-based Photon Sources 
(LEAPS) [https://leaps-initiative.eu/] is a 
prime partner for CMWS. 

 CMWS will reach out to other communities 
active in advanced water research. Here 
neutron-based techniques are of particular 
importance and the League of advanced 
European Neutron Sources (LENS) is a prime 
partner (www.lens-initiative.org). 

 

II.3 The Early Operation 
Phase 

An Early Science Programme (ESP) was 
launched in 2019 supporting PhD projects in 
molecular water science between different CMWS 
partners. The programme is financed by DESY 
and CMWS partners with equal contributions. 
There are presently six active projects with ESP 
funding and three associated projects without 
ESP funding. A second call was launched in 
February 2020 and ten new projects will start in 
2021. 
A preparation and characterisation laboratory  
with basic characterisation capabilities (Raman 
and FTIR spectrometers) has been installed on 
the DESY campus and is available for CMWS 
partners. 
The CMWS Office started operation in January 
2020 supporting the ESP and working on an 
outreach programme. This involves: 

A website  
www.cmws-hamburg.de 

Lead articles in the DESY research magazine 
femto 
www.desy.de/femto (Issue 02/20) 

 

A series of workshops and schools 
XVII. DESY Research Course 2018 Trends in 
Water Research: 
http://researchcourse2018.desy.de/  
 
2nd Workshop “Centre for Molecular Water 
Science”: 
https://indico.desy.de/e/CMWS_Workshop2 
 
DESY WATER WEEK 2020: 
https://indico.desy.de/indico/e/waterweek2020 
 
CMWS DAYS 2021: 
https://indico.desy.de/e/cmwsdays2021 
 
Public Lecture: 
https://fortbildung.desy.de/e109/e295296/e296348/ 
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III.1 Fundamental 
Properties of Water 

III.1.1 Scientific Challenges and State 
of the Art 

Understanding the structure and dynamics of the 
hydrogen-bonding (H-bonding) network in water 
is essential for many problems in chemistry, 
physics, biology, and geoscience. The ability to 
form up to four directional H-bonds in addition  
to the non-directional interactions seen in normal 
liquids leads to many quite unusual proper-
ties [1.1], such as increased density upon melting, 
a density maximum at 4 °C, decreased viscosity 
under pressure, high surface tension and many 
more. Water properties are also affected by vari-
ous solutes and through interactions at interfaces. 
Furthermore, water exists in at least 19 crystalline 
polymorphs and two rather different amorphous 
solid forms, low-density amorphous (LDA) and 
high-density amorphous (HDA) ice [1.2,1.3], with 
a density difference of 20% between them. There 
is also an on-going debate relating to the nature 
of the experimentally observed glass transition(s), 
indicating the possible existence of two different 
liquids at low temperature, namely the low-density 

liquid (LDL) and high-density liquid (HDL) [1.4]. 
However, water crystallisation has made mea-
surements of the bulk liquid phase below  
the homogeneous nucleation temperature of 
TH ≈ 232 K and above ≈ 160 K extremely challen-
ging, leading to a “No-man’s land” largely devoid 
of experimental results (see Figure III.1.1). 
The overarching goal in the field is to understand 
the molecular-scale origin of the various anoma-
lies of water in its bulk form as well as at interfaces 
and their connection to the structural and dynamic 
properties of this liquid. 

Challenge 1: Interplay between Anomalies, 
Structure and Dynamics in Liquid Water 
Despite more than 100 years of research, the 
structure of liquid water remains one of the un-
solved problems in condensed matter physics. Its 
structure is in particular responsible for the huge 
number of anomalies, ranging from thermodyna-
mic and structural properties of liquid water to the 
complex phase diagram of its solid phase. The ori-
gin of the observed anomalies of the bulk phases 
of water lie in the physics of the many-body 
interactions between individual water molecules. 
Therefore, a thorough and precise description of 
the hydrogen bonding between few water mole-
cules will be one of the foci of the CMWS within 

 
 
Figure III.1.1: (a) Phase diagram of the non-crystalline states of water, as proposed by Mishima and Stanley, 
adapted from [1.4]. (b) Illustration of LDL and HDL regions in water droplets (cover image from Phys. Chem. 
Chem. Phys. 21, issue 1 (2019)). 
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pillar 1. H-bonding is now understood as mainly 
electrostatic, but with significant contributions 
from competing short-range charge-transfer and 
exchange-repulsion interactions that are inhe-
rently quantum mechanical in their nature. The 
deceptive complexity of the associated effects, 
such as quantum delocalisation and quantum 
tunnelling, make the definitive characterisation of 
the H-bond very challenging. The overarching 
question here is to understand these character-
istics based on a detailed understanding of 
interactions and dynamic processes in systems  
of water molecules with increasing complexity. 
Starting from the properties of individual water 
molecules changes will be clarified once water 
molecules are surrounded by other water mole-
cules in crystalline like structures towards the 
dynamic interactions in liquid water. 

Many of water’s anomalies become dominant in 
the supercooled state [1.1]. Experiments and 
theory indicate in fact that thermodynamic 
response functions such as density and 
compressibility diverge in the supercooled regime 
around 228 K (see Figure III.1.2). This suggests 
the existence of a liquid–liquid critical point and 
consequently two liquid states: high-density liquid 
(HDL) and low-density liquid (LDL) water. 
However, water crystallisation challenges 
measurements of the supercooled liquid phase in 
the region between 160 K and 232 K. While recent 
studies [1.5-1.7] support the hypothesis of the 
existence of two states of liquid water, little is 

known on the actual structure and dynamics of the 
transient and fluctuating water structures as well 
as the exact location of the proposed liquid–liquid 
critical point (LLCP). 
As water’s anomalies extend to ambient tem-
peratures, the question arises how structural 
motifs – even if transient in nature – rule the 
properties of liquid water. In the framework of this 
so called “two-liquids hypothesis” liquid water is 
understood as a fluctuating mixture of LDL and 
HDL on the nanoscale. This raises the question 
on the “nature” of liquid water in clusters built up 
from few molecules up to nanometre scales and 
in nano-confinement. Due to recent experimental 
progress, the answer to this question comes 
within reach. 
Furthermore, nuclear quantum effects play an 
important role for water properties. Compared to 
normal water (H2O), heavy water (D2O) is known 
to have different physical properties, such as 
higher freezing and boiling points and differs 
significantly in its thermodynamic response 
functions. Although these properties have been 
studied for years, little is known on their origin on 
the atomic and molecular level [1.1]. 
With respect to understanding the time-
dependent anomalies of water the electrody-
namics of water and ice play an important role. 
Although the mechanical properties of ice and 
water differ, they are remarkably similar in their 
electrodynamic response and have common 
molecular dynamics, but appearing at different 
time scales. This might point to the essential role 
of fast, sub-picosecond proton exchange [1.9]. 
The nature and details of the proton exchange is 
thus an important part of the water dynamical 
structure puzzle. 

Challenge 2: The Nature of Water’s Glass 
Transition and Crystallisation 
Whether or not the amorphous states of water, 
LDA and HDA, are connected by a glass–liquid 
transition to the two hypothesised liquid states, 
LDL and HDL, has been considered most contro-
versial over the last 35 years [1.3,1.10,1.11]. The 
glass transition in amorphous ice was first inves-
tigated in the 1980s, leading to a heated and  
still ongoing debate about the nature of the 
observed glass transition [1.11]. Instead of a true 

Figure III.1.2: Schematic comparison of the trends of 
the density and thermodynamic response functions of 
water with those of other simple molecular liquids. 
Adapted from [1.8]. 
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glass–liquid transition involving diffusive transla-
tional motion, some experiments rather indicate 
reorientational dynamics to be the active mecha-
nism around 130 K [1.12], as either a precursor 
for a potential glass-liquid transition at higher 
temperatures or not related at all to the liquid 
state [1.13]. Recently, X-ray photon correlation 
spectroscopy experiments at DESY [1.5] have 
been able to demonstrate that HAD ice shows 
diffusive dynamics on the nanometre scale al-
ready at temperatures before it transforms to the 
low-density state, indicative of a liquid–liquid tran-
sition. Still, the underlying mechanism within the 
hydrogen bond network during the liquid-liquid 
transition on different length scales remains 
unclear. Owing to rapid crystallisation at around 
160 K when heating amorphous ice at a moderate 
rate, the potential ultra-viscous liquid can only be 
studied within a small temperature range using 
traditional experimental methods. Modern X-ray 
sources like the European XFEL open new possi-
bilities to measure the liquid states at even higher 
temperatures or, using next generation storage-
ring sources such as PETRA IV, at different time 
and length scales. While the transition between 
HDL and LDL appears to be first-order-like at 
ambient pressure, little is known on how the HDA 
state and the third amorphous state, very-high-
density amorphous ice (VHDA), are related at ele-
vated pressures. Recently, it was reported that 
both HDA and VHDA reach the same HDL state 
at intermediate pressures of 0.1–0.3 GPa [1.14]. 
However, still no direct information about the 
diffusivity at elevated pressures is available. In 
order to use the full capabilities of modern X-ray 
and electron sources to study these different 
forms of ice and ultraviscous water, further 
development of sample preparation and sample 
environments is necessary. 
Besides the glass-transition, also the crystalli-
sation behaviour, both upon cooling the liquid 
state as well as upon heating the amorphous ice 
or the ultra-viscous liquid still lacks a full under-
standing. A major question concerns the role of 
transient structural precursors of crystallisation 
and the role of the H-bonding network. Crystallisa-
tion can be avoided by studying suitable water–
salt solutions (challenge 4) or studying water in 
confinement (challenge 5), accompanied by the 
question if and how the properties of water in 

these systems can be compared to bulk water. In 
this context, important tasks are also to further 
investigate the role of crystallisation agents and 
finally the comparison of water’s phase diagram to 
the ones of other liquids. 

Challenge 3: Polymorphism of Ice 
The Bernal-Fowler ice rules allow for a large 
range of H-bond topologies, 19 of which are 
known in ice polymorphs today [1.15], see Figure 
III.1.3 [1.16]. These polymorphs may be ordered 
in terms of only the oxygen atoms ("frustrated 
crystals") or, at low temperatures, both in terms of 
oxygen and hydrogen atoms ("ideal crystals"). 
The H-ordering process is not yet fully understood 
– some ice phases, such as H-disordered ice II or 
H-ordered ice IV are known in computer simula-
tions, but have remained elusive in experiments. 
The kinetics of the H-ordering process, its isotope 
effect and the extent to which quantum effects 
such as proton tunnelling play a role still need to 
be elucidated in order to guide the way to the 
experimental characterisation of such ice phases. 
Especially since the H/D-isotope effect tends to 
prevent the ordering in D2O-samples, there is a 
need to study the structure and dynamics of H2O-
samples using X-ray, neutron and electron scat-
tering, especially in the presence of point defects 
that accelerate the H-exchange. The questions 
addressed in challenge 3 are closely connected 
with pillar 2, because the high-pressure ice 
phases are also of astrophysical importance. 
In order to use the full capabilities of modern X-
ray and electron sources to study these different 
forms of ice, further development of sample pre-
paration and sample environments is necessary. 
Beside the crystalline polymorphs, additionally 
three polyamorphs of ice exist, namely LDA, HDA 
and VHDA, as already discussed in challenge 2. 
The amorphisation process is suggested to be 
caused by different mechanisms at different 
temperatures, but the role of kinetics remains 
unclear [1.13]. While mechanical collapse results 
in the formation of unannealed HDA (uHDA) at 
low temperatures [1.17], thermal melting seems 
to be involved at higher temperatures. Recent 
experiments using slow compression are 
consistent with the picture of HDA at low 
temperatures being a metastable intermediate 
state, kinetically arrested between ice I and the 



CMWS | White Paper | May 2021 
 

27 

high-pressure ice phase XV [1.18], or ice 
IV [1.16]. These studies challenge the view of 
amorphous ice as a glassy state of water and 
show the importance of a better understanding of 
the amorphisation process, as well as 
amorphous–amorphous and other solid–solid 
transitions in ice. 

Challenge 4: Water as Solvent 
Water is the most important solvent in research 
and everyday life. Thus, this challenge represents 
a cross-pillar activity of the CMWS. Within pillar 1, 
the research will be focused on fundamental 
questions of water’s role in solvation processes. 
Understanding water as a solvent is important for 
electrochemistry, as well as for studies of colloids, 
nanoparticles, biological systems and liquid crys-
tals. It is therefore necessary to study the interac-
tions between individual water molecules and 
other molecules starting from one water molecule 
interacting with another molecule up to truly sol-
vated molecules in bulk liquid. 
In general, the interactions of water molecules 
with solute components are significant for the 
properties of the resulting solution. In aqueous 
solutions a chemical element interacts, not only 
with water, but particularly with all other elements 
in that solution forming a variety of chemical 
compounds, called speciation. Influences on 
speciation include temperature, pH, concentration 
and available ligands. Especially the pH-value has 
an immense relevance for the hydration and the 
structure of the resulting speciation/complex 
structure. Such effects lead to significant 

influences on technical applications regarding the 
selective separation of elements/components 
from fluid streams [1.19]. 
Another issue is the salt-induced precipitation of 
solutes known as Hofmeister series. Depending 
on the type of salt used as co-solute, the solubility 
of, e.g. proteins is significantly reduced. This may 
be connected to a potential strengthening or 
weakening of the H-bond network as observed for 
some co-solutes [1.20], especially in ternary 
solutions, however the mechanism behind the 
properties of different solved salts is still unclear. 
Furthermore, the role of water as a solvent in  
the formation of clathrate hydrates [1.21] is of 
tremendous environmental and industrial impor-
tance. Such clathrates are solid ice-like inclusion 
compounds and form in the presence of many 
dissolved gas molecules such as methane and 
carbon dioxide. Clathrates occur at seabed both 
naturally and during oil field drilling where natural 
gas interacts with seawater under high pressure 
and low temperature conditions. 

Challenge 5: Structure and Dynamics of Water 
and Ice Surfaces and Interfaces  
Water surfaces and interfaces play an important 
role in a wide variety of different scientific disci-
plines. Due to the lack of symmetry at any two-
dimensional interface, many exciting effects are 
observed. At water–solid, water–gas and water–
liquid interfaces specific interactions (surface 
charge, polarity, van der Waals interactions and 
H-bonding) can lead to different structural and 
dynamic behaviour of water compared to that in 

 
Figure III.1.3: (a) Phase diagram of ice consisting of liquid water (red), the hydrogen-disordered (orange), and 
hydrogen-ordered (blue) phases of ice as well as the “polymeric” ice X (green). (b) Ice polymorph networks. 
[1.16]. 
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the bulk [1.22, 1.23, 1.24], including layering and 
growth of liquid-crystalline ordered layers [1.25]. 
The properties of the interface become especially 
important for nanoconfined water [1.26], which 
exhibits properties very different from bulk water, 
e.g. reduced melting point, that are still poorly 
understood and continue to create controversy. 
Furthermore, interactions between two surfaces 
with distances in the sub-micrometre to nano-
metre range mediated by water or aqueous 
solutions determine the mobility of micro and 
nanoparticles used in current lab-on-a-chip con-
cepts when the particles are moving close to a 
surface. 
A particularly intriguing effect observed at sur-
faces and near solids is interface-induced ice 
melting. Here, a quasi-liquid layer (QLL) wets the 
ice surface well below its bulk melting point [1.27]. 
While the structure and dynamics of this QLL 
prewetting film is still unknown, there are first 
indications that the structure of the QLL is linked 
to the hypothesised high-density liquid phase. 
Therefore, new experimental studies might allow 
the linkage of interfacial water structures and 
interfacial segregation to either of the postulated 
HDL and LDL water forms (challenge 1). 
Understanding dynamics at liquid interfaces is a 
huge challenge. For instance, absorption of ions 
in water can affect the capillary wave behaviour at 
interfaces, which is of current controversy. While 
previous simulations predicted a decrease of the 
capillary wave fluctuations at the interface [1.28], 
a very recent simulation study indicates an 
increase in fluctuations [1.29]. Previous X-ray 
scattering studies of liquid surfaces have focused 
on the time-averaged structure using, e.g. X-ray 
Photon Correlation Spectroscopy and on the equi-
librium dynamics of capillary waves in the low-q 
regime and at time scales ≥ microseconds [1.30]. 
These studies revealed a range of ordering 
phenomena at liquid surfaces such as atomic 
layering [1.31] and surface freezing [1.32]. Spec-
troscopic studies of liquid interfaces and liquid  
jets indicate that the dynamics for orientation-
relaxation, diffusion, solvation, and intermolecular 
energy transfer are influenced by the presence of 
the interface [1.33]. Since these processes are 
central to every interface reaction, a detailed 
knowledge of these effects ranging from molecu-
lar to continuum length scales is required to 

understand important natural and technological 
processes, e.g. the role of capillary waves at liquid 
interfaces over many length scales, which has 
been inaccessible so far [1.34]. 

III.1.2 Preliminary Work and 
Competences 

Addressing the described challenges requires a 
combined experimental and theoretical approach 
probing structure and dynamics of such water-
based systems on molecular length and time 
scales. The groups and partners contributing to 
the research in pillar 1 provide a broad expertise 
of the necessary methods and techniques with 
special attention on fundamental properties of 
water and related aqueous systems.  
In order to investigate structure and dynamics of 
liquid water in water on femtosecond timescales 
over a large temperature range, as described in 
challenges 1 and 4, the usage of FEL sources has 
become important over the last years [1.6,1.35]. 
Therefore, usage of sample injection systems 
such as liquid microjets and aerosol injectors have 
become crucial for such experiments. Most impor-
tantly, the evaporation of microdroplets injected  
to vacuum enabled us to reach new record of 
supercooling water [1.7,1.36] which is crucial to 
study and understand many of water’s anomalies. 
We operate various of such devices, starting from 
molecular jets for gas-phase experiments, over 
sources for homogeneous water clusters and 
heterogeneous water plus "X" clusters to liquid 
jets, all of them being used in spectroscopy X-ray 
scattering experiments. We have been among the 
first groups developing and investigating liquid 
water microjets in vacuum with FEL sources [1.7]. 
We found that deep supercooling down to 230 K 
is possible using micrometre-sized water droplets 
generated by such jets (see Figure III.1.4) [1.7, 
1.36]. Furthermore, we developed aerosol injec-
tors producing clusters of water molecules. With 
such injectors, we performed the first photon-
electron spectroscopy experiments on water 
droplets of 100 nm size [1.37] and measured 
proton transfer and intermolecular Coulombic 
decay in water clusters built up from 5 to 250 
water molecules on femtosecond time scales 
[1.38]. We also contribute to a variety of detection 
techniques such as single-photon dispersed-
fluorescence detection [1.39] and in electron-
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electron as well as electron-photon coincidence 
[1.40]. One of the preliminary results is the 
observation of a spectrally broad UV fluorescence 
upon irradiation of liquid water with soft X-rays. 
The discovered broad liquid-phase emission band 
is regarded as a new spectroscopic fingerprint of 
electronically excited liquid water which can be 
utilised in the search for water in the liquid phase 
in interstellar space [1.41]. 
 

 
We have performed pioneering X-ray scattering 
and spectroscopy experiments probing the local 
structure and dynamics of water [1.1] (challen-
ges 1, 2 and 4) and developed many techniques 
studying structure and dynamics of liquid samp-
les. Using inelastic X-ray scattering and absorp-
tion spectroscopy, we measured many properties 
of water during the last 20 years, for instance 
viscoelastic properties of water [1.42] and H-
bonding in water, different ices and clath-
rates [1.42-1.48]. By generation of supercooled 
water droplets from microjets and ultrafast probing 
at FEL sources, we measured maxima in the 
thermodynamic response around 230 K indicating 
the existence of a Widom line and thus a liquid–
liquid critical point at supercooled conditions [1.6]. 
By making use of the coherence properties of 
modern X-ray radiation sources, structure beyond 
pair-correlations can be accessed by means of X-
ray Cross Correlation Analysis. We applied this 
technique by studying the local order and phase 
transitions in different samples such as liquid 
crystals [1.49] and colloids [1.50]. Furthermore, 
by modifying the X-ray pulse lengths at FEL 
sources we demonstrated ultrafast X-ray speckle 
visibility spectroscopy in the femtosecond regime, 
probing molecular dynamics of liquid water in real 

time [1.35]. We were able to extend this time 
range recently to the nanosecond scale using 
split-and-delay devices [1.51]. 
We are the world-leading groups in preparing 
high-pressure ice phases (challenge 3), i.e. diffe-
rent crystalline phases as well as amorphous ices 
as made via pressure-induced amorphisation at 
liquid-nitrogen temperatures [1.10,1.17]. Further-
more, we have studied amorphous ice made by 
vapor deposition [1.52] as well as by hyper-
quenching liquid droplets [1.53]. The investigation 
of the proposed glass transition in amorphous ice 
is a major focus of research [1.11,1.12,1.54,1.55]. 
We measured the onset of the glass transition  
in LDA at 136 K and for HDA at 116 K using 
differential scanning calorimetry and dielectric 
spectroscopy [1.54], neutron scattering and nuc-
lear magnetic resonance [1.11]. We recently 
studied the transition from HDA to LDA using  
X-ray scattering and X-ray photon correlation 
spectroscopy at PETRA III and found evidence for 
the appearance of the corresponding liquid states 
HDL and LDL around 130 K [1.6]. We have 
experience in studying the H-ordering process 
using calorimetry, dielectric and Raman spectros-
copy [1.10]. With this techniques several studies 
have been performed on the isotope effect in 
water and how point defects influence phase 
transitions as well as proton ordering [1.55]. 
Interfaces of water and water at interfaces 
(challenge 5) play a key role for all pillars of the 
CMWS. We have extensive experience of surface 
and interface-sensitive X-ray scattering studies  
as well as surface-specific vibrational spectros-
copy [1.56]. X-ray studies across the hydrophobic 
solid-water interface allowed us to identify differ-
ent mechanisms on the molecular length scale 
that are contributing to the narrowing of the 
“hydrophobic gap” [1.57]. With the aim to under-
stand the surface structure of ice premelt, we 
showed that a quasi-liquid layer exists below 
water’s freezing temperature [1.27]. We described 
the role of water as a polar liquid in electro-
chemical systems for the liquid–liquid mercury-
electrolyte interface [1.30]. We developed a dedi-
cated liquid X-ray scattering setup at PETRA III 
(LISA) [1.58], where we have shown that water 
plays a role in strain-free nucleation and growth of 
liquid-crystalline structures at liquid–liquid inter-
faces [1.25]. Furthermore, we have investigated 

Figure III.1.4: Principle of a liquid jet experiment at 
an FEL source. A train of droplets propagates in 
vacuum synchronised to the fs-long X-ray 
pulses [1.7]. 
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structure formation at solid–vapor interfaces 
[1.59] such as the in situ formation of carbon-
dioxide clathrates [1.60]. 
We have a broad expertise on studies of nanocon-
finement properties of water [1.61,1.62], including 
synthesis of different nanoporous materials as 
well as temperature-dependent X-ray diffraction, 
dynamic mechanical analysis [1.62], dielectric 
spectroscopy and quasi-elastic neutron scatter-
ing. In particular, we could show in that the 
molecular mobility of nano-confined water in 
mesoporous organosilicas is influenced by the 
polarity of the organic moiety [1.63,1.64]. 
The research in pillar 1 within the CMWS will  
be based on a profound interplay of experiments 
and simulation work. We can build on broad 
molecular dynamics (MD) expertise on water sys-
tems [1.1,1.35]. We developed different computa-
tional methods focusing on ab initio simulations. 
These schemes have been applied to model 
experimental results from water, e.g. using X-ray 
absorption spectroscopy, NMR, IR and Raman 
spectroscopy. Further studies using these meth-
ods suggested that liquid water forms on average 
four hydrogen-bonds, but that there is a significant 
asymmetry in the energy of these contacts [1.65] 
and demonstrated the impact of nuclear quantum 
effects on the low-temperature protonated water 
dimer [1.66]. Recently, we found a linear relation-
ship between the OH stretch frequency and the 
charge and energy transfer due to hydrogen 
bonding in liquid water [1.67]. 

III.1.3 Objectives 
The central objective of the research in pillar 1 is 
to obtain a fundamental understanding of bulk, 
surface, interface and confined water with special 
attention on its anomalies by investigating water’s 
structure and dynamics. Therefore, the availability 
of sample environments that enable controlled 
access to extreme conditions, such as extreme 
supercooling and high pressures, are essential for 
the research in pillar 1. We will address the chal-
lenges by combining scattering and spectroscopy 
experiments both laboratory and facility-based, 
together with theory and simulations of liquid 
water and aqueous solutions across their phase 
diagrams. The objectives of pillar 1 will build on 
modern X-ray studies of structure and dynamics 

with molecular resolution and covering more than 
18 orders of magnitude in time. 
An essential part of modern experiments on liquid 
water, in particular at storage ring and FEL 
sources, is the development and improvement  
of injection systems as sample environments. 
Consequently, this represents a cross-challenge 
objective within pillar 1. This comprises liquid jet 
and droplet injection systems for studying water 
and aqueous solutions over a wide temperature 
range as well as aerosol injections generating 
water clusters built up from few molecules to 
larger clusters to understand the nature of the H-
bond network. 
Addressing the scientific challenges of pillar 1 
demands a joint experimental and theoretical 
approach. Therefore, the development and adap-
tion of theory and molecular dynamics (MD) 
simulations represents as well a cross-challenge 
objective of pillar 1. Our goal is to acquire the 
ability to accompany the respective experiment 
with tailor-made MD simulations and theory. 
In order to address challenge 1, we will determine 
the local order and dynamics of water through  
the phase diagram. We will start with investigating 
deeply supercooled states of liquid water by 
performing single-shot coherent X-ray scattering 
measurements on water droplets. We will cover 
length scales from molecular dimensions to tens 
of nanometres, i.e. the predicted size of potential 
LDL/HDL domains. Liquid water is believed to 
show a variety of locally ordered structures that 
are transient in nature. Experiments accessing 
such structures will be performed using ultrashort 
pulses generated at modern hard X-ray FEL fa-
cilities. Therefore, we will develop and apply 
coherent X-ray scattering methods such as X-ray 
cross correlation analysis for low-intensity data.  
Measuring the relation between structure and 
dynamics will help us to understand H-bond 
fluctuations, possibly revealing the nature of the 
proposed HDL and LDL phases as shown in 
Figure III.1.5. We will connect structural and 
dynamical properties of both H2O and D2O to 
thermodynamic response functions and extend 
the currently accessible temperature range using 
new injection systems. This will allow us to locate 
the potential liquid–liquid critical point as well as 
the Widom line in the supercooled regime, as 
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demonstrated recently by first experiments [1.68, 
1.69]. 
Another route to address structure formation of 
water will be studies from small water clusters up 
to bulk-like environments using liquid droplets and 
aerosol injectors. The ultimate goal will be the 
answer to the question what the nature of liquid 
water actually is and how far we can go in temper-
ature while still staying in a liquid state. 
Challenge 2 focuses on the nature of crystalli-
sation and glass transition of water. Studies of 
crystallisation and glass transition under extreme 
conditions will benefit from the development of 
sample environments at modern X-ray sources as 
discussed above. The investigation of the nature 
of water’s glass transitions will be closely connect-
ed to challenge 1 where we will focus on how 
high- and low-density amorphous solids (HDA and 
LDA) can possibly form the proposed counter-
parts HDL and LDL as liquid phases. We will 
localise the glass transitions and crystallisation 
conditions using different pressure and tempera-
ture route. The role of crystallisation agents and 
inhibitors will be addressed by investigating in 
which way they change the characteristics of 
structure and dynamics and thus the phase be-
haviour. In particular, differences between the 
different glass transitions of water and to other 
common glass formers will be a key objective of 
challenge 2. 
The objective of challenge 3 will be to understand 
the polymorphism of crystalline ice in particular, 
and its relation to the amorphous forms. Special 

attention will be paid on studying H-order–
disorder transitions to reveal the mechanism and 
driving forces of the H-ordering process. The 
combination of modern light sources with state-of-
the art high-pressure and low-temperature sam-
ple environments will enable in situ studies on 
structure and formation kinetics of different ices. 
Characterisation of both crystalline and amor-
phous states after different pressure and tempera-
ture quenches from liquid water and other solid 
water states will solve the question of the complex 
polymorphism of crystalline and amorphous ice. 
Such experiments will provide valuable input for 
simulation and theory to understand why water 
can form so many different solid phases. 
The main focus of challenge 4 will be set on 
revealing the role of solutes on the H-bonding 
network of liquid water. We will study systema-
tically, in which way solutes affect the structure 
and dynamics of liquid water. In particular, their 
influence on the anomalies of liquid water will be 
investigated. For instance, different salts are typi-
cally used to reduce the melting point of water, 
however, this may also change different water 
properties rising the question to which extent 
solvent water resembles bulk water. This includes 
the interaction of water with various ions, (bio-
logical) macromolecules, polymers and different 
colloidal systems. Another objective will be the 
role of different co-solutes in ternary aqueous 
solution. These are believed to strengthen or 
weaken the hydrogen bond network of water and 
thus stabilise the third constituent, e.g. protein 
molecules. Closely connected to challenge 1, the 
solution process will be studied on different length 
scales, ranging from bulk solutions to single 
molecular levels using small water clusters. 
Furthermore, the formation processes of ice-like 
clathrates where solute molecules are enclosed in 
ice-like water networks will be part of challenge 4. 
We plan to use pump-probe schemes to study the 
kinetics of the solute-solvent interactions in bulk 
solutions as well as at aqueous surfaces and 
interfaces. 
To address challenge 5 we will investigate the 
impact of the symmetry breaking at two-
dimensional interfaces or in nanoconfinement on 
the structure and dynamics of water. This will 
involve measurements of structure, electronic 
structure and fluctuations of water surfaces by 

Figure III.1.5: Scheme of the hypothetical phase 
diagram of liquid water [1.1]. 
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capillary waves over different length scales 
covering collective dynamics as well as molecular 
level dynamics. This will involve as well water 
molecules and films at charged, hydrophobic and 
biological interfaces. Furthermore, studies of ice 
interfaces and the characteristics of the quasi-
liquid layer will extend the objectives of chal-
lenge 3. In close connection to challenge 2, 
revealing the nature of the heterogeneous crystal-
lisation at water interfaces will be a goal of 
challenge 5. Furthermore, we aim to understand 
the phase behaviour of water in nanoconfinement 
as a function of pore size and water-pore inter-
action as well as free-flowing or cavitating nano-
bubbles and compare it to the phase behaviour of 
bulk water. 

III.1.4 Methodologies 
The investigation of fundamental properties of 
water requires a combination of state-of-the-art 
experimental, theoretical and molecular dynamics 
and Monte Carlo simulation approaches. Espe-
cially the structure and dynamics of liquid water, 
ices, solutions and aqueous interfaces will be 
investigated down to molecular length scales and 
between femtoseconds and hours. This is perfect-
ly covered by the unique Hamburg light-source 
environment. The European XFEL enables ex-
periments on femto to microseconds timescale 
with molecular resolution [1.70]. This is comple-
mented by the soft X-ray FEL FLASH providing 
ultrafast spectroscopy and experiments on longer 
length scales as well as the storage ring source 
PETRA III to long time scales. The objective of 
pillar 1 will especially benefit from the planned 
upgrade of PETRA III to the diffraction-limited 
storage ring PETRA IV that will provide a 
significant increase of brilliance and thus enable 
new experiments completing the accessible time 
range of the FEL sources seamlessly to more than 
18 orders of magnitude. 
Liquid jet and microdroplet injectors are inherent 
to the research in pillar 1. Microscopic liquid water 
jets in vacuum on FEL sources [1.7] have become 
the standard tool for investigation of not only 
biomolecules but also liquid and supercooled 
water by evaporating microdroplets, see Figure 
III.1.6. In order to address the scientific objectives 
in pillar 1, research on new injection devices and 

a continuous improvement of the existing techno-
logy will be performed. This comprises different 
types of liquid jet designs, as well as aerosol, 
cluster injectors and new liquid cell technology 
that produces submicron thick jets of liquid water 
layers. We will implement and further develop 
methods to characterise jet and droplet size such 
as demonstrated by means of Raman scattering 
[1.36] and aim to reduce the droplet size signifi-
cantly below 1 µm to reach even lower tempera-
tures at deeply super-cooled conditions. Further-
more, we will extend the injection systems to 
routinely study aqueous solutions. These devices 
will in particular be optimised for experiments at 
XFEL and storage ring sources, which are out-
lined in the following paragraphs. 
In connection to challenge 2 and 3 high-pressure 
devices will be used to prepare different crys-
talline polymorphs of ice as well as high-density 
amorphous ices. Bulk samples can be prepared 
using a piston-cylinder setup, applying pressures 
up to 2 GPa in the temperature range between 
77 K and RT. Those ice-sample can be recovered 
to ambient pressure and studied ex situ using 
various lab-based methods, such as calori-
metry [1.54], Raman, Infrared and UV-Vis spec-
troscopy. As demonstrated by us earlier, those 

Figure III.1.6: Shadow images of a nozzle producing 
a 10 µm thick water jet and trains of water droplets 
due to Rayleigh break-up (a) and different external 
triggers (b, c). The droplets cool down by evaporation 
reaching supercooled temperature as a function of 
travelling time (d) [1.71]. 
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samples can also be studied by Neutron scatter-
ing [1.17], at storage ring sources [1.5] as well as 
XFELs. In order to study high-pressure ice phases 
and phase transitions at elevated pressures, a 
Diamond anvil cell [1.13] as well as the Paris-
Edinburgh cell [1.18] will be used. These devices 
will also be used in order to investigate the 
challenges described in pillar 2, and the develop-
ment of entirely new experimental setups that can 
be used in terms of high-pressure pump-probe 
schemes at, e.g. XFELs are of broad interest 
across the pillars. 
In order to measure the structure of water, aque-
ous solutions, nanoconfined water and various ice 
phases, a first part will be the measurement of 
Pair Distribution Functions (PDF) using X-ray, 
electron and neutron scattering. Precise mea-
surement of these PDF is challenging, and the 
effect of systematic errors and noise is hard to 
track. In the framework of the CMWS, the com-
bined approach will help to overcome disad-
vantages of the different techniques, e.g. weak 
scattering cross section for X-ray, significant 
inelastic scattering for neutron, and multiple 
scattering for electrons. Diffraction-based meth-
ods will be complemented by X-ray spectroscopic 
structural characterisation of water and aqueous 
solutions. X-ray diffraction and spectroscopy 
experiments will be carried out at the most mo-
dern storage rings, e.g. PETRA III and PETRA IV, 
or XFEL sources (such as the European XFEL), 
as well as at REGAE as a source of relativistic 
electrons. Combined with new analysis tech-
niques based on machine learning and Bayesian 
statistics, partial-PDF will be determined with 
unprecedented accuracy mapping out the hydro-
gen bond network in water and its time-dependent 
correlations. 
To access water’s local order, we plan experi-
ments using short coherent light pulses from FEL 
sources and analysis in terms of higher-order 
correlation functions beyond the study of pair 
correlations. Dynamics in the supercooled/ 
pressurised liquid and the amorphous and crystal-
line ice regime need experimental tools that span 
time regimes from ps to ms. X-ray Photon 
Correlation Spectroscopy (XPCS), X-ray Speckle 
Visibility Spectroscopy (XSVS) as well as X-ray 
Cross Correlation (XCCA) techniques can provide 
critical information when carried out at modern X-

ray light sources. Combined with ultrashort pulses 
and split-and-delay techniques, we will be able to 
access dynamics in water and ice at molecular 
length scales over more than 18 orders of mag-
nitude in time, ranging from femtoseconds to 
several 1000 s with such correlation techniques. 
For investigating the two-dimensional structure 
and dynamics of liquid–liquid and liquid–gas in-
terfaces down to atomic scale resolution we 
foresee experimental campaigns at dedicated 
instruments, such as LISA at beamline P08 of 
PETRA III, giving access to interfaces without 
sample movement [1.25,1.30,1.58]. Access to the 
dynamics at liquid interfaces with nanosecond 
time resolution will be obtained by a femtosecond 
laser allowing optical pump-X-ray probe studies, 
which has been developed at LISA. One alter-
native approach for investigating liquid interfaces 
will be to measure X-ray reflectivity from a liquid 
drop by superimposing many single-shot profiles 
[1.72]. Emission of shock-waves and jets by 
cavitation bubbles is studied using single-pulse 
XFEL holography in a pump-probe scheme with 
temporal resolutions down to 100 fs. The quanti-
tative contrast allows to extract e.g. the time 
evolution of the density profile close to the vapour-
liquid interface. 
The X-ray-based techniques will be comple-
mented by state-of-the-art bulk and surface 
specific optical spectroscopy methods to be 
located at CMWS laboratories. For example, IR 
and Raman spectroscopy are common probes to 
investigate the vibrational properties of water and 
ice, especially the complex band shape of the 
intramolecular OH-stretch. Probing in the THz-
frequency region can directly access intermole-
cular vibrations and thus the H-bonds in water and 
aqueous solutions. With surface-sensitive vibra-
tional spectroscopy we are able to study the 
water–vapor or ice–vapor interface [1.56]. 2D-IR 
as a non-linear spectroscopy method allows us to 
probe hydrogen bond dynamics [1.73], as well as 
explore the coupling and energy pathways 
between high frequency intramolecular vibrations 
to low frequency intermolecular modes [1.74]. 
Changes in the vibrational band profile, i.e. bi-
modal shape, frequency, frequency width and 
intensity are connected to changes in the present 
distribution of intra and intermolecular bond 
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lengths and might even indicate structural tran-
sitions upon variation of temperature, pressure 
and concentration. The sensitivity of the OH-
stretch band of water makes probes like Raman 
spectroscopy an ideal tool to monitor contactless 
the sample temperature. This is for example 
important for the localisation of with X-ray meth-
ods measured structural and dynamical proper-
ties of samples under extreme conditions like 
rapidly evaporating and cooling liquid jets in 
vacuum. 
To study electrodynamic properties of water and 
ice, we will use dielectric, microwave, infrared and 
optical spectroscopies at various temperatures 
and pressures, as well as other methods that 
supplement the Hamburg light source experimen-
tal facilities. The frequency dependence of the 
dielectric parameters of liquid, solid, or confined 
water will help us to understand its dynamical 
structure on both bulk and local-molecular levels. 
The measurements are planned in the frequency 
range from 1 Hz to 50 GHz, as well as the infrared 
region. The total frequency interval covers the set 
of atomic-molecular motion, such as, e.g. hop-
ping, drift, twinkling and vehicle-like migration, as 
well as includes long-term static dynamics. 
The connection between experiments and theory, 
in particular MD simulation within one centre will 
be a key characteristic of the CMWS. Within 
pillar 1, state-of-the art simulations will strengthen 
the understanding of water structure and dyna-
mics over the whole phase diagram. Experimental 
results obtained at the new light sources will set 
benchmarks for simulations, both classical and 
ab initio MD. Thus, we foresee to further develop 
different MD simulation schemes to improve our 
understanding of molecular water. 
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III.2 Water in Climate-, 
Astro-, and Geo-
Sciences 

III.2.1 Scientific Challenges and State 
of the Art 

Molecular water and its ice polymorphs play an 
outstanding role in atmospheric and astrochemi-
cal processes, including the radiative balance and 
hydrological cycle, as well as in the chemical 
dynamics of the Earth’s and other planets’ atmos-
pheres. Molecular water ice grains are understood 
to be central for astrochemical processes. In our 
own atmosphere, aerosol particles and water 
droplets formed on aerosols partially counteract 
the greenhouse effect by reflecting solar radiation, 
thus being prominent for the habitability of the 
Earth. In the solid Earth, significant amounts of 
molecular water are stored in the crystalline 
structure of minerals and melts as H2O molecules, 
stoichiometric hydroxyl (OH)-groups or as de-
fects. Cycling of this molecular water from the 
atmosphere across the surface to the deep Earth 
is essential to plate tectonics, resulting in vol-
canism and earthquakes at convergent plate 
boundaries and the formation of continental crust. 
The presence of super-critical aqueous fluids in 
the crust is responsible for ore formation. Water 
ice and ice mixtures of water with other molecules 
are highly abundant in giant exoplanets similar to 
Uranus or Neptune where high-pressure and 

high-temperature polymorphs might cause mag-
netic field generation. 
Earth’s climate, and its sensitivity to perturbations, 
is set in large part by basic properties of water. 
Most of what we understand about climate and 
climate change is rooted in our understanding of 
atmospheric water. The converse is also true: 
most of what we wish we understood is rooted in 
our lack of understanding of water, also with 
respect to its interaction with the land surface.  
Thus, molecular water is a key ingredient for many 
cosmic and planetary processes. However, a 
number of grand scientific challenges in our 
understanding of molecular water in geo-, astro-
physical and atmospheric environments remain 
unresolved. We discuss below five key challenges 
that will be addressed by the groups within the 
CMWS. 

Challenge 1: How does Molecular Water Shape 
Astrochemical Processes and the Evolution of 
Astrophysical Environments? 
Water is the third most abundant molecule in the 
interstellar medium (ISM) [2.1,2.2]. One of the key 
questions of astronomy concerns the processes 
that lead to the efficient formation of water in the 
Universe and that explains its ubiquity in different 
environments, from the warm gas of star for-
mation to the cold ice grains of diffuse interstellar 
clouds. Once emerged in its molecular form, water 
can lead to the formation of molecular water ice 
mantles made of microporous, amorphous water, 

Figure III.2.1: Ice grain formation and chemical reactions in interstellar space. 
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surrounding carbonaceous or silicaceous inter-
stellar dust particles [2.3,2.4] under the extremely 
low temperature and pressure conditions of the 
ISM. These ice mantles also contain other volatile 
components, such as CO, methanol or polycyclic 
aromatic hydrocarbons, which can undergo com-
plex chemical reactions, especially under the 
influence of (V)UV irradiation or particle bom-
bardment [2.5,2.6] (Figure III.2.1). As such, these 
ice grains represent the cradle for new molecules, 
including those that are regarded to be crucial for 
life, such as amino acids, but are also a shielding 
layer protecting labile molecules from irradiation-
induced decomposition. Despite its importance, 
interstellar chemistry on these grains is not well 
understood. Elucidating the processes of 
molecule formation on molecular ice grains via  
a combination of experiments, theory and astro-
nomical observations is crucially important in 
understanding the processes that lead to star and 
planet formation and may contribute to revealing 
the origin and development of life [2.7]. In addition 
to unravelling the molecular complexity generated 
on such ice grains, simple molecules such as O2, 
O3, H2O2 and OH are regarded as precursors of 
water formation in oxygen-rich ice grains [2.8], 
and the respective ongoing processes on these 
ice grains and their importance for the overall 
chemical richness observed in the ISM are an 
active area of research. 
The non-thermal nuclear-spin-state distributions 
and deuteration levels allow for remote measure-
ments of the temperature and reactivity in ISM 
water clouds. Owing to their two hydrogen nuclei, 
water molecules exist in para and ortho forms of 
the nuclear spin isomers [2.9]. The conversion 
between ortho and para isomers in isolated water 
molecules is strongly forbidden, so that their rela-
tive abundance (also known as the “ortho/para 
ratio”) is believed to be conserved over time. This 
is intriguing to astrophysicists because the 
ortho/para ratio can serve as a key molecular 
signature for monitoring the evolution of matter in 
different kinds of astrophysical media. None-
theless, in cold environments, the ortho/para 
conversion could take place through the internal 
magnetic hyperfine interaction with nuclear spins, 
an effect that has been hitherto disregarded. 
Accurate studies of the quantum nature of the 
nuclear spin flips and spin-exchange mechanisms 

in water will be essential to disentangle the history 
of astrophysical environments. 
The study of H2O ices, both pure and mixed  
with other components such as ammonia and 
methane, under high pressure and temperature  
is crucial for our understanding of geophysical 
processes in the interior of icy moons (e.g. 
Ganymede, Enceladus, or Europa), the ice giant 
planets (Uranus and Neptune) and thousands of 
recently discovered icy exoplanets. Questions 
about the layering of the mantle or the possibility 
of sub-surface oceans can only be addressed if 
the phase behaviour and the physical properties 
for pure H2O ice and mixtures are understood at 
the pressure and temperature conditions of the 
planet interior. For example, data on the dielectric 
or elastic properties of these high-pressure pha-
ses are scarce, and the conditions at which they 
turn from crystalline solids into liquids or amor-
phous solids have not yet been explored. While it 
is well known that pure hexagonal ice experiences 
pressure-induced amorphisation at pressures up 
to 2 GPa [2.10], it is much less clear whether H2O 
ices mixed with methane, ammonia or other mole-
cules experience the same phenomenon or, e.g. 
rather form clathrate hydrates [2.11-2.13]. The 
pressure-amorphised ices may even transform to 
ultraviscous liquids at low temperatures at condi-
tions relevant to the shallow inner layers (< 2 GPa 
and 200 K). Moreover, these phases may become 
superionic at greater depths (> 50 GPa and 
1000 K). It will, therefore, be essential to map the 
phase diagram for mixed ices over a broad range 
of pressure-temperature conditions for a better 
understanding of the dynamics and layering in the 
mantle of icy planetary bodies. 

Challenge 2: What is the Role of Interface 
Effects in Cloud Physics and Aerosol Chemistry 
and their Relation to Earth’s Climate Sensitivity? 
Interface phenomena and processes are also 
important for atmospheric cloud and aerosol 
particles. 
Given an Earth–Sun geometry, and the luminosity 
of our star, Earth’s surface temperature is condi-
tioned by (i) its albedo effect, which is largely 
determined by the water condensate burden in the 
atmosphere; and (ii) its greenhouse effect, which 
is additionally sensitive to the atmospheric water 
vapour burden. At surface temperatures above 



CMWS | White Paper | May 2021 
 

42 

300 K, Earth’s humid atmosphere becomes 
opaque in the infrared, and the amount of thermal 
infrared radiation that escapes to space becomes 
insensitive to the surface temperature. This leads 
to a local run-away condition whereby warming 
shifts the effective emission height upward, but 
does not change the net emission. In this situa-
tion, the system must increasingly resort to other 
means to transport energy out of the column to 
achieve a balance. The opacity of the atmospheric 
window – whose “closing” we just described – is 
not understood. Knowing how the effects of 
absorption features accumulate, at wavelengths 
spectrally far from the centre of such features, or 
how new absorption features arise in dense 
vapors, would improve our understanding of the 
continuum absorption that closes the window, and 
more firmly ground our understanding of Earth’s 
greenhouse effect. 
Similarly, the condensate burden – and hence the 
albedo effect, which is mostly a property of the 
atmosphere, not the surface – is determined by 
the precipitation efficiency. How much it rains is 
determined by the atmospheric energy budget. A 
greenhouse atmosphere, by definition, is a net 
source of radiant energy, and the surface a sink. 
The balance is maintained by the hydrological 
cycle – with surface evaporation balanced by net 
condensation in the atmosphere. The main rain 
rate thus quantifies the strength of Earth’s 
greenhouse effect. This links to the precipitation 
efficiency and Earth’s albedo, because the ratio 
between the required precipitation rate and the 
effective lifetime of the condensate determines 
the condensate burden. Hence, understanding 
the condensate burden, and how it might change, 
requires an understanding of what processes 
determine the effective height at which con-
densate forms, and how effectively it aggregates. 
Both depend on microphysical processes, char-
acterised by the surface physics of water’s 
condensate phases, which affect habits of crystal 
growths, droplet growth rates, and particle inter-
actions. Furthermore, there is a need to better 
understand ice particle growth modes, since the 
ice particle shape directly influences the Earth’s 
outgoing longwave radiation, particularly in the far 

infrared spectral range [2.14]. This is of crucial 
importance both for understanding the Earth’s 
energy balance and for making full use of 
upcoming satellite missions, such as FORUM by 
the European Space Agency ESA, where such 
information needs to be known beforehand. This 
latter aspect of ice particle growth is also strongly 
linked to challenges 1 and 5 of this pillar and 
challenges 3 and 5 described in pillar 1. 
Aerosols are proposed to partially counteract the 
greenhouse effect by cooling the Earth via 
reflection of solar radiation (the direct effect) and 
promoting cloud formation (the indirect effect). 
According to the Intergovernmental Panel on 
Climate Change [2.15], the magnitude of these 
effects is the major uncertainty in climate change 
predictions, and it is crucial to constrain them 
better to improve climate modelling. Clouds inter-
act with the atmospheric circulation, which greatly 
complicates understanding their impact on Earth’s 
climate sensitivity. This has been selected as one 
of the seven current grand challenges of the 
World Climate Research Programme [2.16].  
The main constituents of atmospheric aerosols 
stem from both natural and anthropogenic 
sources and include primary particles (sea salt, 
mineral dust, biogenic material, soot) and organic 
and inorganic secondary particles originating from 
gas-phase reactions. Aerosol particles play an 
important role by acting as cloud condensation 
nuclei. Cloud particles consist of liquid water or 
ice, and particularly the latter are still poorly 
understood. Ice particles grow in a plethora of 
shapes, and even the temperature dependence of 
the basic growth modes is currently not well 
known [2.17]. There is thus an immediate need to 
understand the initial steps of aerosol and cloud 
formation.  
Due to the interaction with water vapor, aerosols 
form solid–vapor, solution–vapor, and solid–
solution interfaces that act as sites for numerous 
heterogeneous reactions [2.18,2.19]. The nature 
of those interfaces is assumed to play a significant 
role in atmospheric chemistry, and new insights to 
these aspects are crucial to improve our mole-
cular level understanding of atmospheric surface 
phenomena and processes. 
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Challenge 3: Does Liquid Water Form at Very 
Low Temperatures, and is there a Relation to 
Habitability? 
Because all known living organisms require liquid 
water, the search for conditions suitable to life (i.e. 
habitability) of other planets is often the search for 
liquid water. Therefore, the occurrence of liquid 
water on Mars and other planets is a topic of 
ongoing research. Though there is evidence that 
Martian soils contain significant amounts of mole-
cular water in the order of about 2–10% by weight 
[2.20], the existence of liquid water is not expect-
ed as Martian surface temperatures are below the 
triple point of water. In fact, most of the water in 
the Martian soil is bound in hydrated inorganic 
salts such as sulfates [2.21], chlorides [2.22] and 
perchlorates [2.23]. However, gullies found in 
valleys and on crater slopes suggest the presence 
of liquid water [2.24], which means that there must 
be a way to create or maintain liquid water below 
the triple point. One such process that lowers the 
freezing temperature is the increase of salinity of 
aqueous solutions. Alkaline earth chlorides and 
perchlorates and mixtures thereof have particu-
larly low eutectic temperatures and are good 
candidates for stabilising brines under Martian 
conditions [2.25]. 
A second mechanism causing a significant shift of 
the triple point temperature is confinement, i.e. the 
influence of interfaces. The melting temperatures 
of solids decrease with decreasing crystal size 
due to an increasing influence of the surface 
energy (the Gibbs-Thomson effect). In the case of 
H2O ice, melting temperatures as low as 215 K 
were observed in nanometre sized pores [2.26]. 
Recently, it was shown that the combination of  
the two effects, the influence of salts and of 
confinement, leads to particularly low freezing 
temperatures [2.27]. Finally, it is well known that 
liquid films form on solid surfaces below the 
melting temperature of the bulk solid. This phe-
nomenon is known as pre-melting [2.28]. Similar-
ly, gas adsorption leads to the formation of films 
on solid surfaces. Water vapor adsorption on 
hygroscopic surfaces such as salt crystals results 
in the formation of solution films on the crystal 
surfaces, which is known as pre-deliquescence 
[2.29]. Both, pre-melting and pre-deliquescence, 
are typical interfacial effects and are driven by the 
minimisation of surface energy. 

In order to fully understand the possible existence 
of life on other planets, a complete understanding 
of the formation of liquid water or water salt solu-
tions is required. Thus, it is essential to elucidate 
all the effects involved in lowering the triple point 
of the water system that may lead to the formation 
of liquids. In order to identify mechanisms that 
extend the domain of liquid water, more complex 
phase diagrams have to be considered including 
both the presence of salt mixtures and the influ-
ence of confinement. Currently, available data are 
scarce. In addition to experimental investigations 
appropriate thermodynamic models are required, 
which validate the experimental data. Finally, the 
influence of confinement in small pores and the 
formation of liquid films are not well understood 
and require systematic studies and the develop-
ment of appropriate models.  

Challenge 4: What is the Role of Water in the 
Dynamics of Earth and Planetary Interiors across 
different Length Scales? 
While the global distribution of H2O during for-
mation and evolution of planetary bodies such as 
the Earth remains elusive, it is clear that H2O 
plays a major role in the interior dynamics of 
planets [2.30]. In addition to the presence of aque-
ous fluids at shallow depths in the Earth, H2O may 
be present in many mineral phases either as inter-
stitial molecules, stoichiometric OH-groups or as 
defects in nominally anhydrous phases. Since the 
initiation of plate tectonics in Earth's history, 
subduction zones have served as a major vehicle 
for transporting and cycling H2O into the Earth 

Figure III.2.2: Sketch of a subduction zone (adapted 
from [2.31]). 
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interior, inducing arc volcanism, earthquakes, as 
well as element mobilisation, enrichment and ore 
formation in the overlying mantle wedge, all of 
which are directly impacting society in one way or 
another. H2O enters the newly formed crust at mid 
ocean ridges through the formation of hydrous 
minerals (Figure III.2.2) [2.32]. During subduction 
of the hydrated lithosphere, these minerals are 
subjected to high pressures and high tempera-
tures, resulting in solid-state phase transfor-
mations to other hydrous and anhydrous phases 
[2.33]. Dehydration reactions within the sub-
ducted oceanic lithosphere release fluids that 
migrate into the overlying mantle. The presence  
of fluids causes localised deformation, mineral 
dissolution/reaction, partial melting and arc 
magmatism, often resulting in violent volcanism at 
the Earth’s surface [2.34]. In addition, large 
volume reduction and embrittlement associated 
with mineral dehydration are linked to inter-
mediate and deep focused earthquakes within 
subducting oceanic slabs, see e.g. [2.35]. To 
provide a full understanding of these large scale 
and macroscopic processes, a detailed know-
ledge of the microscopic stability and breakdown 
of all the possible hydrous phases present in the 
subducting slab and the Earth’s mantle is 
required. This includes a full determination of the 
physical properties of the mineral phases such as 
composition, phase stability, equations of state 
(EoS), and elastic properties of all the candidate 
hydrous phases, e.g. Dense Hydrous Magnesium 
Silicates [2.36-2.39]. 
At the conditions of the deep Earth, aqueous fluids 
are known to transport metals very efficiently, 
which leads to the formation of ore deposits in the 
Earth’s crust [2.40,2.41]. The mineral solubility in 
these mostly supercritical fluids, their chemical 
composition and structure as well as the 
speciation of metals in these fluids is not well 
understood. In addition, the relation between the 
thermodynamic phase stabilities and the micro-
scopic locus where melting or exsolution of fluid 
starts, i.e. the influence of the intergranular region, 
and how these processes influence the mechani-
cal or rheological properties requires further 
investigations. 
Therefore, systematic studies on mineral phase 
stabilities, the spatial location of fluid formation  

in a rock assembly, and properties of fluids are 
essential to understanding the deep Earth H2O 
cycle in order to critically evaluate the role of H2O 
in the geochemical and geophysical dynamics  
of the solid Earth and its effect on volcanism, 
earthquakes and ore formation. 

Challenge 5: How do Molecular Processes at 
Water-Mediated Interfaces Control Systems 
Relevant for Climate-, Astro-, and Geo-
Sciences? 
This overarching challenge 5 interconnects the 
other four challenges of this pillar and is also an 
important cross-pillar topic, concerning the role of 
molecular processes at water-mediated interfaces 
in geo-, astro-, and climate-systems. At all con-
ditions investigated, mass transfer or interaction 
between phases at the micro-scale represents a 
critical step for the dynamics of the macroscopic 
system [2.42], such as surface reactivity in 
interstellar ices and the surface influences for 
aerosol chemistry. This is most significant at low 
temperatures where the kinetics of the molecular 
processes at the interfaces is often rate-limiting. 
Even at the elevated temperatures of planetary 
interiors, molecular water on grain boundaries 
may enhance diffusive transport through bulk 
material by orders of magnitude compared to 
solid-state diffusion. In addition, their under-
standing is essential for other research areas 
such as environmental sciences, rock weathering, 
geochemistry, corrosion and chemical technolo-
gy [2.43]. Interfaces are also relevant for the 
transport of complex multi-phase fluids, which can 
have safety, sustainability, and environmental 
impact, for example when it contains harmful 
substances. To understand such processes, a 
clear separation of various interfacial contribu-
tions at the solid–liquid and the liquid–gaseous 
interfaces is required depending on the structure 
and topology of the pore space. Fundamental 
insights gained within these research activities 
can then be integrated into high-level multi-
physics models, for example [2.44,2.45]. There-
fore, this field of interfaces will play an important 
role in all research challenges addressed in this 
pillar and will act as an important link across all 
pillars of the CMWS.
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III.2.2 Preliminary Work and 
Competences 

For tackling the challenges in the field of astro-
physics and aerosols (challenges 1 and 2), we 
build on great experience with respect to generat-
ing and studying molecular ices [2.10,2.46,2.47], 
molecule-water clusters [2.48] as well as water 
jets [2.49-2.51]. For liquid water, we have world-
leading competence on electron spectroscopy 
studies using clusters and liquid jets [2.52,2.53], 
and recently we have extended these surface-
sensitive studies to free aerosol surfaces [2.54]. 
We have a variety of spectroscopic methods in 
our hands, ranging from high-resolution rotational, 
infrared and THz spectroscopy in the gas phase. 
They provide highly accurate molecular para-
meters and structural information, and we have 
great expertise in applying them to molecules and 
molecular clusters of different complexity. The 
structure-sensitive character of rotationally re-
solved spectroscopy allows for the unambiguous 
identification of structurally similar molecules, like 
conformers and isomers, which will be relevant for 
the identification of the different molecular species 
formed in the ice mantles. The technique was 
recently applied to study the structures of mole-
cular water clusters up to (H2O)11 [2.55-2.57] as 
well as water-solute clusters [2.58,2.59].  
Furthermore, there is a vast amount of expertise 
in the consortium to perform accurate theoretical 
quantum-chemical calculations to predict and 
analyse high-level spectra [2.60-2.62] and to 
astronomically observe and model the astro-
chemistry of key molecules involved. Recent 
studies on cold interstellar environments and a 
dedicated search for the presence of H2O2 
molecules in star forming regions have shown that 
our understanding of water formation from 
condensed oxides is still in its infancy and far from 
a profound understanding [2.63]. 
Regarding challenge 3, we have long experience 
in the synthesis of nanoporous materials with 
defined pore size distributions [2.64,2.65]. Such 
materials can be used to study systematically the 
influence of confinement on phase equilibria in 
water–salt systems [2.66,2.67]. The materials can 
be synthesised with narrow pore sizes, defined 
pore geometries (e.g. cylindrical, spherical), with 
hierarchical pore structures and with varying 
chemical properties of their pore walls [2.68]. We 

also have extensive experience in the characte-
risation of composite materials with salts using  
a variety of experimental techniques such as 
Raman [2.69] and NMR spectroscopy [2.70], 
XRD, SAXS/SANS, calorimetry and gas adsorp-
tion [2.64]. 
We are experienced in the use of thermodynamic 
models to predict phase equilibria in water–salt 
systems [2.65,2.66]. These models are based on 
equations representing the non-ideal electrolyte 
solution thermodynamics and have been suc-
cessfully used to predict phase equilibria in 
complex mixed salt systems [2.67]. Such models 
were extended to include the influence of confine-
ment in order to predict melting points in small 
pores or deliquescence of salts both in pores or 
as nanoparticles. These models are thus also 
applicable to aerosols (challenge 2). 
As relevant for challenges 3 and 4, we have 
outstanding experience in using a large variety of 
high-pressure instrumentation capable of pres-
sure generation up to 1000 GPa in diamond anvil 
cells (DAC) [2.71] < 35 GPa (WC anvils), and 
> 60 GPa (sintered diamond, SD anvils) in various 
multi-anvil presses (which can be summarised as 
Large Volume Presses, LVP) and up to 5 GPa in 
piston cylinder presses (PCP), for sample sizes 
from less than 0.01 mm (DAC) to more than 
10 mm (PCP, LVP). The instruments are located 
in the different labs of the partners, and also  
at DESY’s photon sources PETRA III and the 
European XFEL to perform high-level X-ray dif-
fraction and X-ray spectroscopy experiments. 
Novel in situ high-pressure and high-temperature 
synchrotron X-ray diffraction techniques are used 
and developed at the two Extreme Conditions 
Beamlines at PETRA III (P02.2 and P61B) to 
simulate various geothermal conditions along 
subduction zones to investigate mineral-volatile 
interactions. There is strong expertise to quantita-
tively study the incorporation of volatiles, including 
H2O, in minerals, the high-pressure stability and 
the physical-chemical behaviour of these hydrous 
minerals, e.g. super hydrated clay minerals using 
the DAC up to 19 GPa [2.33] and Dense Hydrous 
Magnesium Silicates in multi-anvil experiments up 
to 20 GPa [2.27, 2.72, 2.73]. This expertise is 
complemented by competences for studying the 
mechanical behaviour and elastic properties of 
phases at the extreme conditions of the deep 



CMWS | White Paper | May 2021 
 

46 

Earth interior [2.74-2.78]. Using a Brillouin scatter-
ing instrument in combination with XRD at the 
Extreme Conditions Beamline (ECB) P02.2 has 
enabled dedicated studies on the elastic proper-
ties of minerals at extreme conditions [2.77, 2.79]. 
Novel capabilities for the study of highly reactive 
planetary H2O-rich ice phases have been imple-
mented at PETRA III by combining fast compres-
sion (milliseconds to seconds scale) experiments 
in dynamically-driven DACs (dDACs) with time-
resolved X-ray diffraction techniques [2.80]. 
Furthermore, a new method of heating H2O ice 
samples compressed in DAC using consecutive 
X-ray pulses of the European XFEL has been 
recently validated (so-called “X-ray heating”), thus 
opening new paths for exploring the properties 
and dynamics of planetary ices. 
Insights into the formation of ore deposits have 
been achieved by X-ray absorption spectroscopy 
(XAS) on metals in fluids at high pressure and 
temperature. This technique will be enhanced in 
future using a new hydrothermal apparatus at 
beamline P65 at PETRA III. As a novel spec-
troscopic technique, X-ray Raman scattering can 
be applied for in situ studies of low Z elements’ 
absorption edges such as the oxygen K-edge at 
extreme conditions using laser-heated or resis-
tively heated DACs. This allowed, for example, 
the study of water and aqueous solutions at 
varying pressure and temperature [2.81]. Several 
prototype experiments have been performed 
recently at PETRA III (P01) [2.82,2.83] and will be 
further developed as part of the CMWS research 
in the near future at DESY and European XFEL. 

III.2.3 Objectives 
The aim of the planned research activities within 
this pillar 2 is to reveal and deeply understand the 
outstanding role of molecular water under the 
various conditions relevant to climate and environ-
ment, in particular geo- and astrophysics as well 
as aerosol physics/chemistry. These conditions 
include wide ranges in temperature and pressure, 
crystallinity/amorphicity and porosity, interaction 
with electromagnetic radiation, influence of com-
position and interaction with other fluid or solid 
phases as well as their interfaces. Deciphering the 
role of water in climate and environment is closely 
linked to our understanding of the fundamental 
properties of water (with multiple important links  

to pillar 1), such as the hyperfine nuclear-spin 
symmetry breaking, non-covalent interactions 
between the molecules that influence their 
structures and chemical behaviour or its inter-
action with solid (oxides) phases and frozen 
volatiles through interfaces, in micropores or 
through incorporation into their crystal structure.  
Micro and nano-sized water-solute clusters are 
relevant for aerosol formation and the basic pro-
cesses in interstellar ice chemistry as well as key 
elements of climate and air pollution systems. A 
precise knowledge of the structures of these clus-
ters is also of importance for understanding the 
influence of molecular water on conformational 
dynamics (pillar 4) and conformational preferen-
ces of biomolecules (pillar 5) illustrating strong 
cross-pillar connections, also on the method-
logical side. Therefore, the CMWS represents a 
unique platform for exchanging knowledge and 
techniques between individual communities in 
water-related research, resulting in a strong 
benefit for our research. 
The objectives associated to challenge 1 are four-
fold and interconnected. Firstly, we aim at re-
vealing the fundamental chemistry on ice grains, 
including their formation and the effect of harsh 
radiation, such as of short wavelengths, on these 
processes. It is one aim to investigate water 
formation and water-induced chemistry to test 
astrochemical models. We will focus on H2O ices, 
doped with small and medium-sized molecules 
such as methanol or chiral molecules such as 
methyl oxirane. The H2O ices will be deposited  
in various ways to produce a large range of 
porosities and amorphicity that will allow us to 
decipher the fundamental processes at the origin 
of molecule formation and gas–solid phase equili-
bria in interstellar ices and to understand the 
influence of surface effects, which will also be an 
objective associated with challenge 5. Secondly, 
we aim at understanding the interaction of astro-
chemically relevant molecules, such as polycyclic 
aromatic hydrocarbons, with water at the mole-
cular level to mimic aggregation in interstellar 
chemistry. The obtained precise structures will 
provide us with important insights into the first 
steps of grain formation. A third objective relates 
to the prediction and spectroscopic detection of 
the nuclear spin ortho/para transitions in isolated 
water and in the presence of electric and magnetic 
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fields, of the kind existing in the astrophysical 
environments. Nuclear spin conversion in small 
water clusters, enhanced by mutual dipolar 
interactions, will also be extensively studied to 
explore the role of nuclear spin effects in the 
chemistry on ice grains. The spectroscopic data in 
form of precise transition frequencies will be used 
as first-hand information for dedicated astronomi-
cal searches for gas-phase molecules intimately 
linked to water and its formation processes in 
space. Finally, the fourth objective aims at 
constraining the phase diagrams and physical 
properties of H2O ice and H2O mixtures with other 
molecular compounds at conditions relevant for 
planetary interiors, > 150 GPa and 3000 K. A 
major focus here is the structure and thermal 
equations of state of unusual forms of ice stabi-
lised under pressure, including superionic phases 
of H2O ice and gas-filled H2O clathrates and 
hydrates. These superionic phases have been 
proposed as a plausible origin for the anomalous 
magnetic fields detected in the ice giant planets. 
The new data will benchmark theoretical pre-
dictions of ice properties and will serve as input 
parameters for large-scale numerical models to 
constrain the internal structure and dynamic of ice 
giants and “water-rich” exoplanets, including the 
origin of their magnetic fields. 
The chemical composition and structure of aero-
sols (challenge 2) determine their climate effects, 
both their efficiency as cloud condensation nuclei 
(CCN), and how much they scatter solar radiation. 
It has been proposed that due to the small size of 
aerosols, surface phenomena and processes 
become important (challenge 5), which shall be 
further explored here. First, surface-active 
species could affect the surface tension, which is 
a key parameter to understand water conden-
sation into liquid droplets. Second, enrichment of 
organics into a hydrophobic surface layer may 
strongly influence condensation and evaporation 
rates and thus aerosol growth and CCN activity. 
Third, the surface composition could strongly 
affect aerosol chemical activity. Fourth, for small 
aerosols, which are microscopic systems, surface 
enrichment of a species will lead to bulk depletion, 
affecting macroscopic properties. Important pro-
perties of aerosols affecting climate and health 
are thus influenced by the composition and micro-
scopic internal spatial distribution of chemical 

species. Surface effects are, however, rarely 
taken into account in current climate models. It will 
be one of the objectives tackled with respect to 
challenge 5 to improve our molecular level under-
standing of atmospheric surface phenomena and 
processes. 
In order to understand the water cycle on Mars 
and other planets (challenge 3), we will study all 
phase equilibria involving water in different states, 
i.e. as vapor, as liquid (solvent) and as solid (ice, 
water of hydration) and the relevant salt mixtures 
using a variety of experimental techniques (sec-
tion III.2.4). These equilibria will be considered 
both in bulk and in confinement where interfaces 
control the equilibrium behaviour. One of the main 
objectives of this challenge is to develop and use 
appropriate thermodynamics models to predict 
the relevant phase equilibria and to derive phase 
diagrams of salt–water systems under extreme 
temperature conditions, also considering non-
ideal solution thermodynamics and the influence 
of confinement. 
With respect to challenge 4, we aim to establish 
new phase stability diagrams of hydrous minerals, 
which will provide insights to their dehydration 
behaviour and their physical properties at condi-
tions of the deep Earth. A new and unprecedented 
level of understanding of the kinetics of related 
phase transitions is an additional and very im-
portant aspect of this work. Overall, one important 
objective is to significantly improve the under-
standing of the stability, structure and property of 
hydrous silicates in order to assess their rele-
vance to geodynamic processes. New data will 
help to model the effect of H2O in larger scale 
geodynamic processes. 
The objectives of our research with respect to the 
formation of ore deposits will be to experimentally 
determine mineral solubility and metal complex-
ation in aqueous fluids (challenge 4). In particular, 
the role of anionic ligands in the formation of metal 
species in the fluid will be assessed. The experi-
mental results will, in conjunction with literature 
data, permit construction or improvement of 
quantitative thermodynamic models for the most 
important complexes of ore metals in natural 
hydrothermal fluids and extend the existing ones 
to higher temperatures. These thermodynamic 
models will advance our understanding of ore-
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formation processes and promote the develop-
ment of large-scale reactive flow models of ore-
forming systems. 

III.2.4 Methodologies 
Since the systems under consideration stretch 
over several orders of magnitude with respect to 
temperature and pressure and also vary in den-
sity, pore structure and phase, our experimental 
approaches are highly diverse. They cover large 
areas of the electromagnetic spectrum, from the 
microwave frequency range to hard X-ray 
radiation to probe samples in different extreme 
environments, such as low temperatures or ex-
tremely high pressures. Ultimately, these data 
should be used to constrain large-scale models to 
get a clear understanding of the influence of H2O 
in planetary and interstellar processes. 
Interstellar chemistry in ice grains (challenge 1) 
will be mimicked in the laboratory by studying (i) 
interstellar ice analogues and (ii) gas-phase 
clusters of water and different solutes. The inter-
stellar ice analogues will be produced by water 
vapor co-deposition of mixtures of H2O and 
volatiles, resulting in compact or porous amor-
phous solid water with guest molecules adsorbed 
both to the external surfaces as well as inside the 
micropores. These will then be irradiated with 
electromagnetic radiation from the UV to X-rays, 
for example, to initiate chemical reactions. In this 
context different amorphicities, specific surface 
areas and microporosities will lead to transition 
state selectivity and different products. The pro-
ducts will be spectroscopically investigated, both 
in situ and in the gas phase after evaporation. For 
the study of water ices, surface-sensitive IR 
spectroscopy provides important information on 
the surface structure and composition (chal-
lenge 5). Specifically, the bulk surfaces and 
interface will be probed using IR/Raman-
spectroscopy to reveal potential bond formation, 
and UV-VIS spectroscopy and electron spin/ 
paramagnetic resonance to probe for bond 
dissociation and radicals. The gas phase will be 
probed using quadrupole mass spectrometry and 
microwave spectroscopy [2.48,2.59]. Astronomi-
cal observations of precursor molecules of water 
formation (such as O2, O3, H2O2, and OH) in the 
gas phase by means of millimetre wave and IR 
astronomy will provide a deep insight into the 

processes hidden in the ice grains of the ISM. For 
this, we will use a unique combination of experi-
mental techniques as described here and the 
access to large telescope facilities such as the 
Atacama Large Millimeter/submillimeter Array 
(ALMA) and the Stratospheric Observatory for 
Infrared Astronomy (SOFIA). The evolution of the 
properties of small water clusters and nano solu-
tions can be investigated in a bottom up approach 
using molecular ions, which allow an exact size 
selection. The element and size specificity of  
X-ray methods (such as using PETRA III/IV or 
FLASH) allows the investigation of how the 
electronic structure changes with the exact size 
and how complex phenomena emerge with size. 
Water–solute clusters (ii) can mimic important 
interactions and reaction steps occurring on ice 
grains, and their reactivity can be probed with 
high-resolution molecular spectroscopy in ad-
vanced kinetic and dynamic experiments, which 
will be further developed as part of the CMWS 
research. Here, it is also particularly interesting to 
study the fundamental intermolecular interactions 
that shape the structures of these complexes.  
Theoretical predictions for the ortho-para water 
project will be based on fully quantum mechanical 
simulations and consider all major electronic, 
nuclear motion and external field effects to a high 
degree of accuracy. The development of general 
variational approaches, such as used in the 
models TROVE and RichMol [2.60-2.62], offer 
comprehensive quantum-mechanical modelling  
of the nuclear spin-rovibrational motions and 
external-field interactions for arbitrary polyatomic 
molecule. Owing to the exact representation of  
the kinetic energy operator, the use of arbitrary 
curvilinear internal coordinates and the Eckart 
conditions to reduce couplings and minimise basis 
size, these are the only tools that are capable of 
meeting the highest accuracy demands of modern 
high-resolution spectroscopic and imaging experi-
ments. The spectroscopic measurements on 
ortho/para water will be performed using mid-
infrared frequency-comb techniques that allow 
traditional laser spectroscopy experiments with 
scanning cw-lasers to achieve unprecedented 
precision. Data will be collected and introduced to 
data bases accessible to both spectroscopists 



CMWS | White Paper | May 2021 
 

49 

and astronomers to improve and to test astro-
chemical models of water formation and water 
induced chemistry in solid ice grains. 
Ices under high pressure will be studied both 
in situ and after quench-recovery to ambient 
pressure using calorimetric, dielectric, IR/Raman 
spectroscopic and diffraction techniques, em-
ploying both laboratory-based X-ray experiments 
and the Hamburg X-ray facilities (PETRA III/IV 
and European XFEL). The phase diagram and 
structure of high-pressure icy compounds will  
be investigated by using novel dynamic com-
pression experiments in DAC in conjunction with 
time-resolved X-ray diffraction diagnostics re-
cently implemented at PETRA III and at the 
European XFEL. The Dynamic Compression 
Microscope proposed for PETRA IV will allow 
overcoming current limitations in the study of 
kinetics of phase transformations in icy com-
pounds. Even higher pressure and temperature 
conditions (> 150 GPa and 3000 K) will be 
obtained by developing novel pump and probe  
X-ray heating experiments at the High-Energy-
Density (HED) instrument of the European XFEL.  
Atmospherically relevant surfaces (challenges 2 
and 5) will be studied at two levels. First, 
systematic studies of model aqueous solutions 
will be performed, carefully selected to isolate 
specific surface phenomena. Using surface-
sensitive and chemically selective X-ray photo-
electron spectroscopy (XPS) at the new FHI 
liquid-jet endstation at P04 at PETRA III, it is 
anticipated to obtain chemically selective infor-
mation on the concentration and speciation at the 
surface as compared with the bulk and how this is 
affected by environmentally relevant parameters 
such as temperature, concentration, added salts, 
and pH. In a second step, surfaces of more 
complex and realistic systems will be studied, 
including aerosols and droplets. These will be 
generated using a range of methods mimicking 
different atmospheric processes, such as smog 
chambers, flow tubes, plunging jets, atomisers 
etc. and studied in situ in a beam of free flying 
particles or droplets akin to the liquid jet. The 
combination of XPS and in situ generated 
aerosols will open new, world-unique possibilities 
to directly probe aerosol surfaces. Furthermore, 
we will develop predictive models for surface com-
position as a function of the bulk composition in 

terms of molecular structure and environmentally 
relevant parameters. Together with atmospheric 
scientists, we will also create parameterised 
descriptions of aerosol surface phenomena 
needed to properly include them in climate 
models. 
For the nanoconfinement studies to mimic the 
thermodynamic conditions on Mars (challenge 3), 
several inorganic mesoporous materials will be 
considered as host matrices for water and salts 
mentioned above. Besides nanoporous silica as 
model material, more geo-relevant and chemically 
active compositions as perovskites (e.g. SrTiO3-
based systems) [2.84, 2.85], metal silicates (e.g. 
forsterite, fayalite), aluminophosphates and sili-
cates [2.86-2.88] will be employed. Pore size and 
morphology will be tuned by means of templating 
strategies, pseudomorphic transformation or a 
combination of both. Aside from laboratory scale 
methods (e.g. Raman spectroscopy, NMR, DSC, 
XRD), the confinement of water and salts in such 
soil-like pore networks and their phase changes 
will be investigated at large scale facilities 
(PETRA III/IV) via small-angle scattering of X-
rays and neutrons (SAXS/SANS). This technique 
covers a fundamental role in the characterisation 
of confined matter as it addresses structural and 
morphological changes in quantitative and direct 
fashion [2.89-2.92]. Taking advantage of contrast 
variation techniques [2.93], SAXS/SANS will be 
used to monitor the processes involving density 
variation of the confined salts and their solutions 
(e.g. phase change equilibria, deliquescence, and 
hydration). In this respect, the employment of the 
new P62 anomalous SAXS beamline of PETRA III 
will be particularly relevant. Modelling of such 
phase equilibria will be based on electrolyte 
solution models (e.g. Pitzer type models) extend-
ed to low temperature and considering interfacial 
energy effects. 
The stability of hydrous mineral phases and in-
corporation of H2O in mineral phases at conditions 
of the Earth interior (challenge 4) will be inves-
tigated using high-pressure high-temperature 
experiments with large-volume presses and dia-
mond anvil cells (DAC) installed at the PETRA III 
facility and in future at PETRA IV as well as the 
European XFEL. X-ray diffraction will serve as the 
tool for phase identification, structure determi-
nation, and texture characterisation. Vibrational 
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spectroscopy (IR and Raman spectroscopy) will 
serve as additional tool for pinpointing the struc-
tural incorporation of H2O. In many compositional 
spaces, the stable phases and phase assemblies 
in response to a given pressure and temperature 
may not be quenchable and thus have to be 
analysed in situ at these extreme conditions. 
Time-dependent in situ experiments also allow for 
assessing reaction kinetics. A new field of ex-
perimental techniques that will make excellent  
use of the increased high-energy coherence of 
PETRA IV are hard X-ray imaging techniques that 
are currently under development at PETRA III. 
Techniques such as phase-contrast X-ray ima-
ging applied to samples in pressure and temper-
ature generating devices such as large volume 
press and the DAC will be part of the new methods 
developed in the framework of the CMWS. At 
P61B, LVP studies on the acoustic emissions 
from embrittlement caused by dehydration and 
deformation in candidate hydrous mantle minerals 
such as phase Shy-B will be performed. 
Mineral solubility and metal complexation in aque-
ous fluids will be determined by in situ X-ray ab-
sorption spectroscopic techniques (challenge 4). 
Samples will be equilibrated in hydrothermal auto-
claves [2.94] or hydrothermal DACs dedicated  
to X-ray spectroscopic techniques [2.95-2.97]. 
These apparatuses allow for equilibration of 
minerals with fluids of various compositions to 
determine reaction rates and equilibrium metal 
contents. Furthermore, the metal complexes pre-
sent in these fluids at any given pressure and tem-
perature will be determined by X-ray absorption 
spectroscopy. A particular focus will be on the 
effect of potential ligands such as Cl and F on the 
metal concentration and metal species. Further 
insight to the microscopic structure of these fluids 
will be acquired by in-situ Raman and in-situ X-ray 
Raman spectroscopy that can be performed in 
hydrothermal DACs. In addition to the investiga-
tions at the structural level, quantitative electron 
density distributions can be obtained by using 
quantum crystallography methods such as multi-
pole refinement and/or Hirshfeld atom refinement 
to get accurate and precise positions of hydrogen 
atoms and reliable estimations of their thermal 
motion, energy of interactions and aspherical 
character in crystal lattices [2.98-2.100]. 

Methods for developing a deeper theoretical 
understanding of mesoscopic and large-scale 
systems will be based mostly on ab initio simula-
tions with a quantum-mechanical treatment of the 
electrons using density functional theory [2.101]. 
Such simulations will give access to the electronic 
properties, ionic structure and chemical bonding 
on a scale of a few 100 molecules and for times 
of up to 100 ps. Experimental observables like 
structure factors [2.101] and electromagnetic 
scattering or absorption spectra for various 
wavelengths can be calculated, so that these 
theoretical methods form an indispensable part  
for understanding and interpreting experimental 
data. Relations for thermophysical quantities (e.g. 
[2.102,2.103] like the EoS, phase boundaries and 
transport properties (conductivity, viscosity, parti-
cle diffusion coefficients) (e.g. [2.104-2.106]) can 
be calculated as well. Such properties are neces-
sary to describe mesoscopic and larger-scale 
processes in experiments and applications, e.g. 
by finite-element or hydrodynamic modelling. 
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III.3 Water in Energy 
Research and 
Technology 

III.3.1 Scientific Challenges and State 
of the Art 

Water does not only play a role as a solvent, but 
also directly as a chemical or reactant in hydro-
lysis, olation and oxolation. It even potentially acts 
as template when nanostructures and nanopores 
are formed. The characterisations how water – 
especially under defined spatial and temporal 
conditions – conducts a chemical reaction, acti-
vates processes like corrosion, or influences 
catalysis and its role in confined chemistry (of 
pharmaceutical application) are two scientific 
challenges on which pillar 3 focuses. Further 
challenges to be mentioned include the study of 
water in electrochemistry and electrocatalysis: we 
want to determine the physical and chemical 
properties of water at the molecular level in the 
context of energy conversion technology and 
understand its contributions to the reaction mech-
anisms underlying these technologies. How the 
transport properties of water change through 
spatial confinement or at interfaces and their ex-
perimental determination as well as theoretical 
description is another challenge. Due to the 
vicinity to applications, the challenges are all quite 
complex and the goal of understanding and 
realistically describing the suggested systems can 
only be reached stepwise. 

Challenge 1: Understanding Localised Corrosion 
Wet electrochemical corrosion involving water as 
active transport medium is a major threat to  
the stability of most metallic materials, often 
causing catastrophic failure and immense costs to 
society. The benefits of detailed knowledge of 
corrosion mechanisms and control are therefore 
significant in many industrial applications from 
corrosion-resistant passive metals, steels, or new 
high-strength alloys, needed for many modern 
applications from electromobility to wind power 
and heterogeneous catalysis. Advances in sur-
face science have revealed detailed insights in the 

homogeneous modes of corrosion on well-de-
fined, flat surfaces. Mostly averaging over larger 
areas, the surface-science approach has provid-
ed understanding of the development and stability 
of rather smooth layers, passive films, and the 
structural characterisation of interfaces involved 
in corrosion, by successfully addressing simplified 
model systems [3.1]. 
Despite of this, corrosion engineering of typically 
complex, heterogeneous commercial materials is 
very challenging and the modern design of corro-
sion resistant alloys and steels is based on a huge 
portfolio of material tests. Today’s understanding 
of wet corrosion has severe limitations because of 
heterogeneities in truly three-dimensional nano-
architectured materials such as precipitations, 
elemental variations (eventually caused by oxide 
or hydroxide scale growth itself), which are often 
the origin of detrimental localised corrosion and 
treacherous pitting [3.2]. In situ characterisation 
with high spatial resolution is in the context of wet 
corrosion of particular importance because of  
the often only a few nanometres thick passive  
films and lateral heterogeneities in the sub-
micrometre/nanometre range [3.3]. Localised 
corrosion events occur stochastically, preventing 
systematic and predictable observation. In addi-
tion, mechanical stress can promote wet chemical 
corrosion along grain boundaries leading to stress 
corrosion cracking, leading to mechanical failure 
of materials [3.4]. One challenge is here to identify 
the grain boundary structure responsible for this 
combined failure mechanism. Apart from the de-
structive effects of wet chemical corrosion it can 
also constructively be utilised for a tailored 
fabrication of materials with novel properties. 
Controlled corrosive dealloying may lead to 3D 
nanoporous materials with variable architecture 
and hierarchical levels for novel applications, i.e. 
in biomaterials [3.5, 3.6] or 2D nanoporous arrays, 
which can be used as templates for nanoscale 
electrochemical deposition [3.7]. The challenge 
consists here in tailoring independently nanopore 
size, morphology as well as surface composition 
and hierarchy by the wet chemical dealloying 
process.

 



CMWS | White Paper | May 2021 
 

59 

Challenge 2: Understanding the Role of Reactive 
Water in Chemical Selectivity, Energy Conversion 
and Catalysis 
Resource-saving, ecological as well as environ-
mentally friendly approaches now play a signify-
cant role in chemistry and in technical processes; 
together they are called “green chemistry" and 
include topics like low chemical consumption 
through nanostructured functionalisation and 
materials [3.8], the use of biomimetic approaches 
[3.9] or recyclable synthesis routes (in materials 
research [3.10] and in pharmaceuticals [3.11]). In 
these sustainable approaches, water is no longer 
used only as a solvent, but also as a reactive 
species, so that the water reactions involved can 
be classified as "water-in-water", "water-on-water" 
or water-in-water-as-solvent chemistry [3.8-3.15] 
(Figure III.3.1): 
(i) On one hand, "on-water" chemistry includes 
and describes water as a molecularly reactive  
and catalytic species. One difficulty of "on-water" 
chemistry for materials research but also for 
pharmacy is mainly due to the high complexity of 
“on-water” reactions and their typical multi-
reactant chemical conditions. It is a challenge to 
determine and statistically describe precisely their 
multidimensional reaction space [3.16, 3.17]. It is 
furthermore a challenge to determine experi-
mentally, and to describe theoretically the kinetics 
of water-catalytic reactions, which may either 
follow the so-called "Onsager’s star triangle" type 
of or the so-called "Eigen’s (and Schuster’s) 
hypercycle" type of reactions. 

(ii) On the other hand, the properties of surface 
water are fundamentally different from those of 
water in the bulk. A specific challenge in this 
complex "water chemistry" research relevant for 
energy conversion (excluding here electroche-
mistry which is challenge 4) is to unravel the 
mechanistic role of molecular water as a reactive 
molecule, from the role of solvent water [3.18, 
3.19]: When does water block active sites of 
(surface) catalysts, how does it influence steric 
hindrances in complex formation or how does  
it modulate surface reactivities by influencing 
reaction time scales and steps under multiple 
conditions?  

Challenge 3: Understanding Water as a Tunable 
Solvent in Energy Conversion and Catalysis 
Water is the sustainable solvent of excellence with 
the caveat that its high polarity limits the solubility 
of non-polar compounds. Fortunately, confine-
ment of water in hydrophobic pores alters its 
hydrogen bonding structure, the partition of mole-
cules between pores and an external aqueous 
phase, and related properties (such as local 
dielectric constant). It provides an avenue for 
tuning the water properties towards non-polarity, 
and increases its solvation power. The potential of 
rendering of water into a tunable solvent by 
confinement (“water into a tunable solvent by 
confinement” is in the following abbreviated as 
“WATUSO”) [3.20] essentially impacts the oper-
ation of (water splitting) catalysts, chemical 
sensors, membranes, and adsorbents in sustain-

 
Figure III.3.1: Challenge 2 “Understanding water reactivity”: Studying electronic water properties in relation to its 
structure (left side) in complex meshes and networks (like in hydrogels, middle) will allow improving sustainable 
approaches in chemistry, energy conversion and storage (right side) [3.16, 3.17]. 
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able chemical synthesis, membrane water trans-
port or separating electrode compartments [3.21]. 
Whether WATUSO systems can be turned into 
practical applications is hitherto underexplored. 
The WATUSO-challenge therefore includes mul-
tiple fields where aqueous behaviour is a key 
ingredient: 
(i) Energy-efficient trapping of water from ambient 
air.  
(ii) Pharmaceutical formulation of poorly soluble 
drug molecules with limited bioavailability. 
(iii) In situ study of aqueous phase catalysis using 
porous catalysts is gaining importance because of 
the growing use of renewable feedstock (bio-
mass) to replace fossil carbon. 
(iv) Water intrusion/extrusion in hydrophobic 
pores can be used to develop molecular springs 
or bumpers [3.22] and for storing fuel molecules 
like methane in clathrates [3.23] and for modifying 
the water solvent properties (Figure III.3.2) [3.20].  

Challenge 4: Clarifying Water Interactions with 
Electrode Surfaces in Electrocatalytic Energy 
Conversion 
Electrochemical or photoelectrochemical pro-
cesses that involve water are central for the 
development of sustainable, CO2-free energy 
storage and usage [3.24, 3.25]. Key examples are 
hydrogen production via (photo) water splitting in 
electrolysers [3.26-3.28] and the reverse conver-
sion back to electrical power using fuel cells [3.29, 
3.30], which hold great promise but still require 
substantial development for economically viable 
applications. This challenge can therefore be 
divided into: 

(i) Specifically, efficient, stable, and cost-
competitive catalysts for the electrode reactions  
in these systems need to be found. This requires 
understanding how on the molecular scale elec-
trolyte water interacts and reacts with the 
electrode material under realistic reaction con-
ditions [3.31-3.33]. These include strong inter-
facial electric fields, highly oxidising or reducing 
conditions and pronounced gas evolution. Con-
necting challenge 4 with challenge 5, this under-
standing is also necessary for using processes 
more efficiently at electrodes of electrochemical 
sensors, e.g. pH sensors or other ion sensitive 
electrodes to detect the respective species.  
(ii) With recent improvements of in situ and 
operando experiments and ab initio calculations, 
a full understanding of the dynamic water struc-
ture at electrochemical interfaces comes within 
reach. However, even for the simplest systems a 
true atomistic picture is still missing. Current 
studies either attempt to identify the influence of 
electrode potential and electrolyte composition on 
the geometric and electronic structure, describe 
the electrode reaction without taking the precise 
water structure into account, or focus on the ultra-
fast dynamics of interfacial water in the absence 
of reactions. Evolving from these limited ap-
proaches to a molecular-scale understanding of 
the water-electrode interactions under the con-
ditions of water splitting or fuel cell reactions is 
one of the future challenges, which needs to be 
addressed for a knowledge-based development 
of new catalyst materials [3.34]. 

 
Figure III.3.2: WATUSO (WAter TUnable SOlvent) concept in challenge 3: a heterogeneous mixture of non-polar 
compounds and water is forced into the nanoporous host material. The mixture becomes a single phase suitable 
for storage or catalysis. Implemented in a pressure swing cycle, depressurization causes extrusion; water regains 
its bulk properties and non-polar compounds segregate again. Figure reproduced from [3.20] with permission 
from the Royal Society of Chemistry. 
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Challenge 5: Modifying Functional and Transport 
Properties of Water and Solution by Confinement 
in Nanomaterials and Catalysis 
The particular properties of water, such as soft 
elastic properties with strong (hydrogen-bridged) 
adhesions to surfaces, enable particular appli-
cations when water covers surfaces or when 
water is buried in nanocavities [3.35, 3.36]. The 
technological and material science developments 
towards ever smaller length scales and ever 
larger-scale applications must not, however, hide 
the dilemma that the functionalities of mem-
branes, whether for use in catalysis, (medical) 
water filtration, water remediation (deconta-
mination of toxic water residues), water analysis 
(detection of macromolecules) or desalination for 
the production of drinking water, have not been 
predictable to date [3.37]. There are no solid 
mathematical descriptions based on physical 
models that make it possible to increase mem-
brane performance on the smallest scale. This 
can ultimately be attributed to the fact that the 
water-membrane interactions underlying these 
applications are not sufficiently understood, 
resulting in the following three sub-items and 
steps in this pillar 3 challenge: 
(i) Especially in nanofluidics and membrane tech-
nology, electrochemical interfaces reach their 
fundamental force and interaction limits under 
nanoconfinement conditions, which are deter-
mined by molecular sizes. Neither their 
fundamental interactions (which forces are res-
ponsible for the separation of which ions and 
water molecules under different membrane con-
ditions?) nor their membrane-water chemistry are 
understood so far, especially since recent work 
indicates that the dielectric property of water is 
strongly altered when it is confined in nanopores 
and nanochannels (challenge 4). Thus, it is 
difficult to simulate, predict or study membrane 
properties (with and without pressure, under 
tension, under enrichment of biopolymers or DNA 
etc.) [3.38-3.40]. In addition, nano-water research 
lacks large-scale standards for the description of 
membrane efficiencies [3.41]: a detailed atomistic 
understanding of the interface structure of water 
on solids is usually only accessible through 
simulation. Increasing the complexity by approxi-
mating the environmental conditions reduces the 

accuracy of predicting the interfacial water 
interaction.  
(ii) Beyond the unpredictable heat supply and 
removal mechanisms during osmosis, the consi-
derations become even more complicated if one 
wants to control electro-repulsion, sorption and 
absorption and if electrostatic potentials are ap-
plied to the membranes or if they are electrically 
conductive [3.42]. For example, how do the water 
layers at electrochemical interfaces and interfacial 
hydration layers change in porous materials? 
(iii) Another subtopic of the challenge nano-
confinement in and with water includes the 
investigation and characterisation of confined 
water layers and clusters at surfaces, buried solid-
water interfaces, or detangling the role of their 
local interface structure during chemistry [3.43-
3.46], i.e. by analysing their chemical role for 
specific binding conditions or their influence of 
their heterogeneities onto segregation. 
(iv) Water in nanoporous materials plays an 
important role in energy systems for the storage 
of heat by means of reversible water vapor ad-
sorption or water-based chemical reactions. Opti-
misation of these systems requires a better 
understanding of various and partially interacting 
rate-limiting effects in the transport of heat and 
mass through hierarchical pore spaces. In 
particular, the interaction of sorption, hydration 
and deliquescence in the meso- and micropores 
of hierarchical nanoporous media remains a 
challenge. 

III.3.2 Preliminary Work and 
Competences 

Within the pillar we have collected world-leading 
expertise in the materials research field of energy 
research and technology and a unique experi-
mental method’s portfolio. Our expertise ranges 
from photon-research (ultrafast optical and X- 
ray diffraction/spectroscopy/imaging to in situ and 
operando X-ray diffraction/ spectroscopy/ ima-
ging) to highest-resolution NMR spectroscopy or 
surface-sensitive techniques like in situ STM or 
environmental TEM.  
During the last years we have developed various 
X-ray based in situ techniques, relevant for study-
ing corrosion (challenge 1). One important goal of 
our previous work was the in-situ investigation of 
the onset of corrosion in sulphuric acid solution on 
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an alloy surface by surface sensitive X-ray 
diffraction [3.47, 3.48]. The experiments on a 
stoichiometric Cu3Au(111) surface revealed that 
in the initial stage of corrosion a Cu rich, single 
crystalline passivation layer forms, which 
prevents further corrosion. At the critical potential, 
Cu bulk dissolution sets in, accompanied by the 
formation of nanopores. Furthermore, we could 
demonstrate that the addition of chlorine to the 
sulfuric acid solution leads to accelerated 
formation of a passivation layer at lower 
electrochemical potentials [3.49]. To characterise 
local corrosion processes of construction 
materials, we have furthermore developed a novel 
strategy employing Pt markers and hard X-ray 
photoelectron microscopy (HAXPEEM). The one-
to-one correlation allowing combining local 
structural and phase information was obtained by 
electron backscatter detection and local changes 
of the chemical composition measured by 
HAXPEEM [3.50]. In situ tomography has been 
applied studying corrosion in biomimetic 
materials [3.51]. Today’s applications in 
hydrolysis require very stable electrode materials 
for the hydrogen evolution reaction (HER). We 
have tested the stability of an epitaxial RuO2 
model electrode under harsh HER conditions and 
found that it is transformed into hydrous RuO2 and 
metallic Ru at room temperature. The onset of 
hydrous RuO2 formation can be detected by a 
swelling of the film [3.52]. 
Severe corrosion processes occur also during the 
oxygen evolution reaction at the anode. Beyond 
RuO2, IrO2 has been identified as most suitable 
material with high stability and activity. We have 
also employed in situ surface sensitive X-ray 
diffraction to investigate the stability of an epitaxial 
IrO2 electrode, which turns out to be stable in 
aqueous sulfuric acid solution at high positive 
potentials [3.53]. Pitting corrosion was observed 
to set in at IrO2 surface grain boundaries. The 
interaction of water with magnetite surfaces plays 
an important role for the water gas shift reaction 
and Fischer Tropsch synthesis of hydrocarbons. 
Surface X-ray diffraction revealed that water 
adsorption at room temperature leads to a Fe 
cation redistribution and an atomic scale surface 
roughening, both important for the magnetite 
surface redox chemistry under reaction condi-
tions [3.54]. 

Our investigations of complex water chemistry 
systems (“on-water chemistry”) (challenge 2) 
representatively include the real-time structural 
dynamics studies of aqueous ions chemistry and, 
more complex, of hydrogels of biological and 
technological relevance [3.19]. With time-resolved 
X-ray scattering and X-ray spectroscopy we 
determined the kinetics and dynamics of the 
structural changes and the time-dependent 
electron redistribution of the underlying water-
networks. Applying novel analysis formalisms, we 
could determine the role of entropy and structural 
entropy-transformation pathways in these 
hydrogen networks [3.55]. At the interface of 
electrochemistry to biotechnology is electro-
biotechnology, another activity utilising the “on-
water” approach. We have built-up an electro-
biotechnology system which uses primarily 
regenerative electricity to drive biosynthesis and 
developed more efficient and biocompatible water 
hydrolysis process based on the in situ generation 
of H2 and O2 in a bio-mimicking reactor [3.56]. 
Our WATUSO systems (challenge 2, mainly chal-
lenge 3 and challenge 5), have been optimally 
studied with our novel experimental setups with 
in situ diagnostics (NMR, EIS, DRS, X-ray scatter-
ing, microvolumetry), probing solute, solvent, host 
material and their interactions [3.20]. Related 
multidiagnostic methods are currently developed 
by our team [3.57]. We have characterised the 
dielectric properties and hydrogen bonding 
network of nano-confined water by using 
electrochemical impedance spectroscopy (EIS), 
dielectric relaxation spectroscopy (DRS) and 1H 
NMR during water vapor adsorption, liquid water 
intrusion-extrusion cycling and in nafion mem-
branes. Our measurement of the impedance (EIS) 
provides us with a simple broadband detection of 
any relevant changes to the (dielectric) properties 
of the confined system [3.58]. DRS completes our 
information to study comprehensively the evo-
lution of the complex dielectric properties of water 
and its dielectric relaxation constants. Further-
more, we probe solvation properties using gas 
adsorption (challenge 3 and 5). Although gas 
adsorption isotherms are a good starting point to 
investigate and characterise these processes, 
classical adsorption isotherm measurements 
generally determine only the volume or weight of 
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the gas dosed [3.20, 3.59]. Gases are expected to 
adsorb by a combination of mechanisms: (i) disso-
lution of gas in the confined liquid, (ii) adsorption 
of gas at the interphase between liquid and pore 
walls and (iii) preferential adsorption of gas in the 
smallest pores devoid of liquid. High pressure X-
ray and NMR cells have already been developed 
in-house for more detailed studies [3.57]. Our 
NMR scheme quantifies solutes with observable 
nuclear spins, e.g. H2, CH4, CO2 and Xe, 
correlates them with micro-volumetric data, 
determines the evolution of water hydrogen 
bonding network, and observes the formation of 
water pools with different properties or in different 
environments. For solutes with NMR observable 
nuclei, we have also revealed changes in their 
local chemical environment [3.60-3.64]. Via the 
speciation of dissolved CO2, we could specify 
information on the in-situ pH conditions of 
confined and CO2-containing aqueous solvent.  
In the context of challenge 4, we have investi-
gated interface properties between solid elec-
trodes and aqueous liquids by novel developed 
in situ surface X-ray scattering and scanning 
tunnelling microscopy (STM) techniques (relevant 
also for challenge 1 and challenge 3). We have 
pioneered in situ video-rate STM, which allows 
observing the dynamic behaviour of single ad-
sorbed atoms and molecules at electrochemical 
interfaces [3.65, 3.66] and reactions of these 
species with the solid electrode. Complementary, 
our novel developments in synchrotron-based X-
ray scattering methods make operando studies of 

the atomic-scale details of electrochemical reac-
tions with unprecedented detail possible (Figure 
III.3.3). We have recently applied these methods 
to Co oxide electrocatalysts for investigating the 
oxygen evolution reaction in electrocatalytic water 
splitting. The studies allowed us observing a 
structural transformation of the topmost nano-
metre of the electrode at reaction rates that 
equaled those used in commercial alkaline 
electrolysers [3.67]. Similar studies of electro-
chemical Pt oxidation enabled us to determine  
the precise motion of the surface atoms during  
the ingress of oxygen atoms into the metal as  
well as the resulting nanoscale surface restruc-
turing [3.68, 3.69]. For these studies, dramatically 
improved precision and time resolution could be 
obtained by operando high-energy surface X-ray 
diffraction (challenge 4). We have even monitored 
irreversible interface processes, which require 
single shot studies on the millisecond timescale 
by X-ray surface diffracttion [3.70]. 
The chemical single bond of water, between the 
oxygen and the hydrogen, is one of the strongest 
single bonds known in chemistry. Storing energy 
in water-bond-making or water-bond-breaking,  
or utilising the water’s bond for chemical 
transformations, is the chemical reaction which 
consumes and delivers most energy per atom unit 
(challenge 2, challenge 3 and challenge 4). Novel 
materials such as perovskites catalysts are 
intensively developed and studied for oxygen 
evolution reaction (OER) from water since they 
are built from highly abundant elements on Earth; 

 
Figure III.3.3: Studying water–electrode interactions: (a) Formation of a nanoscale skin layer on Co3O4(111) 
electrodes during OER (0.1 KOH, potential sweep; symbols = layer thickness, lines = electrochemical current). 
The CoOOH(001) electrode does structurally not change. Reprinted with permission from [3.67]. Copyright 2019 
American Chemical Society. (b) Studying atomic-scale mechanisms with high-energy surface X-ray diffraction of 
Pt surface oxidation with their structural arrangements (upper left). 
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we could demonstrate that perovskites show 
highest photo-conversion efficiencies – and one  
of the highest catalytic efficiency in the presence 
of water [3.71-3.75]. For disentangling the cata-
lytic mechanisms of photo-energy conversion and 
photovoltaic water-splitting on perovskite sur-
faces, we have developed ultrafast optical 
methods [3.72], and highest-resolution ultrafast 
high flux X-ray imaging/scattering and X-ray 
spectroscopy techniques based on the “molecular 
movie” schemes at synchrotrons and FELs [3.76]. 
These studies paved us the way for the first time 
to resolve the mechanistic origins of OER on the 
time-scale of atomic movements (femtoseconds). 
Technically in particular challenging is the combi-
nation of in situ and time-resolved ultrafast X-ray 
scattering techniques [3.77] with multidimensional 
X-ray spectroscopy techniques (X-ray absorption 
(XAS), X-ray emission (XES), and resonant 
inelastic X-ray spectroscopy (RIXS)). With (for the 
first time) femtosecond RIXS we demonstrated 
that for homoleptic iron carbonyls (Mond process) 
solvent-complexation plays a major role for cata-
lysis [3.78]. We furthermore found that for the 
perovskites water actively stabilies short-living 
intermediates during OER and that the micro-
solvation dictates perovskite’s reactivity [3.79]. 
Confined water (challenge 5) plays also an impor-
tant role in chemical industry or desalination since 
membrane separations are considered among the 
most (cost) efficient methods [3.80]. As a 
prerequisite for the role of confined water in 
applications, and as one example, surface-water-
confinement and the interaction of water with 
graphene supported on Ir(111) surfaces was 
investigated by Fourier Transform Infrared reflec-
tion absorption spectroscopy (FT-IRRAS). The 
2.5 pitch of the Moire superstructure of graphene 
on Ir(111) represents a perfect template for the 
investigation of water clusters at low temper-
atures. The IRRAS results [3.81] gave evidence 
that the clusters exist in the form of amorphous 
solid water with an increased degree of order and 
oxygen atoms pointing towards the p doped 
graphene layer. Upon adsorption of higher water 
doses the formation of an amorphous solid water 
film was observed, together with the formation of 
dangling H-bonds at the interface. Our groups’ 
current studies concentrate on the development of 
highly selective materials, forming large and 

defect-free films of minimal thickness to maximize 
permeability and minimize membrane pumping 
energy (together with pillar 1), best be realised 
using aromatic triacid and diamine yield in thin 
polyamide membranes [3.82]. We utilised mole-
cular dynamics models for studying the impact of 
water surface tensions to nanoconfinement [3.83]. 
We have developed self-assembled membrane 
materials with tailored porosity, pore morphology 
and pore size distributions for tuning self-diffusion, 
hydraulic permeabilities and capillarity-driven 
flows. Our studies are based on X-ray and 
neutron scattering and imaging as well as opto-
interferometric methods. Controlling externally 
and electrically the water’s capillarity at the 
nanoscale (electrowetting, electrically switchable 
capillary rise), we could deduce the origin of the 
nanoporous material’s transformation to mecha-
nisms driven by adsorption energies and me-
chanical deformations influenced by capillary 
forces [3.40, 3.42]. These properties are very 
similar to many biological systems where the 
biological systems harvest mechanical energy 
from vapour condensation and evaporation ener-
gies [3.84. 3.85]. Water-nanoconfinement in 
swelling thin films composites of functional bio- 
and organic thin film materials (enzymatic 
cellulose, peptides), we call them “therapeutic 
nanopaper” bear the potential for being used as 
optimal matrices for drug delivery in the context of 
personalised medicine during pandemic situ-
ations (with pillar 5) [3.86]. Based on our time-
resolved and in situ surface-sensitive X-ray (AFM 
and STM) characterisations we have developed  
a novel technique for low-dose drug delivery 
based on layer formation of enzymatic cellulose 
hydrogel and peptide hydrogel by airbrush spray 
coating [3.87]. Our studies confirm a drug-
sensitive built-in into the different nanofilm layers 
and phases of distinct sizes and crystallinity 
emphasising the importance of tailoring the cellu-
lose nanofibrils. 
Water-confinement in surface reactions has been 
studied for the Pt/Si system. For Pt/Si chemically-
propelled motors (“swimmers”) we have identified 
two chemomechanical mechanisms: 1) the photo-
activated electroosmosis, 2) water/Pt interfacial, 
light-insensitive diffusioosmosis [3.88]. The long-
range solute-free regions of nafion nanofilms are 
formed in water [3.89]. Applying optical contrast 
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methods, we have imaged the formation of this 
exclusion zone with optical markers, which allow 
for visualising transport processes in confined 
space. We found that in this zone the solutes are 
subjected to multiionic diffusiophoresis near the 
nafion / water interface, so that the electrophoretic 
contribution in multiionic diffusiophoresis be-
comes dominant behind the formation of the 
zone [3.90]. Furthermore, we have studied nano-
porous materials and water-based chemical 
reactions in the context of heat storage by means 
of reversible water vapour adsorption or water-
based chemical reactions [3.91, 3.92]. 

III.3.3 Objectives 
The performance of the systems presented in the 
various challenges heavily relates, e.g. on the 
robustness of the materials, their stability and their 
efficiency when interacting with water and when 
water guides the systems performances. This 
requires a whole set of characterisation tools 
structurally as well as dynamically and in situ and 
in operando. Since we deal with the scientific 
challenges how the water’s properties shape or 
influences matter relevant for technology, not only 
near-equilibrium und static properties are 
important, but also their out-of-equilibrium condi-
tions as well as their dynamic response functions. 
Therefore, some of the following listed objectives 
are very much the same for even differently 
formulated challenges, so that we will present 
them together. 
In one common objective we want to determine 
the real-time dynamics of the pillar 3 water-
confined materials and detangling its relation to 
water dynamics. This requires the study of 
metastable and nano-structured intermediates at 
selected (when diffusion controlled) or at various 
time scales (from the diffusion limit (millisecond 
time regime) to atom time scales (femtosecond 
time regime)). We want to understand the role of 
hydrogen network, local dielectric properties, their 
length-scale-dependent irregularities and the role 
of the O-H bond and its specific interaction with 
various chemical elements and functional groups 
in energy research and technological relevant 
materials. Our technologies will be capable de-
tecting transient (structural, energetically and 
element specific) features guiding water reactions 
in confinement: during corrosion (challenge 1) 

and catalysis (challenge 2), in “on-water” chemi-
stry (challenge 3), at electrodes (challenge 4) or 
in cavities and interfaces during chemical separa-
tion processes (challenge 5). For resolving the 
reaction-specific chemical site, structure and dy-
namics of the transient features at atomic scales, 
we will continue our recently started efforts in 
developing highest-resolution surface-sensitive, 
ultrafast, and in situ and operando X-ray scat-
tering/spectroscopy (XAS to RIXS)/ imaging 
methods. Investigating structurally and in real-
time irreversible water reactions and their impact 
on catalysis (challenges 2–4), will require a com-
bination of the methods as well as an extension to 
operando studies also at laboratory sources like 
STM or NMR. 
Furthermore, common objectives of all challenges 
include the development of performance and 
efficiencies optimisation strategies (either of the 
model or in technological systems) by tuning the 
structure and time-dependent water properties 
(i.e. in corrosion or water-splitting reactions at 
electrodes, in storage materials), its chemical 
reactivity (i.e. in selective chemical or pharmaceu-
tical reactions), or its selectivity (i.e. desalination). 
In pillar 3 we will therefore uniquely combine  
X-ray, optical and NMR methods (challenges 2–5) 
providing us tools to study electrocatalysis and 
gas–solid interfaces (challenge 3) and water at 
nanoparticle model electrodes (challenge 4) to 
novel levels of precision allowing to derive 
atomistic models of the energy storage mechan-
isms. 
Specific objectives for challenge 1 include the 
determination of typical changes of water’s phy-
sical and chemical properties during corrosion 
such as the creation of holes or atoms migration, 
surface micro-solvation and the network stabilis-
ing the surface solvation. We will continue to 
develop novel state of the art X-ray spectroscopy 
and diffraction tools, among them high-resolution 
HAXPES or X-ray surface scattering at highest 
sensitivity. 
For catalytic water and “on-water” reactions, as 
described in challenge 2 (and partially in chal-
lenge 5), we will determine its specific hydrogen 
networks, the dynamics of the networks and study 
their impact in pharmaceutical approaches, i.e. 
during pandemic crisis (together with pillar 5). The 
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big overall objective however includes quanti-
tatively determining the kinetics and dynamics  
of catalytic water. We will study different water 
catalytic model system and determine whether 
catalytic water follows Onsager’s star triangle, or 
Eigen’s and Schuster’s hypercycle approaches 
and whether the mechanism can be influenced  
by the statistically relevant multiple conditions 
(diffusion-control versus non-linear concentration 
changes, chemical site selectivity versus stochas-
tic distributions etc.). Besides the pure obser-
vation of on-water reaction systems, we will also 
detangle the structural (steric hindrance, active 
site blocking) and energetic (complex formation, 
modulation of surface reactivities) mechanisms 
driving such type of reactions. 
Specifically, for challenge 3 we will design a novel 
NMR-dielectric coupled cell allowing to analyse 
the water-network and its influence on the break-
down of macroscopic properties (like dielectric 
constant) in nanoconfinement. We plan to demon-
strate an NMR coil as a non-contact sensor for 
dielectric permittivity measurements in samples 
with a low ionic conductivity (such as water con-
fined into a WATUSO host matrix) and to exploit 
the NMR probes both as permittivity meter and 
NMR detector to provide a unique multi-diagnostic 
tool for characterisation of macro- and micro-
scopic parameters. Another substantial objective 
of the WATUSO challenge 3 includes systematic 
studies of energy-efficient water trapping under 
systematically tuned conditions, like the hydro-
phobicity of the studied nanopores which bury 
water, or the determination of equilibrium and rate 
constants for the storage of methane in clathrates 
and their deviations under in situ conditions. The 
suggested space and time investigations of 
water–solvent-tuning principles with dielectric 
relaxation spectroscopy (DRS) and 1H NMR will 
allow for novel multi-diagnostic characterisation 
tools, creating new approaches for solvent-based 
chemical manufacturing and gas storage in a 
greener and more sustainable chemical context. 
In challenge 4 for detangling the atomistic 
mechanism of OER for energy storage and the 
role of water for stabilising catalytic surface 
features, voltage sweep capabilities or light-
induction will be implemented for the various 
surface X-ray scattering and X-ray spectroscopy 
methods, enabling (ultrafast) operando and in situ 

characterisation of the solid– liquid interfaces like 
electrode–electrolyte interfaces. In a next step of 
objectives, the characterisation schemes will be 
expanded to novel OER systems of relevance for 
energy storage, electrochemistry and electro-
catalysis. Besides the systems described in the 
challenges, prototypes of fuel cell reactions will  
be studied. Specifically, we plan full ab-initio theo-
retical description of interfacial water at surfaces 
under electrochemical conditions at defined po-
tentials. 
The big objective of challenge 5 includes a 
precise, atomistic and physical description of 
nano-defined and nano-confined processes 
where water is buried into nanocavities, and 
chemical and transport phenomena that are 
dictated by this spacial confinement. Besides 
membranes, also low-dose drug carriers or bio-
mimicking materials are influenced by this soft-
matter nanoconfinement. Chemically we will vary 
the hydrophobicity of the materials, the degree  
of water-confinement, solutes and host material. 
We will determine their equilibrium and out-of-
equilibrium conditions, their rate constants, or 
mechanistic features such as hydrogen network 
and their changes, local permeability as well as 
osmose properties. Based on the findings, models 
will be developed. Specifically addressing the 
objectives in challenges 3 and 5, nano-confined 
water also offers a potential alternative to com-
pression, for storing CH4 and H2 gas, and opens 
new opportunities for sustainable approaches in 
green chemistry, such as aqueous phase hydro-
genation reactions, which benefit from enhanced 
hydrogen solubility. Materials designs of hierar-
chical nanoporous media for the storage of heat 
designed, screened or selected from an appli-
cation perspective will be investigated more 
closely in CMWS. 

III.3.4 Methodologies 
Phasing the objectives of challenge 1, advanced 
X-ray scattering methods using very high photon 
energies will provide capabilities for time-
resolved, in situ and operando studies of complex 
interface and corrosion processes. Novel special-
ised sample preparation techniques will allow 
preparation under defined nano-confined condi-
tions, including micro-capillaries, nano-capillaries, 
patterned surfaces and materials sectioning with 
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providing further specialised sample preparation 
units. These techniques will also be accessible for 
challenge 5 (and other challenges) researches if 
required. DESY NanoLab expertise will provide 
marker technology, scanning Auger microscope, 
and an electrochemistry laboratory which is jointly 
operated together with CAU Kiel (see chal-
lenge 4). 
Challenge 2 phases the precise description of the 
kinetics of multi-component chemical reactions 
where water acts as catalyst. Besides the 
synthesis of tailored model-molecules (together 
with pillar 5 and challenge 5), novel concepts of 
flat jet and micro-jet technologies need to be 
developed for deriving out-of-equilibrium condi-
tions of the systems studied. For investigating 
deterministic reactions and reaction cycles within 
stochastic noise the experiments require highest 
sensitivity and chemical selectivity. With atomic-
motion resolving ultrafast time-resolved X-ray dif-
fraction and scattering studies, and time-resolved 
X-ray diffraction and scattering studies within the 
diffusion limit (millisecond time resolution) we will 
determine structural changes and electron density 
changes from the first femtoseconds of the 
reactions up to the diffusion limit utilising the first 
principles of direct Fourier-transformation of Pink 
Laue diffraction and extended approaches of 
small and wide angle X-ray scattering analysis. 
Monitoring structural changes as a function of 
time will allow us directly deriving information 
about in a chemical and structural sense ordering 
and disordering processes as a function of time, 
which can directly be feed-in into the models 
described in challenge 2 – for determining the 
impact of water catalytic features. Ultrafast and 
time-resolved soft X-ray spectroscopy, in 
particular ultrafast RIXS, introduces the chemical 
sensitivity needed for separating catalytically 
active water from bulk water (see also 
challenge 4). 
For solving the objectives of challenge 3 our 
laboratory-based adsorption/intrusion micro-
volumetric setups will be combined with in situ  
1H NMR, EIS and DRS spectroscopy. Sum 
frequency generated and Fourier-transform infra-
red spectroscopy will be added, in collaboration 
with pillar 2. Together with the efforts described in 
pillar 1, coherent X-ray diffraction methods (like 
XPCS) will be involved and adapted to higher 

spatial and temporal resolution. The combination 
of X-ray and neutron scattering will provide direct 
access to the evolution of the water density from 
small angle X-ray and neutron scattering, or the 
formation of structured water clusters or ice-like 
periodicity via the radial distribution functions 
(RDFs). Analysing the total X-ray scattering data 
with full pattern fitting using Pair Distance dis-
tribution Function (PDF) analysis and Rietveld 
refinement of the X-ray powder diffraction will  
lead to a global approach when combined with 
NMR crystallography. Via the CMWS high-field 
NMR-facility “NMRCoRe”, four mixed solid/liquid 
high-resolution NMR machines and two high-
throughput high-resolution NMR machines, are 
accessible. Various combinations of complemen-
tary techniques are foreseen. They include a com-
bination of vibration free / temperature-stabilised 
in situ NMR and EIS/DRS techniques for following 
chemical processes. Furthermore, it is envisioned 
to combine X-ray scattering with infrared to NIR; 
and XUV/VUV with infrared to NIR excitation and 
sample characterisation techniques. 
In challenge 4 we aim for studying complex 
chemical aqueous reactions relevant for energy 
conversion and electrocatalysis, so that the 
experimental, surface-sensitive methods also 
cover other challenges (challenges 1-4). In parti-
cular, the LISA liquid interface diffractometer 
designed by CAU Kiel at PETRA III as well as 
high-energy surface scattering methods for inves-
tigating electrocatalysis will be further developed. 
With LISA during in situ conditions RDFs and 
PDFs can be derived. Soft X-ray spectroscopy 
gains element-selective information about local 
elements (redox states, 1st solvation shell for-
mation, association complexes) and their 
electronic structures in real-time during chemical 
conversion. Photon-in/photon-out techniques like 
ultrafast multidimensional soft X-ray spectroscopy 
(XES and RIXS) will allow for studying reactive 
water and to distinguish it from water in aqueous 
solutions (also together with challenge 2). Cor-
responding experiments have been developed at 
the Liquid-Jet endstation (@HZB/LCLS), the 
ChemRIXS endstation (@PETRA/FLASH/DESY) 
and they are currently continued to fundamental 
resolution limits at the HeisenbergRIXS end-
station of the hRIXS consortium (located at 



CMWS | White Paper | May 2021 
 

68 

European XFEL). Very recently we have exten-
ded our real-time X-ray spectroscopy techniques 
including in situ and electrochemical conditions. 
The experiments will, e.g. allow determining ultra-
fast surface spin state changes during catalytic 
water splitting or during water electrochemistry. 
Additionally, at PETRA III high-flux X-ray diffract-
tion methods (like X-ray reflectometry, surface 
and grazing incidence X-ray diffraction) and X-ray 
fluorescence in scanning modes have been 
developed and will be applied. The equilibrium 
studies will be complemented by electrokinetics 
studies such as electrochemical microscopy, 
streaming potential measurements, local EMK 
determination, differential electrochemical mass 
spectrometry, mass spectrometry of electrolytes 
under nano-confined conditions or electro-
chemical AFM combined with laser-induced 
fluorescence, and environmental SEM and TEM. 
In situ environmental transmission electron micros-
copy (TEM) and Atom Probe Tomography (in 
combination with electrochemical units) will allow 
an additional atomically resolved characterisation 
of, e.g. electrocatalysis. Additional video-rate 
scanning tunneling microscopy and electro-
chemical methods will also be utilised. 
Comparison to ab initio predictions is anticipated. 
For energy research on technical relevant 
materials, fuel cell testing station, Faraday cages 
and basic equipment for battery research compa-
tible with synchrotron and FEL beamlines will be 
accessible. 
Challenge 5 also heavily requires the nano-
specialised sample preparation techniques des-
cribed in challenge 1. For monitoring surface and 
surface sensitive hydrogen networks in confined 
media but also, e.g. during desalination, for the 
optical studies advanced infrared characterisation 
and non-linear optical spectroscopy will be 
utilised. Optical studies will also include dynamic 
light scattering, interferometric and quartz-crystal 
microscopy. Auger spectroscopy will allow for 
surface characterisation. Dielectric characteri-
sation of surfaces will also be accessible. 
Thermodynamic studies for determining equilibri-
um constant will be possible utilising calorimeters, 
thermogravimetry, surface tension characteri-
sation techniques (tensiometers etc.), thermal 
desorption spectroscopy and in situ UV-photo-
electron spectroscopy. Rheology will be added for 

fluidity studies. To determine hydrogen network 
and its formation in detail, on the X-ray side 
surface-sensitive small and wide-angle X-ray 
scattering (GISAXS and GIWAXS @PETRA III) 
will be combined with in situ techniques for the 
real-time monitoring of the network formation and 
interactions in nano-films, nano-cavities and phar-
maceutical relevant matrices and under operando 
conditions. Their analysis will provide information 
about gyration radii, nanocrystal properties, and 
PDFs. The experimental results will be compared 
to state-of-the-art simulations, based on novel 
developments of theoretical methods for the 
robust prediction of the structure and dynamics of 
confined water structures. 

III.3.5 References 
[3.1] V. Maurice, P. Marcus, Progress in Corrosion 

Science at Atomic and Nanometric Scales, 
Progress in Materials Science 95, 132 (2018). 

[3.2] G. S. Frankel, Pitting Corrosion of Metals - A 
Review of the Critical Factors, J. 
Electrochem. Soc. 145, 2186 (1998). 

[3.3] M. J. Duarte, J. Klemm, S. O. Klemm, K. J. J. 
Mayrhofer, M. Stratmann, S. Borodin, A. H. 
Romero, M. Madinehei, D. Crespo, J. 
Serrano, S. S. A. Gerstl, P. P. Choi, D. 
Raabe, F. U. Renner, Element-Resolved 
Corrosion Analysis of Stainless-Type Glass-
Forming Steels, Science 341, 372 (2013). 

[3.4] A. King, G. Johnson, D. Engelberg, W. 
Ludwig, J. Marrow, Observations of 
Intergranular Stress Corrosion Cracking in a 
Grain-Mapped Polycrystal, Science 321, 382 
(2008). 

[3.5] J. Biener, A. Wittstock, L. A. Zepeda-Ruiz, M. 
M. Biener, V. Zielasek, D. Kramer, R. N. 
Viswanath, J. Weissmüller, M. Bäumer, A. V. 
Hamza., Surface-chemistry-driven Actuation 
in Nanoporous Gold, Nat. Mat. 8, 47 (2009).  

[3.6] B. Luthringer, F. Feyerabend, R. Willumeit-
Römer, Magnesium-based Implants: a Mini 
Review, Magnes. Res. 27 (4), 142-154 
(2014). 

[3.7] W. Lee, K. Schwirn, Martin Steinhart, 
Eckhard Pippel, Roland Scholz, Ulrich 
Gösele, Structural Engineering of 
Nanoporous Anodic Aluminium Oxide by 
Pulse Anodization of Aluminium, Nat. 
Nanotech. 3, 234 (2008). 



CMWS | White Paper | May 2021 
 

69 

[3.8] S. Narayan, J. Muldoon, M. G. Finn, V. V. 
Fokin, H. C. Kolb, K. B. Sharpless, Unique 
Reactivity of Organic Compounds in Aqueous 
Suspension, Angew. Chem. Int. Ed. 21, 3157 
(2005).  

[3.9] A. Chanda, V. Fokin, Organic Synthesis “On 
Water”, Chem. Rev. 109 (2), 725-748 (2009).  

[3.10] Y. Jung, R. A. Marcus, On the Theory of 
Organic Catalysis “on Water”, J. Am. Chem. 
Soc. 129, 5492-5502 (2007). 

[3.11] I. Nam, J. K. Lee, H. G. Nam, R. N. Zare, 
Abiotic Production of Sugar Phosphates and 
Uridine Ribonucleoside in Aqueous 
Microdroplets, Proc. Nat. Am. Soc. 114 (47) 
12396-12400 (2017).  

[3.12] P. Dolcet, S. Diodati, F. Zorzi, P. Voepel, C. 
Seitz, B. M. Smarsly, S. Mascotto, F. 
Nestolad, S. Gross, Very Fast Crystallisation 
of MFe2O4 Spinel Ferrites (M=Co, Mn, Ni, 
Zn) under Low Temperature Hydrothermal 
Conditions: a Time-resolved Structural 
Investigation, Green Chem. 26, 2257–2268 
(2018). 

[3.13] J. Holladay, J. Hu, D.L. King, Y. Wang, An 
Overview of Hydrogen Production 
Technologies, Catal. Tod. 139, 244–260 
(2009).  

[3.14] H. Dau, C. Limberg, T. Reier, M. Risch, S. 
Roggan, P. Strasser, The Mechanism of 
Water Oxidation: from Electrolysis via 
Homogeneous to Biological Catalysis, Chem. 
Cat. Chem. 2 (7), 724-761 (2010).  

[3.15] H. Wang, I. Choi, T. Rogge, N. Kaplaneris, L. 
Ackermann, Versatile and Robust C–C 
Activation by Chelation Assisted Manganese 
Catalysis in Water, Nat. Catal. 1, 993-1001 
(2018). 

[3.16] Z. Yin, L. Inhester, S. Thekku Veedu, W. 
Quevedo, A. Pietzsch, P. Wernet, G. 
Groenhof, A. Föhlisch, H. Grubmüller, S. 
Techert, Cationic and Anionic Impact on the 
Electronic Structure of Liquid Water, J. Phys. 
Chem. Lett. 8, 3759-3764 (2017). 

[3.17] M. Petri, S. Frey, A. Menzel, D. Görlich, S. 
Techert, Structural Characterization of 
Nanoscale Meshworks within a Nucleoporin 
FG Hydrogel, Biomacromolec. 13 (6), 1882-
1889 (2012).  

[3.18] F. Keutsch, R. Saykally, Water Clusters: 
Untangling the Mysteries of the Liquid, one 
Molecule at a Time, Proc. Nat. Acad. Sci. 98 
(19), 10533-10540 (2001).  

[3.19] P. Petersen, R. Saykally, On the Nature of 
Ions at the Liquid Water Surface, Annu. Rev. 
Phys. Chem. 57, 333-364 (2006). 

[3.20] E. Breynaert, M. Houlleberghs, S. 
Radhakrishnan, G. Grübel, F. Taulelle, J. A. 
Martens, Water as a Tuneable Solvent: A 
Perspective. Chem. Soc. Rev. 49, 2557-2569 
(2020). 

[3.21] J. Rongé, T. Bosserez, D. Martel, C. Nervi, L. 
Boarino, F. Taulelle, G. Decher, S. Bordigac, 
J. A. Martens, Monolithic Cells for Solar 
Fuels, Chem. Soc. Rev. 43 (23), 7963–81 
(2014).  

[3.22] V. Eroshenko, R. Regis, M. Soulard, J.  
Patarin, Energetics: A New Field of 
Applications for Hydrophobic Zeolites, J. Am. 
Chem. Soc. 123 (33), 8129–30 (2001). 

[3.23] M. Casco, J. Silvestre-Albero, A. J. Ramírez-
Cuesta, F. Rey, J. L. Jordá, A. Bansode, A. 
Urakawa, I. Peral, M. Martínez-Escandell, K. 
Kaneko, F. Rodríguez-Reinoso, Methane 
Hydrate Formation in Confined Nanospace 
Can Surpass Nature, Nat. Comm. 6, 6432 
(2015). 

[3.24] V. R. Stamenkovic, D. Strmcnik, P. P. Lopes, 
N. M. Markovic, Energy and Fuels from 
Electrochemical Interfaces, Nat. Mater. 16, 
57-69 (2017).  

[3.25] R. Schlögl, The Role of Chemistry in the 
Energy Challenge, ChemSusChem, 3, 209 
(2010). 

[3.26] N. S. Lewis, D. G. Nocera, Powering the 
Planet: Chemical Challenges in Solar Energy 
Utilization, Proc. Nat. Acad. Sci. 103, 15729–
15735 (2006).  

[3.27] M. Carmo, D. Fritz, J. Mergel, D. Stolten, A 
comprehensive review on PEM water 
electrolysis, Int. J. Hydr. Ener. 38 (12), 4901-
4934 (2013). 

[3.28] J. M. Andujar, F. Segura, Fuel Cells: History 
and Updating. A Walk along Two Centuries, 
Renew. Sust. Energ. Rev. 13, 2309–2322 
(2009).  

[3.29] M. K. Debe, Electrocatalyst Approaches and 
Challenges for Automotive Fuel Cells, Nature 
486, 43–51 (2012).  

[3.30] N. M. Marković, P.N. Ross, Surface Science 
Studies of Model Fuel Cell Electrocatalysts, 
Surf. Sci. Rep., 45, 117–229 (2002). 



CMWS | White Paper | May 2021 
 

70 

[3.31] O. M. Magnussen; A. Gross, Towards an 
Atomic-scale Understanding of 
Electrochemical Interface Structure and 
Dynamics, J. Am. Chem. Soc. 141, 
4777−4790 (2019).  

[3.32] L. Jacobse, Y. Huang, M. T. M. Koper, M. J. 
Rost, Correlation of Surface Site Formation to 
Nanoisland Growth in the Electrochemical 
Roughening of Pt(111), Nat. Mat. 17, 277 
(2018).  

[3.33] H. Mistry, A. Valera, C. S. Bonifacio, I. 
Zegkinoglou, I. Sinev, Y.-W. Choi, K. 
Kisslinger, E. A. Stach, J. C. Yang, P. 
Strasser, B. Roldan Cuenya, Highly Selective 
Plasma-activated Copper Catalysts for 
Carbon Dioxide Reduction to Ethylene, Nat. 
Comm. 7, 12123 (2016). 

[3.34] W. Hong, M. Risch, K. A. Stoerzinger, A. 
Grimaud, J. Suntivich, Y. Shao-Horn, Toward 
the Rational Design of non-precious 
Transition Metal Oxides for Oxygen 
Electrocatalysis. Energy Environ. Sci. 8, 
1404-1427 (2015). 

[3.35] D. Li, H. Wang, Recent Developments in 
Reverse Osmosis Desalination Membranes, 
Desalination 434, 121-160 (2018).  

[3.36] A. Boretti, S. Al-Zubaidy, M. Vaclavikova, M. 
Al-Abri, S. Castelletto, S. Mikhalovsky, 
Outlook for Graphene-based Desalination 
Membranes, Nat. Clean Water 1, 5 (2018).  

[3.37] T. S. Y. Choong, T. G. Chuah, Y. Robiah, F. 
L. Gregory Koay, I. Azni, Arsenic Toxicity, 
Health Hazards and Removal Techniques 
from Water: an Overview, Desalination 217, 
139 (2007). 

[3.38] A. Fumagalli, A. Esfandiar, R. Fabregas, S. 
Hu, P. Ares, A. Janardanan, Q. Yang, B. 
Radha, T. Taniguchi, K. Watanabe, G. 
Gomila, K. S. Novoselov, A. K. Geim, 
Anomalously Low Dielectric Constant of 
Confined Water, Science 360, 1339 (2018).  

[3.39] T. Mantel, P. Benne, S. Parsin, M. Ernst, 
Electro-Conductive Composite Gold-
Polyethersulfone-Ultrafiltration-Membrane: 
Characterization of Membrane and Natural 
Organic Matter (NOM) Filtration Performance 
at Different In-Situ Applied Surface 
Potentials, Membranes 8, E64 (2018). 

[3.40] S. Gruener, D. Wallacher, S. Greulich, M. 
Busch, P. Huber, Hydraulic Transport across 
Hydrophilic and Hydrophobic Nanopores: 
Experiments with Water and n-Hexane, Phys. 
Rev. E 93, 013102 (2016). 

[3.41] A. Szymczyk, V. Freger, Membrane 
Characterization, in A. Schaefer, A. Fane 
(eds.) Nanofiltration: Principles and 
Applications, Elsevier (2005).  

[3.42] Z. Wang, Z. Wang, S. Lin, H. Jin, S. Gao, Y. 
Zhu, J. Jin, Nanoparticle-templated 
Nanofiltration Membranes for Ultrahigh 
Performance Desalination, Nat. Comm. 9, 
2004 (2018).  

 [3.43] R. Devanathan, A. Venkatnathan, M. Dupuis, 
Atomistic Simulation of Nafion Membrane. 1. 
Effect of Hydration on Membrane 
Nanostructure, Phys. Chem. B 111 (28), 
8069-8079 (2007).  

[3.44] R. Devanathan, A. Venkatnathan, M. Dupuis, 
Atomistic Simulation of Nafion Membrane. 2. 
Dynamics of Water Molecules and Hydronium 
Ions, J. Phys. Chem. B 111 (45), 13006-
13013 (2007).  

[3.45] P. Sudarsanam, E. Peeters, E. V. Makshina, 
V. I. Parvulescu, B. F. Sels, Advances in 
Porous and Nanoscale Catalysts for Viable 
Biomass Conversion, Chem. Soc. Rev. 48. 
2366-2421 (2019).  

[3.46] J. Pan, H. Dou, Z. Xiong, C. Xu, J. Ma, X. 
Zhao, Porous Photo Catalysts for Advanced 
Water Purifications, J. Mater. Chem. 20, 
4512-4528 (2010). 

[3.47] F. Renner, A. Stierle, H. Dosch, D. M. Kolb, 
T.-L. Lee, J. Zegenhagen, Initial Corrosion of 
a Noble Metal Alloy Studied by In situ X-ray 
Diffraction, Nature 439, 707 (2006). 

[3.48] F. Renner, A. Stierle, H. Dosch, D. M. Kolb, 
T. L. Lee, J. Zegenhagen, Initial Dealloying 
and Passivation of Cu3Au(111) during 
Electro-corrosion: an In situ X-ray Diffraction 
Study, Phys. Rev. B 77, 5433 (2008). 

[3.49] F. Renner, A. Stierle, H. Dosch, D. M. Kolb, J. 
Zegenhagen, The Influence of Chloride on 
the Initial Anodic Dissolution of Cu3Au, 
Electrochem. Comm. 9, 1639 (2007).  

[3.50] M. Långberg, C. Örnek, F. Zhang, J. Cheng, 
M. Liu, E. Grånäs, C. Wiemann, A. 
Gloskovskii, Y. Matveyev, S. Kulkarni, H. 
Noei, T. F. Keller, D. Lindell, U. Kivisäkk, E. 
Lundgren, A. Stierle, J. Pan, Characterization 
of Native Oxide and Passive Film on 
Austenite/Ferrite Phases of Duplex Stainless 
Steel Using Synchrotron HAXPEEM, J. 
Electrochem. Soc. 166, C3336 - C3340 
(2019).  



CMWS | White Paper | May 2021 
 

71 

[3.51] J. Moosmann, D. Wieland, B. Zeller-Plumhoff, 
S. Galli, D. Krüger, A. Ershov, S. Lautner, J. 
Sartori, M. Dean, S. Köhring, H. Burmester, 
T. Dose, N. Peruzzi, A. Wennerberg, R. 
Willumeit-Römer, F. Wilde, P. Heuser, J. U. 
Hammel, F. Beckmann, A Load Frame for In 
situ Tomography at PETRA III. Proc. SPIE 
11113, Develop. in X-Ray Tomography XII, 
1111318 (2019). 

[3.52] T. Weber, M. Abb, O. Khalid, J. Pfrommer, F. 
Carla, R. Znaiguia, V. Vonk, A. Stierle, H. 
Over, In situ Studies of the Electrochemical 
Reduction of a Supported Ultrathin Single-
Crystalline RuO2(110) Layer in an Acidic 
Environment, J. Phys. Chem. C 123, 3979 
(2019).  

[3.53] T. Weber, J. Pfrommer, M. J. S. Abb, B. 
Herd, O. Khalid, M. Rohnke, P. H. Lakner, J. 
Evertsson, S. Volkov, F. Bertram, R. 
Znaiguia, F. Carla, V. Vonk, E. Lundgren, A. 
Stierle, H. Over, Potential-Induced Pitting 
Corrosion of an IrO2(110)-
RuO2(110)/Ru(0001) Model Electrode under 
Oxygen Evolution Reaction Conditions, ACS 
Catal. 97, 6530 (2019).  

[3.54] B. Arndt, M. Creutzburg, E. Grånäs, S. 
Volkov, K. Krausert, A. Vlad, H. Noei, A. 
Stierle, Water and Atomic Hydrogen 
Adsorption on Magnetite (001), J. Phys. 
Chem. C, 123, 26662-26672 (2019).  

[3.55] S. Techert, S. Thekku Veedu, S. Bari, 
Development of Ultrafast X-ray Free Electron 
Laser Tools in (Bio)Chemical Research, 
Springer Series in “Physical Chemistry and 
Biophysics” (2019).  

[3.56] T. Utesch, A.-P. Zeng, A Novel “All in One” 
Electrolysis Electrode and Bioreactor Enable 
Better Study of Electrochemical Effects and 
Electricity-Aided Bioprocesses, Eng. Life Sci. 
18, 600-610 (2018). 

[3.57] M. Castro, P. Losch, W. Park, M. Haouas, F. 
Taulelle, C. Loerbroks, G. Brabants, E. 
Breynaert, C. E. A. Kirschhock, R. Ryoo, W. 
Schmidt, Unraveling Direct Formation of 
Hierarchical Zeolite Beta by Dynamic Light 
Scattering, Small Angle X-ray Scattering, and 
Liquid and Solid-State NMR: Insights at the 
Supramolecular Level, Chem. Mater. 30 (8), 
2676 (2018).  

[3.58] G. Brabants, S. Lieben, E. Breynaert, E. K. 
Reichel, F. Taulelle, J. A. Martens, B. Jakoby, 
C. E. A. Kirschhock, Monitoring Early Zeolite 
Formation via In situ Electrochemical 
Impedance Spectroscopy, Chem. Commun. 
52 (31), 5478–5481 (2016). 

[3.59] B. Vallaey, S. Radhakrishnan, S. Heylen, C. 
Vinod Chandran, F Taulelle, E. Breynaert, J. 
A. Martensa, Reversible Room Temperature 
Ammonia Gas Absorption in Pore Water of 
Microporous Silica-Alumina for Sensing 
Applications, Phys. Chem. Chem. Phys. 20, 
13528-13536 (2018).  

[3.60] S. Smet, P. Verlooy, S. Pulinthanathu, C. E. 
A. Kirschhock, F. Taulelle, E. Breynaert, J. A. 
Martens, A Porous POSiSil Suited for 
Pressure Driven Reversible Confinement of 
Solutions: PSS-2, Chem. Eur. J.  25, 12957-
12965 (2019).  

[3.61] A. Kubarev, E. Breynaert, J. Van Loon, A. 
Layek, G. Fleury, S. Radhakrishnan, J. A. 
Martens, M. B. J. Roeffaers, Solvent Polarity-
Induced Pore Selectivity in H ZSM-5, ACS 
Catal. 7(7), 4248–4252 (2017).  

[3.62] P. Goossens, C. Martineau-Corcos, F. Saidi, 
J. Martens, F. Taulelle, Unlocking the 
Observation of Different Proton Populations 
in Fluorinated Polymers by Solid-State 1H 
and 19F Double Resonance NMR 
Spectroscopy. Phys. Chem. Chem. Phys. 18 
(41), 28726–28731 (2016).  

[3.63] E. Breynaert, M. Houlleberghs, S. 
Radhakrishnan, F. Taulelle, J. Martens, 
Replication Data for: Isothermal (22 °C) 
Evolution of the 1H MAS NMR Spectrum and 
Dielectric Shift of Water in Posisil Foam with 
MAS Frequency. V1 ed. Harvard Dataverse 
(2020). 

[3.64] M. Houlleberghs, A. Hoffmann, D. Dom, C. E. 
A. Kirschhock, F. Taulelle, J. A. Martens, E. 
Breynaert, Absolute Quantification of Water in 
Microporous Solids with 1H Magic Angle 
Spinning NMR and Standard Addition, Anal. 
Chem. 89 (13) 6940–6943 (2017). 

[3.65] B. Rahn, R. Wen, L. Deuchler, J. Stremme, 
A. Franke, E. Pehlke, O. M. Magnussen, 
Coadsorbate-Induced Reversal of Solid–
Liquid Interface Dynamics, Angew. Chem. Int. 
Ed. 21, 6065-6068 (2018); Angew. Chem. 
130, 6173-6176 (2018). 

[3.66] B. Rahn, O. M. Magnussen, Formation and 
Diffusion of Subsurface Adsorbates at 
Electrodes, J.  Am.  Chem.  Soc. 140, 9066–
9069 (2018). 

[3.67] F. Reikowski, F. Maroun, I. Pacheco, T. 
Wiegmann, P. Allongue, J. Stettner, O. M. 
Magnussen, Operando Surface X-ray 
Diffraction Studies of Structurally-defined 
Co3O4 and CoOOH Thin Films during Oxygen 
Evolution, ACS Catal. 9, 3811-3821 (2019). 



CMWS | White Paper | May 2021 
 

72 

[3.68] T. Fuchs, J. Drnec, F. Calle-Vallejo, N. Stubb, 
D.J.S. Sandbeck, M. Ruge, S. Cherevko, 
D.A. Harrington, O.M. Magnussen, Strucutre-
dependence of the Atomic-Scale 
Mechanisms of Pt Electrooxidation and 
Dissolution, Nat. Catal. 3, 754-761 (2020). 

[3.69] M. Ruge, J. Drnec, B. Rahn, F. Reikowski, D. 
A. Harrington, F. Carlà, R. Felici, J. Stettner, 
O. M. Magnussen, Structural Reorganisation 
of Pt(111) Electrodes by Electrochemical 
Oxidation and Reduction, J. Am. Chem. Soc., 
139, 4532-4539 (2017). 

[3.70] F. Golks, K. Krug, Y. Gründer, J. 
Zegenhagen, J. Stettner, O. M. Magnussen, 
High-speed In situ Surface X-ray Diffraction 
Studies of the Electrochemical Dissolution of 
Au(001), J. Am. Chem. Soc., 133, 3772-3775 
(2011).  

[3.71] G. Lole, V. Roddatis, U. Ross, M. Risch, T. 
Meyer, L. Rump, J. Geppert, G. Wartner, P. 
Blöchl and C. Jooss, Dynamic Observation of 
Mn-adatom Mobility at Perovskite Oxide 
Catalyst Interfaces to Water, Nat. Commun. 
Mat. 1, 68-74 (2020). 

[3.72] D. Raiser, S. Mildner, M. Sotoudeh, P. Blöchl, 
S. Techert, Ch. Jooss, Evolution of Hot 
Polaron States with a Nanosecond Lifetime in 
a Manganite, Adv. Energy Mat. 1, 1-9 (2017). 

[3.73] M. Risch, F. Ringleb, M. Kohlhoff, P. 
Bogdanoff, P. Chernev, I. Zaharievaa, H. 
Dau, Water Oxidation by Amorphous Cobalt-
based Oxides: In-situ Tracking of Redox 
Transitions and Mode of Catalysis, Energy 
Environ. Sci. 8, 661-674 (2015).  

[3.74] N. Hall, M. Stuckelberger, T. Nietzold, J. 
Hartman, J.-S. Park, J. Werner, B. Niesen, M. 
L. Cummings, V. Rose, C. Ballif, M. K. Chan, 
D. P. Fenning, M. I. Bertoni, The Role of 
Water in the Reversible Optoelectronic 
Degradation of Hybrid Perovskites at Low 
Pressure, Phys. Chem. C 121, 25659-25665 
(2017). 

[3.75] M. Kodur, R. E. Kumar, Y. Luo, D. N. Cakan, 
X. Li, M. Stuckelberger, D. P. Fenning, 
Weinheim Review: X-Ray Microscopy of 
Halide Perovskites: Techniques, Applications, 
and Prospects, Adv. Energ. Mat. 1, 1903170 
(2020). 

[3.76] I. Rajkovic, J. Hallmann, S. Grübel, R. More, 
W. Quevedo, M. Petri, S. Techert, 
Development of a Multipurpose Vacuum 
Chamber for Serial Optical and 
Diffraction/Scattering Experiments with Free 
Electron Laser Radiation, Rev. Sci. Instr. 81, 
045105-1-6 (2010).  

[3.77] R. Neutze, R. Wouts, S. Techert, J. 
Davidsson, M. Kocsis, A. Kirrander, F. 
Schotte, M. Wulff, Visualising Photo-
Chemical Dynamics in Solution through 
Picosecond X-ray Scattering, Phys. Rev. Lett. 
87, 195508-195512 (2001). 

[3.78] Ph. Wernet, K. Kunnus, I. Josefsson, I. 
Rajkovic, W. Quevedo, M. Beye, S. Schreck, 
S. Grübel, M. Scholz, D. Nordlund, W. Zhang, 
R. W. Hartsock, W. F. Schlotter, J. J. Turner, 
B. Kennedy, F. Hennies, F. M. F. de Groot, K. 
J. Gaffney, S. Techert, M. Odelius, A. 
Föhlisch, Orbital-specific Mapping of the 
Ligand Exchange Dynamics of Fe(CO)5 in 
Solution, Nature 520 (7545), 78-81 (2015).  

[3.79] P. Busse, Z. Yin, D. Mierwaldt, J. Scholz, B. 
Kressdorf, L. Glaser, P. S. Miedema, A. 
Rothkirch, J. Viefhaus, C. Jooss, S. Techert, 
M. Risch, Probing the Surface of LSMO in 
Water Vapor by in-situ RIXS: Interpretation of 
the Fluorescence Yields, J. Phys. Chem. C 
124, 7893-7902 (2020).  

[3.80] V. Kolev, V. Freger, Molecular Dynamics 
Investigation of Ion Sorption and Permeation 
in Desalination Membranes, J. Phys. Chem. 
B 119, 14168-14179 (2015).  

[3.81] R. Gleissner, M. Creutzburg, H. Noei, A. 
Stierle, Interaction of Water with 
Graphene/Ir(111) Studied by Vibrational 
Spectroscopy, Langmuir 35(35), 11285 - 
11290 (2019). 

[3.82] V. Freger, Outperforming Nature’s 
Membranes, Science 348 (6241), 1317-1318 
(2015). 

[3.83] J.-L. Barrat, L. Bocquet, Large Slip Effect at a 
Nonwetting Fluid-solid Interface, Phys. Rev. 
Lett. 82 (23), 4671-4674 (1999). 

[3.84] P. Huber, Soft Matter in Hard Confinement: 
Structure, Texture, Diffusion and Flow in 
Nanoporous Media, J. Phys. Cond. Mat. 
103102 (2015). 

[3.85] G. Gor, P. Huber, N. Bernstein, Adsorption-
Induced Deformations of Nanoporous 
Materials – A Review, Appl. Phys. Rev. 4, 
011303 (2017).  



CMWS | White Paper | May 2021 
 

73 

[3.86] N. Biswas, E. Erbes, C. J. Brett, M. 
Schwartzkopf, K. Basuroy, Q. Chen, A. 
Chumakov, S. Frenzke, M. Gensch, K. 
Gordeyeva, P. Kielb, S. Kirchner, V. 
Körstgens, P. Müller-Buschbaum, H. Müller-
Werkmeister, J. Rubeck, S. Thekku Veedu, J. 
J. Velazquez-Garcia, V. Waclawek, D. 
Söderberg, S. V. Roth, S. Techert, 
Therapeutic Nanopaper Allows for a Locally 
Defined, Small-dosing Drug-Release, in press 
(2020). 

[3.87] S. V. Roth, A Deep Look into the Spray 
Coating Process in Real-time—the Crucial 
Role of X-rays, J. Phys. Condens. Mat. 28, 
403003 (2016).  

[3.88] M. Esplandiu, K. Zhang, J. Fraxedas. B. 
Sepulveda, D. Reguera, Unraveling the 
Operational Mechanisms of Chemically 
Propelled Motors with Micropumps – Self-
powdered Nano- and Micromotors, Acc. 
Chem. Res. 51, 1921-1930 (2018).  

[3.89] J. Fraxedas, Water at Interfaces: a Molecular 
Approach, B. Raton: CRC Press (2014). 
ISBN 9781439861042.  

[3.90] M. Xu, M. Soliman, X. Sun, B. Pelaz, N. Feliu, 
W. J. Parak, S. Liu, How Entanglement of 
Different Physicochemical Properties 
Complicates the Prediction of in Vitro and in 
Vivo Interactions of Gold Nanoparticles, ACS 
Nano 12, 10104−10113 (2018). 

[3.91] T. Nagel, H. Shao, A. K. Singh, N. Watanabe, 
C. Roßkopf, M. Linder, A. Wörner, O. Kolditz, 
Non-equilibrium Thermochemical Heat 
Storage in Porous Media: Part 1 – 
Conceptual Model. Energy 60, 254-270 
(2013), ISSN: 03605442. 

[3.92] W. Ranke and Y. Joseph, Determination of 
adsorption energies and kinetic parameters 
by isosteric methods; Phys. Chem. Chem. 
Phys. 4, 2483-2498 (2002). 





CMWS | White Paper | May 2021 
 

75 

 

  
  

CMWS Pillar 4: 
Real-Time  
Chemical Dynamics 

Spokespersons:  
Francesca Calegari (DESY/U Hamburg) 
Uwe Hergenhahn (FHI) 
Robin Santra (DESY/U Hamburg) 
Iain Wilkinson (HZB) 
 
Contributors:  
Olle Björneholm (U Uppsala) 
Christian Bressler (European XFEL) 
Andrew Burnett (U Leeds) 
Arend Dijkstra (U Leeds) 
Arno Ehresmann (U Kassel) 
Thomas Elsässer (MBI),  
Franz Kärtner (DESY/U Hamburg),  
Thomas D. Kühne (U Paderborn) 
Jochen Küpper (DESY/U Hamburg) 
Tim Laarmann (DESY) 
Michael Meyer (European XFEL) 
Lars Pettersson (U Stockholm) 
Ruth Signorell (ETH Zürich) 
Florian Trinter (DESY/FHI) 
Bernd Winter (FHI) 



CMWS | White Paper | May 2021 
 

76 

III.4 Real-Time Chemical 
Dynamics 

III.4.1 Scientific Challenges and State 
of the Art 

Many, if not most, of the important chemical 
reactions take place in liquid water. These 
processes occur on multiple time scales, ranging 
from femtoseconds to minutes. Therefore, a 
central objective of ultrafast science is to provide 
a real-time characterisation of the fundamental 
processes occurring in this ubiquitous solvent. 
Such a characterisation has to address the 
temporal evolution of both the electronic structure 
and the atomic positions. This is because the 
electronic structure determines the forces acting 
on the atoms, and the atomic positions in turn 
affect the properties of the electronic states. In the 
following, the main directions to be pursued in the 
CMWS in the area of real-time chemical dynamics 
will be discussed. We present below these 
pursuits as five key challenges in the field of 
aqueous-phase dynamics. 

Challenge 1: Characterisation of the Energetics 
and Dynamics of the Transient Radicals 
Produced by Water Radiolysis 
A primary challenge to be pursued within the 
CMWS is the investigation and understanding of 
ultrafast aqueous radiolysis, i.e. the “electron and 
hole-doping” dynamics of liquid water and aque-
ous solutions. These processes inevitably arise 

following vacuum ultraviolet (VUV), extreme ultra-
violet (XUV) or X-ray photoabsorption, energetic 
electron or ion irradiation, or via optical strong-
field ionisation of aqueous systems (see, e.g. 
Figure III.4.1). Upon such irradiation, a highly-
excited medium of transient radicals (H2O●+, 
H2O●-, OH●, H⦁ and hydrated electrons, e-(aq.) [4.1, 
4.2, 4.60, 4.61]) is formed [4.3–4.7, 4.62, 4.63]. 
The result is a complex cascade of light- or 
charged-particle-initiated ultrafast processes and 
an aggressive chemical environment that is 
further complicated by the addition of solutes or 
interfaces. The global importance of these 
processes motivates their characterisation on 
ultrashort time scales spanning diverse fields 
such as photon science [4.6–4.8], radiation 
chemistry and associated biological damage [4.4, 
4.9–4.13], radiotherapy [4.14], water purification 
[4.15] and nuclear reactor operation/waste 
management [4.5]. A detailed molecular-level 
understanding of this dynamic medium is a 
prerequisite for tracking aqueous phenomena 
using newly available ultrashort pulse XUV, X-ray, 
electron and/or ion sources. 

Challenge 2: Interrogation of Transient Electron, 
Proton, and Hydroxide Solvation Structures in 
Water, including their Generation, Propagation, 
and Reaction Dynamics 
While chemical reactions in organic solvents are 
often well described as unimolecular reactions 
(reacting solute treated as a single species in a 
solvent continuum), at least bimolecular descrip-
tions are necessary for an exact description of the 
reaction dynamics and kinetics of aqueous 
systems due to the nature of hydrogen bond net-
works. Furthermore, chemical reactions in water 
are often driven by charge-propagating hydrogen-
bridge dynamics; with water rather actively be-
having as a participant in the reaction as opposed 
to a passive spectator. Protons and hydroxyl 
anions are produced naturally and spontaneously 
in bulk water but also through solvation or exci-
tation of aqueous solutions. Aqueous acid–base 
chemistry and the majority of biological redox 
processes are driven by proton [4.16–4.18] and 
hydroxyl anion [4.19, 4.20] migration processes. 
The anomalously high mobility of these species is 
commonly ascribed to the structural Grotthuss 
diffusion and hypercoordination-driven transport 

Figure III.4.1: Processes triggered by inner-valence 
photoionization of water: Electron emission by 
Intermolecular Coulombic Decay competes with 
relaxation by proton transfer. Observing these 
processes, and further conversions of their reaction 
products, in real time is part of challenge 1. Figure 
reproduced from [4.35]. 
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mechanisms, respectively. Additionally, an under-
standing of the hydration, migration, and reaction 
dynamics of aqueous electrons – injected ex situ 
or in situ – are prerequisite to developing a 
microscopic view of radiolysis and aqueous redox 
processes in general [4.4, 4.21, 4.22]. The un-
usually high mobility of aqueous electrons is 
intrinsically linked to ultrafast solvent motions and 
is partly responsible for the high reactivity and 
activity of strongly reducing aqueous electrons. 
Addressing challenge 2 is required to identify the 
ultrafast mechanisms of proton, hydroxyl anion, 
and (pre-)hydrated electron generation, migration, 
and reaction. 

Challenge 3: Real Time Probing of Transient 
Electronic and Nuclear Structure in Solvated 
Complexes in Bulk Aqueous Solution, including 
“Rare Events” 
Chemical reactions in liquids, particularly in 
aqueous media, are fundamentally different than 
those occurring in isolation, i.e. under low-
pressure or gas-phase conditions. When solute 
molecules are imbedded in polar (strongly-
interacting) solvents such as water, the energetics 
of their states and associated reaction coordi-
nates are perturbed, leading to potential variations 
in reaction probabilities, time scales, and mecha-
nisms. Furthermore, at the typical densities of 
aqueous systems, solute molecules interact with 

the solvent on few hundred femtosecond time-
scales [4.23]. The diffusive approach of reagents, 
solvent caging, solvent reorganisation dynamics, 
buffeting of reactive species by solvent molecules, 
stabilisation of charged species and associated 
reactive pathways, and ultrafast equilibration of 
formed products or frustrated reactants must all 
be considered when following and interpreting  
the chemical dynamics. Accordingly, challenge 3 
necessitates the adoption of highly differential and 
selective experimental techniques for the disen-
tanglement and understanding of such processes. 

Challenge 4: Real Time Probing of Solvation 
Dynamics in Aqueous Solutions 
Theoretical and simulation methods can de-
compose solvation dynamics and energetics into 
distinct short- and long-range interactions, but 
complementary experimental probes that robustly 
sample the complex many-body dynamics of 
solute–solvent interactions with atomic resolution 
are needed to develop reliable models for dy-
namic solvation processes. Here, experimental 
approaches investigating well-defined gas-phase 
systems involving microsolvated molecules 
bridge the gap from theory to condensed-phase 
liquids. Gaining a microscopic understanding of 
chemical reactivity in aqueous solution motivates 
these developments. For example, charge trans-
fer, radical activity, and many biological processes 

 
Figure III.4.2: Several possible interaction processes occurring between gas-phase molecules and an aqueous 
solution. Primary research questions include how chemical reactivity evolves from the gas phase through the 
interface, the role played by the liquid surface structure, and how these processes depend on conditions such as 
temperature, velocity, molecular orientation during the collision, and the nature of the chemical species. 
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depend on and are driven by the interplay bet-
ween the energetics of the solutes and their 
neighboring water shells [4.24, 4.25]. Despite 
extensive studies [4.26, 4.27, 4.28] of aqueous 
solutions over the last decades, a complete 
understanding of associated solvation structures 
has yet to be achieved and is prerequisite for an 
understanding of dynamical aspects. As dynam-
ical molecular structure – fluxional hydrogen-bond 
environments evolving on few-fs time scales – is 
a defining characteristic of liquid water/aqueous 
solution (challenge 4), ultrafast probes of solva-
tion dynamics are an essential ingredient in 
developing a microscopic understanding of these 
systems. This pillar focuses on identifying funda-
mental mechanisms, whereas the application of 
these findings to biomolecular function is central 
to pillar 5. 

Challenge 5: Application of Time-Resolved 
Probes to develop an Understanding of 
Reactions at Aqueous Interfaces 
Chemical reactions involving liquid water and 
aqueous solutions at interfaces are important in 
numerous fields that are relevant to life on Earth, 
e.g. atmospheric science, energy research, and 
geochemistry [4.29, 4.30]. Solution–vacuum, 
solution–gas, solution–solid (both macroscopic 
surfaces and nanoparticles) and solution–solution 
interfaces are all important in this regard. 
Following the processes and reactions that occur 
at these interfaces (Figure III.4.2) on their natural 
time scale will lead to a detailed understanding of 
the underlying mechanisms of the associated 
phenomena. Such studies require the develop-
ment of new methods that can, for example, 
selectively probe the composition of the interface 
of the liquid on the time scales of the chemical 
transformations. Elucidating the chemical state of 
the respective species at the interfacial water 
layer is necessary to draw conclusions on the 
actual reactions that took place. As an example, 
thus far, there is very little experimental insight 
into how chemical reactions involving gas-phase 
reactive species occur when they impinge on 
aqueous solutions [4.64]. Even the reaction of 
gaseous CO2 with a liquid water surface is not 
understood [4.65], despite the importance of this 
reaction for the terrestrial climate and biology. 
With this in mind, the development of highly-

selective, time-resolved spectroscopies and their 
application to such problems is a major aim of 
pillar 4 of the CMWS. 
Reactions at aqueous interfaces represent an 
over-arching topic of the CMWS, with cross-pillar 
links in particular to activities in pillar 2 on gas-
phase reactions at the surface of ice grains and 
atmospheric aerosols and in pillar 1 on temporally 
resolved, structural studies of water interfaces. 

III.4.2 Preliminary Work and 
Competences 

The groups contributing to this effort are col-
lectively in command of a unique repertoire of 
methods for probing ultrafast phenomena in water 
targets and solutions. 
Over the last two decades, we have developed 
and extensively applied the liquid jet photo-
electron spectroscopy (PES) technique [4.31], 
allowing electronic structure in bulk aqueous 
solution and at aqueous interfaces to be directly 
probed on an absolute energy scale [4.32, 4.66]. 
Ultrafast electronic and nuclear relaxation pro-
cesses have been studied using core-hole clock 
spectra [4.33]. We have additional experience in 
the production of clusters and aerosol particle 
beams for experiments on water ensembles 
[4.34]. For example, by combination of energy 
domain measurements and theory we estimated 
the intermolecular-Coulombic-decay (ICD) life-
time in small water clusters (12–52 fs) [4.35]. 
For time-resolved experiments on such targets, 
we have created several unique setups using 
ultrashort photon pulses. The FXE instrument at 
the European XFEL permits to study global struc-
tural changes (via wide-angle X-ray scattering) 
together with local intramolecular changes (via  
X-ray spectroscopies) on the atomic level and with 
femtosecond time resolution [4.67]. It aims to offer 
new possibilities to study solvation shell dynamics 
with new observables. We employed ultrafast 
laser and X-ray technology to get a glimpse of  
the response of an aqueous solvation shell to 
intramolecular dynamics [4.36, 4.37]. Other new 
opportunities for investigating real-time chemical 
dynamics arise from our expertise in tuning 
coherence, particularly in connection with free-
electron lasers (FELs). Our recent transfer of  
a powerful optical method towards short-
wavelength FEL technology [4.38] paves the way 
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towards utilisation of advanced nonlinear 
methodologies in water-related research. Further-
more, we have developed and commissioned a 
sample-delivery setup for the interrogation of 
controlled, species-specific molecules at the 
European XFEL: COMO. This enables us to 
investigate ultrafast dynamics of microsolvated 
molecules in combination with the aforemen-
tioned photon tools, which was demonstrated in a 
first beamtime on microsolvated pyrrole. 
We have developed advanced table-top sources 
providing extreme time resolution (from few 
femtoseconds down to few hundreds atto-
seconds) in a broad spectral range (from the 
visible to the extreme ultraviolet). In Ref. [4.39], 
we demonstrated the generation of high-energy 
isolated attosecond pulses, which are crucial tools 
for the investigation of complex targets [4.40] with 
extremely high temporal resolution. For fs time-
resolved PES, we have developed the required 
infrastructure (laser systems, non-linear optical IR 
to soft X-ray beam lines, sample sources, 
photoelectron spectrometers, detection archi-
tectures) and applied it to gas- and liquid-phase 
samples in the perturbative and non-perturbative 
regimes [4.43, 4.44]. To follow electron dynamics 
of chemical reactions in water on an atto- to 
femtosecond time scale, we are developing a 
high-flux isolated attosecond pulse source start-
ing from our initial results where we reached the 
water window up to 450 eV [4.41]. We are 
performing transient absorption experiments, 
triggering chemical reactions in properly prepared 
mixtures of gases and liquids. The construction of 
relativistic, 2–4 MeV, THz driven electron guns for 
ultrafast electron diffraction in water, synchro-
nised with all the above tools, is also on the 
horizon [4.42]. 
Over the last years we have developed a versatile 
photon spectroscopy setup. It is specifically de-
signed for multi target systems, including water 
clusters and liquid water jets [4.45]. In Ref. [4.46], 
we showed that fundamentally different process-
es occur in the surface and bulk regions of liquid 
water. In terms of measurements at THz fre-
quencies we have a range of instrumentation 
including broadband (up to 10 THz) linear and 
non-linear THz spectrometers, THz quantum 
cascade lasers and on-chip THz spectrometers 
specifically designed to measure spectral 

properties of small volumes of liquid [4.47, 4.48]. 
We have also developed a combined setup for X-
ray emission (XES) and X-ray Raman scattering 
for the study of melts at extreme conditions that 
can be used for the investigation of a solvent’s 
and solute’s electronic and local atomic structure 
in parallel under the same excitation conditions 
[4.49]. This portable setup can be implemented at 
synchrotron sources and XFEL end stations. 
In the realm of theory, we have experience with 
the development and application of diverse 
theoretical and computational tools suitable for 
investigating the dynamics of water. In Ref. [4.50], 
we summarised our work on water using FEL 
sources, in particular the structure of water in 
supercooled liquid droplets as well as measure-
ments of XES down into “No-man’s land” (see 
also pillar 1). Molecular dynamics is an essential 
tool in many simulations of water dynamics. In 
Ref. [4.51], we developed an efficient and accu-
rate coupled-cluster-based path-integral mole-
cular dynamics method, which we used to 
demonstrate the impact of nuclear quantum 
effects on the low-temperature protonated water 
dimer. We developed in Ref. [4.52] a novel 
ab initio path-integral method, explicitly including 
nuclear quantum effects without any additional 

Figure III.4.3: Femtosecond X-ray pulses capture the 
ultrafast proton transfer reaction in ionised liquid 
water, forming a hydroxyl radical and a hydronium ion 
[4.62]. Extensive molecular-dynamics simulations 
made it possible to understand the connection 
between the experimentally observed resonant X-ray 
absorption signal and the proton-transfer reaction. 
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computational costs, and applied it to liquid water 
at ambient conditions. In Ref. [4.53], we per-
formed on-the-fly ab initio and force-field molecu-
lar dynamics simulations of liquid water pumped 
with suitable high-intensity THz pulses. Our 
simulations revealed the possibility of ultrafast 
temperature-jumps over a wide range of pump 
frequencies. The use of PES to investigate the 
transient state of such THz-pumped water was 
investigated in Ref. [4.54]. 
Relevant theoretical tools for describing non-
equilibrium quantum solvation dynamics include 
numerically exact path integral simulations of time 
dependent dielectric solvents, and Langevin and 
master equation approaches. Using such ap-
proaches, we studied the relaxation dynamics of 
photoexcited Fe-II complexes dissolved in water 
and identified the relaxation pathway that the 
molecular complex follows in the presence of a 
hydration shell of bound water at the interface 
between the complex and the solvent [4.57]. 
In connection with challenge 1 from section III.4.1, 
we theoretically investigated nonadiabatic dyna-
mics in water clusters following ultrafast electron 
removal (“hole doping”) [4.55]. In the Zundel 
cation, the formation of a strongly (anti)correlated 
proton–electron hole pair within only 3 fs was 
observed. In this case, a quantum-dynamical 
treatment of the nuclear degrees of freedom was 
still possible. A promising direction to include 
quantum effects in simulations of the dynamics of 
nuclei is the ring polymer molecular dynamics 
(RPMD) approach. Ref. [4.56] shows that RPMD 
can be employed in settings with non-equilibrium 
initial conditions, e.g. following photoexcitation, 
and thus enables the simulation of pump-probe 
experiments. Important studies on light-induced 
vibrational and electronic dynamics of molecules 
in water, conducted spectroscopically and by 
modelling the experiments, are reported in Refs. 
[4.58, 4.59]. There, the electronic dynamics of 
nucleobases in water were investigated, providing 
new microscopic insights into solvation dynamics 
and related chemical processes. Furthermore, our 
computational methodology played an important 
role in connection with the observation of the 
fastest chemical processes in the radiolysis of 
water [4.62] (see Figure III.4.3). 
Combining the competences of the participating 
groups in one coherent environment will enable 

strong intra-pillar synergies, as it will become 
possible to combine several unique, leading 
techniques brought in by their inventors into new 
experiments that push the limits of what is 
scientifically accessible. This includes the com-
bination of experimental techniques, e.g. light 
sources with tailored liquid targets, and the 
collaboration of experimentalists with leading 
groups in theory and modeling. 

III.4.3 Objectives 
A characteristic of liquid water is its dynamical 
structure, which is reflected in order/high disorder 
descriptions. The intrinsic time scales of the 
dynamics of water/aqueous solutions span the 
attosecond to millisecond regime. This pillar of the 
CMWS will directly address the five challenges 
listed in section III.4.1 in the time-domain, with a 
primary focus on ultrafast dynamics, but also 
addressing the reaction kinetics that emerge on 
longer timescales, in connection with the time-
resolved activities described in the other research 
pillars. Here we will make use of the unique, 
highly-differential and selective probe techniques 
vailable within the consortium of participating 
groups.  
Besides following the evolution of electron 
solvation upon light-induced electron and hole 
doping, one objective of the CMWS with respect 
to challenge 1 is to unravel the electron hole 
dynamics in water. There is indeed some evi-
dence that quantum coherences and complex 
couplings between electronic and nuclear de-
grees of freedom play a key role in hole migration, 
redistribution and localisation. After sudden ioni-
sation, the charge is expected to migrate rapidly 
(sub-femtosecond time scale) between the water 
molecules and the solute molecule (see Figure 
III.4.4). Questions related to electronic quantum 
coherence and decoherence times, and the 
impact on nuclear quantum effects, will play a 
central role. This work will also provide infor-
mation that is of relevance in connection with 
radiation-induced astrochemical processes stud-
ied in pillar 2. The electron-hole-excited states 
encountered in radiolysis require a nonstandard 
theoretical treatment. This treatment must not 
only be able to capture the dense bands of 
electronic eigenstates in electron-hole-excited 
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water, but it must also be able to quantitatively 
describe non-Born-Oppenheimer effects 
associated with nonadiabatic transitions among 
the states in these electronic bands. Another 
challenge in this context arises from standard 
molecular dynamics that are based on the 
assumption of classical nuclei. In view of the 
strong vibrational quantum effects characterising, 
for instance, the heat capacity of water, the 
inclusion of nuclear quantum effects in the 
theoretical description of radiolytic processes is of 
importance. Therefore, a key objective of pillar 4 
is addressing these theoretical challenges by 
developing a corresponding first-principles 
simulation framework. Congruent to these theore-
tical developments, associated experiments – 
newly enabled by the infrastructure available 
within the consortium – will investigate ionisation-
initiated aqueous electron-hole dynamics on ultra-
fast time scales. A more specific goal is the 
combined experimental and theoretical mapping 
of the photon excitation energy dependence of 
such dynamics. This will include the precise 
determination of the formation and reactive time-
scales, as well as the absolute energetics of the 
transient radicals formed in neat water – as well 
as select aqueous solutions – following XUV and 
soft X-ray irradiation. Thus, benchmark experi-
mental and theoretical data will be garnered in 
tandem, bringing perspicacity to the ultrafast 
radiation chemistry of aqueous systems. 

In order to address challenge 2 – and in the 
process of addressing challenges 1, 3 and 5 – we 
will selectively and directly monitor the real-time 
behaviours of protons, hydroxyl anions and 
(pre)hydrated electrons in water, as well as their 
effects on surrounding solvent and solute 
molecules. Interactions of these species with 
increasingly complex solutes ranging from atomic 
radicals to biomolecules will be studied. Potential 
experiments include ultrafast time-resolution and 
element-/functional-group-resolved studies of dis-
sociative electron attachment and proton-bridge 
driven/catalysed rearrangement reactions. In both 
cases, following optical pump electron/proton 
production, multidimensional IR and X-ray spec-
troscopic probe techniques will be utilised to 
elucidate the ensuing dynamics. 
Due to the ultrashort time window over which 
dynamical signatures of chemical transformations 
in aqueous solution (challenge 3) have to be 
probed, ultrafast techniques are essential to gain 
the deepest insights into these processes. We will 
adopt such methods within this pillar of the 
CMWS, allowing unimolecular, bimolecular and 
multimolecular reaction dynamics of solutes to be 
investigated on attosecond to microsecond time 
scales. Studied solutes are expected to span 
hydrated electrons and simple ions all the way up 
to macromolecular species such as proteins 
suspended in aqueous solution. Exemplary 
studies within challenge 3 include site-selective 

 

Figure III.4.4: Simulated sub-
femtosecond charge migration 
from water to water and water to 
2-deoxy-D-ribose (DR). Top panel 
shows the calculated charge 
density variation and bottom panel 
shows the integrated charge 
around the water molecule (black 
line), the water molecule attached 
to the DR (blue line) and the DR 
(red line). Figure reproduced from 
M. A. Hervé du Penhoat et al., J. 
Phys. Chem. A 122, 5311−5320 
(2018). 
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investigations of UV and XUV photorelaxation 
mechanisms of aqueous UV chromophores, 
bases, nucleotides, and nucleosides of DNA. The 
unique combination of infrastructures within the 
consortium would allow such experiments to be 
performed with increasing degrees of hydration. 
Here, our ultrafast time-resolution and site-
specific X-ray and IR spectroscopic probes, as 
well as modern ab initio electronic structure and 
simulation methods, are expected to provide 
hitherto unavailable understanding of the photo-
protection behaviours of these complex, bio-
logically relevant aqueous solutes. 
We will address challenge 4 using ultrashort  
pulse radiation sources and time-resolved 
spectroscopies/diffractometries to trigger and 
interrogate evolving solvation structures in real 
time. Ultrafast time-resolution, highly-differential, 
and selective approaches will be required to 
extract solvation-sensitive signals from this 
inhomogeneous, fluxional environment. The im-
pact of the solvent on the time evolution of the 
spectral response of the solute will be investigated 
in different spectral regions spanning the THz to 
hard X-ray range. Additionally, local and non-local 
solvent structural dynamics will be probed directly 
using soft X-ray/IR and THz spectroscopies to 
specifically monitor the solvating water molecules 
and their collective behaviours. Furthermore, 
single-shot X-ray and charged particle diffraction 
techniques will be adapted to record time-
stamped snapshots of the ‘frozen’ solvent nuclear 
structure as it evolves. Accordingly, unprece-
dented insights into the ultrafast dynamics of 
solvation will be garnered. 
In connection with challenge 5, we will focus on 
the following pertinent questions: (a) How many 
layers of solvent molecules constitute “the reac-
tive surface”? (b) What is the effect of interfacial 
surface roughness? (c) How does reactivity 
evolve across phases and potentially through 
interfaces? (d) How do these processes and their 
evolution depend on conditions such as tempera-
ture, reactant velocity, reactant orientation, and 
the nature of the reactive chemical species? We 
aim to address these questions with the aid of 
spatially- and temporally-resolved spectrosco-
pies. For example, we intend to address some of 
these far-reaching goals and photoelectrochemi-
cal water splitting mechanisms using aqueous 

inorganic oxide nanoparticle – for example TiO2 – 
suspension jets, ultrashort UV-VIS pulse initiated 
interfacial charge transfer, and aqueous-solid 
interface selective and sensitive time-resolved, 
XPS techniques. In view of the overarching 
importance of interfacial water in all pillars of 
CMWS, we expect our research addressing 
challenge 5 to provide numerous opportunities for 
inter-pillar exchange and collaboration. 

III.4.4 Methodologies 
Real-time investigation of chemical – i.e. electro-
nic and geometric structural – dynamics requires 
time-resolved techniques, primarily based on the 
pump-probe approach. To address the above 
listed challenges, it will be necessary to exploit a 
broad range of advanced light sources (table-top 
laser based, synchrotrons and FELs) with differ-
ent photon energies (covering the THz to hard X-
ray ranges) and different pulse durations (from 
attoseconds to nanoseconds). 
On the route towards a molecular description of 
biological function, gas-phase studies of micro-
solvated species allow the gradual introduction of 
perturbations associated with the local environ-
ment. To this end, biologically relevant molecules 
will be studied embedded in water clusters (with 
variable numbers of water molecules), water 
droplets, and bulk aqueous solutions. We will 
compare results obtained from gas-phase 
complexes of increasing size with those from bulk 
aqueous solutions. Accordingly, the gap from gas-
phase water complexes to bulk aqueous solutions 
will be bridged, allowing the effects of solvation on 
solute-water interaction dynamics to be isolated 
and understood. 
The following list summarises the specific meth-
odologies that will be used within pillar 4. 
(a) Real-time monitoring of light-activated electron 
dynamics and combined electron as well as 
nuclear dynamics in biological systems embed-
ded in water clusters or droplets will be 
investigated with extremely high time resolution. 
Attosecond light sources with relatively high 
repetition rates (tens of kHz) and with photon 
energies spanning the XUV to the soft X-ray range 
will be used in combination with sub-2 fs UV-VIS 
pulses for time-resolved measurements. Elec-
tronic dynamics initiated in biomolecules solvated 
in water will be investigated by time-resolved 
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photo-electron and photo-ion spectroscopy as 
well as transient absorption spectroscopy (see 
Figure III.4.5) in the water window. 
(b) Alternatively, direct strong-field ionisation 
photoelectron imaging experiments allow for few- 
and sub-femtosecond imaging of electronic wave-
packet dynamics through resonance-enhanced 
photoionisation momentum features and of 
atomic structural dynamics through laser-induced 
electron diffraction. Precision measurements of 
these dynamics in well-defined microsolvated 
clusters are enabled by novel experimental ap-
proaches for the preparation and purification of 
these systems [4.68]. These techniques were 
recently also implemented in the COMO setup at 
European XFEL and enable further ultrafast 
dynamics experiments utilising soft X-ray radi-
ation as a site-specific probe. By exploiting novel 
efficient and temperature-controlled sample 
preparation methodology for aerosol particles 
[4.69], one can envision to extend these precision 
experiments to chemical reactions in and on 
aerosols. 
(c) To interrogate ultrafast chemical transfor-
mations in bulk aqueous environments, time-
resolved XUV and soft X-ray PES will be applied. 
Novel, synchronised laser sources (few-fs pulse 
duration, sub-eV-bandwidths, 109–1015 photon s-1 
fluxes, at hundred kHz repetition rates) will be 
utilised. In combination with liquid jet targets and 
high-collection efficiency spectrometers, it is 
planned to explore aqueous-phase reactive 
processes and biological system damage me-
chanisms on femtosecond to nanosecond time 
scales. Global understandings of the associated 
dynamic electronic structure will be garnered 

through a combination of valence- and core-state-
sensitive experiments. 
(d) Interfacial dynamics will similarly be studied  
by combining such laser infrastructure with more 
modern aqueous jet technologies – gas-dynamic 
virtual nozzles (gas–liquid), colliding/variable 
thickness flat jets (liquid–liquid) and aqueous 
nanoparticle suspension jets (solid-liquid). The 
combination of resonant optical excitation of 
interfacial reactive precursors with interfacially 
sensitive and -selective ultrafast time resolution 
XPS and XAS probes, will permit aqueous 
interfacial dynamics to be studied with nanometre, 
femtosecond spatio-temporal resolution. 
(e) Electron and nuclear dynamics will also be 
traced by coherent nonlinear X-ray spectroscopy 
schemes making use of intense femtosecond FEL 
pulses. High photon energies will allow for site-
specific excitation, to address processes in an 
element and state-selective way. Charge, energy 
and information transfer will all be monitored, with 
unprecedented spatial and temporal resolution, 
by electron, ion and photon spectroscopies and by 
different coincidence techniques (used for ident-
ifying individual processes among the typically 
large manifolds of possible processes at these 
high excitation energies). 
(f) To efficiently study bimolecular reaction 
dynamics in the aqueous bulk and at aqueous 
interfaces, it is anticipated to make use of variable 
polarisation XUV and soft X-ray synchrotron beam 
lines (for example, P04 at PETRA III), synchro-
nised MHz-repetition rate laser sources, and a 
state-of-the-art liquid jet X-ray PES setup 
(recently developed by FHI, see Figure III.4.6). 
Experiments will be initiated in bespoke liquid jet 
environments to produce reactive radicals from 

 
Figure III.4.5: Schematic of the transient-absorption attosecond-pump/attosecond-probe experiment on ultrathin 
water sheet, driven by our Parametric Waveform Synthesizer (PWS). 
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photoactive precursors. The combined infrastruc-
ture will allow diffusion, geminate-recombination, 
reactive, and product relaxation kinetics in dilute 
aqueous solutions to be element-, state- and site-
specifically probed on picosecond to microsecond 
time scales with picosecond time-resolution. 
Complementary insights can be obtained through 
similar experiments on the corresponding micro-
solvated molecules [4.70, 4.71]. 
(g) Chemical dynamics in wet metal clusters will 
be addressed using few-fs and intense SXR 
pulses delivered by the European XFEL in 
combination with high-resolution and angle- 
resolved electron, ion (also in coincidence) and 
fluorescence spectroscopies (all available at the 
SQS instrument). The possibility of two-color  
SXR pump-probe experiments with independent 
adjustment of the wavelength, pulse duration, 
intensity and arrival time of each pulse will allow 
the internal dynamics of these systems – such as 
electronic and nuclear rearrangement, charge 
transfer processes, fragmentation and general 
energy dissipation – to be studied. Such experi-
ments will take particular advantage of the high 
repetition rate of the European XFEL, which is a 
prerequisite for coincidence measurements. 
(h) Structural dynamics in water will also be 
investigated using electron diffraction as a probe. 
To this end, strong THz fields will produce sub-
50 fs relativistic electron bunches with energies in 
the 2–4 MeV range. In combination with synchro-
nised ultrashort pulse excitation sources and the 
described liquid target infrastructure, ultrafast 
electron diffraction studies of aqueous systems 
will be enabled. 

(i) In order to simulate ultrafast radiolytic process-
es in water, simulation frameworks that can 
handle bands of excited electronic states, non-
Born-Oppenheimer effects, and nuclear quantum 
effects will be developed. We will base the 
electronic-structure part of this framework on the 
method of configuration interaction singles (CIS). 
CIS is size-consistent and is practically the only 
wave-function-based method that scales suffi-
ciently favorably with system size. From CIS, we 
will compute, on the fly, gradients and non-
adiabatic coupling matrix elements, which serve 
as input to a surface-hopping molecular-dynamics 
calculation. Nuclear quantum effects we plan to 
incorporate via concepts connected to ring-
polymer molecular dynamics and ring-polymer 
contraction. Furthermore, we will explore embed-
ding strategies of the QM/MM type, where the QM 
region will be based on CIS. 
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III.5 Water in the 
Molecular Life 
Sciences 

III.5.1 Scientific Challenges and State 
of the Art 

Water is the molecule of life, ubiquitous in 
biological environments and indispensable for 
biochemical reactions [5.1, 5.2]. Living cells 
contain about 60–70% water, and evolution has 
optimized the sophisticated biological processes 
that determine life to function in an aqueous 
environment. 
Water’s unique characteristics are fundamental to 
all known biological processes, spanning from 
simple biochemical reactions to the emergence of 
biological complexity. Yet deciphering the role of 
water as the universal solvent, in which all life is 
embedded, remains challenging. One of the most 
striking challenges is correlating water’s intrinsic 
physical properties – hydrogen-bond networks, 
polarisability and collective vibrational states – 
with its spontaneous capacity to generate 
frustrated order out of apparent chaos [5.5]. To 
fully understand the structure and structural 
dynamics of biological systems it is of great 
importance to unravel the interplay between the 
bulk-water activity and the formation of the 
solvation shells, which envelope macromolecules. 
These are highly influenced by co-solutes, 

pressure and temperature, and counterions – 
especially in the case of DNA and RNA. Non-
covalent, in particular electrostatic interactions, 
between biomolecules, solvated ions, and water 
are crucial for the stabilisation and folding of large 
molecular structures [5.2, 5.7]. Similarly, water 
influences the transition from uncorrelated local 
dynamics to concerted harmonic motions of 
proteins (non-equilibrium mechanics) which ac-
counts for biological activity of macromolecules. 
The influence of water on the association states 
of proteins, RNA, DNA, lipids and carbohydrates 
is also of the highest interest. The formation of 
higher-order assemblies consisting of multiple 
components are fundamental to all intracellular 
processes and are associated with a number of 
disease states. Understanding solvation poten-
tials, water rearrangements and the exchange  
of water at the surface of, or within, bio-
macromolecules underpin these large-scale 
interactions. Ultimately, these interactions act as 
the driving potential of cellular evolution across 
environments, from extremely hot to extremely 
cold; to extreme pressure and chemical environ-
ments and combinations thereof.  
Therefore, the role of water in biomolecular struc-
tures, be it defined and ordered or intrinsically 
disordered, and the link that water provides 
between structure, bio-catalysis, regulation and 
molecular transport [5.4] will be the focal points  
of the research on water in the molecular life 

 
Figure III.5.1: Water in the cellular environment. Illustration using input from biorender.com, water at a simulated 
protein/membrane interface, figures of hydrated DNA & Protein adapted from [5.5]. 
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sciences at the CMWS – covered by the following 
scientific challenges. 
The focus of the research programme of pillar 5 is 
to deliver a fundamental understanding of the role 
of water in the molecular processes of life. This 
will empower the wider life science, biomedical 
and biotechnological communities to address the 
pressing societal challenges of ageing, emerging 
diseases, sustainability and the climate crisis. 
Timely research topics addressed within pillar 5 
include biomedical applications targeting neuro-
degenerative diseases, translational research 
towards optimised drug delivery, i.e. for the pres-
sing issue of treating infectious diseases like 
COVID 19, as well as molecular insight into the 
basis of water mediated biocatalysis with imply-
cations for energy research. 

Challenge 1: Water and Biological Disorder- How 
is Water Modulating Intrinsically Disordered 
Proteins and their Function? 
How does disorder affect biology and how can we 
use it to our advantage? Water and biological 
disorder go hand in hand: Without water and 
without disorder, life could not exist. Somehow 
through the evolutionary process, islands of 
stability form and respond to disorder, using it  
to its advantage, even incorporating it. Indeed, 
many of the major challenges facing medicine – 
disruptions to gene regulation (cancer); protein-
based pathologies (Alzheimer’s, Parkinson’s dis-
ease, etc.) [5.8, 5.9], viral infections [5.10], 
cardiovascular diseases [5.11] and even the 

emergence of antibiotic resistance (bacterial 
responses to being disrupted) – are all based on 
the interplay between complex biological systems 
and disorder [5.12]. Water is the conduit through 
which these problems are addressed. 
The classical paradigm of structural biology had 
been that proteins adopt well-defined three 
dimensional structures and that these structures 
essentially adhere to a ‘key-and-lock‘ mode of 
interaction. However, a more and more dynamical 
picture, starting from the realisation that structural 
changes govern recognition (known as “induced 
fit”) has emerged. Active research is ongoing to 
understand the complex protein dynamics and 
substrate interplay [5.13]. Moreover, 10–20% of 
all eukaryotic proteins are intrinsically disordered, 
i.e. remain natively unstructured while around 
40% of otherwise-structured proteins incorporate 
significant disordered regions (over 50 amino 
acids) [5.14]. Consequently, intrinsic disorder is 
now recognised as a fundamental mechanism 
through which biological function, regulation and 
adaption to local environmental changes – on dif-
ferent time and length scales – can be established 
and maintained. This ‘spectrum of (dis)order’ is 
ultimately dictated by the spontaneous inter-
actions of proteins and water, the universal 
solvent. 
Understanding the balance between solvation 
potential and the formation of spontaneous (dis-) 
ordered macro-scale phases, especially within a 
crowded environment, paves the way for 
understanding the macromolecular foundation of 

 
Figure III.5.2: Intrinsically disordered proteins cause neurodegenerative diseases (e.g. Alzheimer’s disease). 
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a number of disease states. What triggers the 
assembly of proteins into those intracellular 
phases is poorly understood, especially with res-
pect to the activity of water and how this impacts 
the separation process or even promotes addi-
tional ‘disorder-within-disorder‘, as for example in 
the case of protein amyloids. 

Challenge 2: Why is Heavy Water Poisonous to 
Mammals and Plants but not to Bacteria? 
Although the electron shells that determine 
chemical reactions are identical for hydrogen and 
its heavier isotope deuterium, heavy water (D2O) 
was found to be poisonous to mammals and 
plants [5.16, 5.17]. These higher organisms die 
when their body water content approaches 50% 
D2O. Bacteria, on the other hand, can grow in 
100% D2O. The reasons for this toxicity of heavy 
water on higher organisms are not at all under-
stood. Eukaryotic cell division processes seem to 
be particularly vulnerable to D2O, the underlying 
molecular basis for this is, however, still unknown. 
The deuterium atoms originating from heavy 
water incorporated in a variety of bio-
macromolecules are involved in different (bio-) 
chemical reactions. Due to the kinetic isotope 
effect the rate determining step in a chemical 
reaction in which the bond to a deuterium is 
broken, can be up to 10 times slower compared to 
the case of hydrogen. Other parameters that 
contribute to the adverse effects of heavy water 
are differences in hydrogen bond strength (O-H 
vs. O-D and pH vs. pD) [5.18]. These differences 
in hydrogen bonds involving either H2O/D2O or 
exchangeable hydrogen/deuterium atoms are 

responsible for the differences in protein stability 
in heavy water (D2O) [5.19, 5.20]. Furthermore, 
the viscocity of D2O is slightly higher than that of 
H2O, which might have implications for the finely 
balanced timing of biochemical networks inside 
the cell. But what is the exact interplay between 
water and macromolecules? What is the role of 
water in modulating macromolecular material 
properties? Proteins have evolved to function in 
water. Many proteins have a well-defined three-
dimensional structure while at the same time 
maintaining sufficient flexibility to perform their 
catalytic/mechanistic tasks. As natural selection 
can only randomly favour the best of available 
options, a better understanding of the basic prin-
ciples of how water influences protein structure 
and stability (by comparison with D2O) is highly 
desirable. This may allow the design of better 
proteins suitable for alternative solvents with huge 
implications for biotechnology. 

Challenge 3: Water at Biological Interfaces 
The first few layers of water around biomolecules 
(nucleic acids, proteins and lipids), biomolecular 
complexes and bio-membranes [5.21, 5.22] are 
critical for their structure and function. Recent 
years have witnessed a change in the perception 
of these water layers from a passive bystander, to 
an active player in determining structural stability 
and dynamics of biological entities ranging from 
the single biomolecules to even complex systems 
such as cell membranes [5.23]. The properties of 
this hydration water in biomolecular crowded 
environments appear to be different from those of 
bulk water [5.1, 5.5]. Insight into the spatial extent, 

 
Figure III.5.3: Disorder results in hierarchical structures in organisms. Protein droplets are formed in cells by 
phase transitions. Within these droplets (or in similar mesoscale structure) native hydrogels can be found, which 
themselves are comprised of fully intrinsically disordered proteins or intrinsically disordered regions (IDPs/IDRs). 
References left [5.8], middle [5.15]. 
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dynamic nature and microscopic origins of the 
coupling of water with the biological partners thus 
provides the basis for a deeper understanding of 
macromolecular interactions mediated by 
interfaces and governed by the hydration/ 
dehydration forces. As an example, together with 
hydration water, the ion atmosphere forms a 
diffuse and highly mobile cloud around charged 
DNA/RNA that, because to its fluctuating nature, 
is challenging to access experimentally and, 
hence an understanding of its impact on protein-
DNA/RNA dynamics is lacking [5.24]. Thus, an 
understanding of the central role of water in 
biomolecular aggregation processes like protein-
DNA/RNA recognition, viral packing and func-
tional assembly of the ribosome requires a deep 
understanding of the interplay of hydration and 
electrostatic interactions [5.2]. Similarly, in bio-
membranes, consisting of lipids and proteins, for 
a long time only electrostatic interactions have 
been considered to be responsible for processes 
such as permeability, enzyme activity and trans-
port of ions and protons. While the impact of water 
on biological functions is starting to be ack-
nowledged as important [5.1, 5.25, 5.26], a full 
picture that also considers water with its structural 
and (thermo)dynamic properties, while of para-
mount importance, is still missing. 

Challenge 4: How does Water Modulate 
Reactivity and Conformational Dynamics? 
Water acts as a lubricant for all biomacro-
molecular machines, in particular proteins, which 
fulfill functions from scaffolding to signaling and 
catalysis [5.7, 5.27]. All these fundamental bio-
chemical functions (only) occur in the presence of 
liquid water. In recent years our understanding of 
protein function, enzymatic catalysis and the 
regulation of protein function through allostery has 
moved from a simple (static) picture of protein–
protein or protein–ligand interactions to a dynamic 
picture. Water has leapt into view as the additional 
active key component rather than a simple pas-
sive solvent [5.28-5.30]. With this increased 
understanding, the dream of rationally designing 
a biomacromolecule or biological system to 
deliver a specific function is coming into reach. 
For example, green chemistry that minimises 
environmental impact or novel bio-based solu-
tions for solar power and renewable energy 
generation becomes feasible, allowing for strong 
interaction of the research programme in pillar 5 
with work planned in pillar 3. 
The conformational flexibility of structurally well-
defined proteins (in contrast to intrinsically 
disordered proteins (IPDs) in challenge 1) ranging 
from the picosecond to millisecond timescale is 
determinant for the accurate operation of these 
molecular machines. This flexibility is increased 
by water molecules bound to proteins, for instance 

 
Figure III.5.4: Theoretical (a) and experimental (b) approaches allow to study water at biological interfaces. 
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water molecules facilitating chemical reactions in 
active centres (catalytic waters), water molecules 
stabilising a desired protein conformation (func-
tional waters), water molecules involved in ligand 
binding, interfacial waters between domains of a 
protein complex and surface bound waters media-
ting conformational dynamics and interactions 
with co-solutes (compared to challenge 1 and 
challenge 3). Especially the role of functional and 
interfacial waters in the regulation of protein 
dynamics and the switching between an active 
and inactive conformation remains to be under-
stood. The activity and accurate function of 

proteins, not only enzymes, is further highly pH 
dependent. A detailed understanding of the 
underlying molecular mechanisms, how pH – 
aside from the pure electrostatic effect – mediates 
function, is not yet understood and points to the 
general concept in biology of compartmentalisa-
tion – either by lipid bilayer structures as the 
membranes surrounding cell organelles (chal-
lenge 3) with different pH and ion concentrations 
or in, i.e. protein droplets, through the mechanism 
of phase separation (challenge 1).

 
Figure III.5.5: Water is an active component in biochemical reactions and involved in modulating protein function 
as revealed in the enzyme defluorinase using time-resolved serial crystallography. In a) the protein consisting of 
two identical subunits is shown, a wire of four interfacial water molecules connects the two active sites and is 
modulating the allosteric communication during the enzymatic reaction (see time-resolved cartoon in b) for the 
modulation of this water wire) [5.31]. 

 
Figure III.5.6: Water dynamics relevant for biomolecular processes cover the timescale from 0.1 ps to µs and 
beyond, and have to be addressed both experimentally and by modelling approaches, figure adapted from [5.32]. 
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Challenge 5: How to Simulate Water – 
Biomolecular Interactions with Advanced 
Experimental Input to Generate Real Insights 
into Function?  
Computer simulations play an essential role, as 
they can provide molecular interpretations of 
experimental observations and, in such syner-
gistic combination, reveal structure–dynamics-
function relationships in real biomolecular 
systems. However, specifically for water models 
there are lots of approximations and for most 
computational models, water molecules are 
approximated with the (fixed) same parameters, 
independent whether they are bulk, interfacial, 
surface or active water molecules. Improving 
these computational models will only become 
feasible with improved time and structurally 
resolved experimental data that directly report on 
these different types of functional water 
molecules. In turn, better models of water or 
aqueous solutions would highly benefit the 
experimental determination of molecular struc-
tures by widely-used methods such as cryo 
electron microscopy (cryo-EM) or crystallography.  
Despite tremendous progress in the field, and 
despite broad application of state-of-the-art 
molecular simulation methods in many areas, 
further improving computational models of water-
biomolecular interaction and functional water 
molecules is of paramount importance – and a 
formidable challenge. High accuracy experi-
mental data is key for this endeavour. The world-
class facilities at DESY with the ability to collect 
time-resolved structural data – several structural 
snapshots forming a molecular movie – from 
femtoseconds to seconds in combination with 
ultrafast spectroscopies, are now providing the 
first experimental insight into different types of 
functional water molecules. There is a unique 
opportunity for the CMWS to systematically test 
and improve current computational models, from 
the atomic scale (force fields, polarisability) via the 
mesoscopic scale (continuum models) up to the 
organelle or cellular scale (systems biology). 
Overarching progress in each of these realms and 
combining the scales in a multi-scale manner will 
be essential for developing a quantitative and 
hence predictive model of a living cell, one of the 
grand challenges of our time. 

III.5.2  Preliminary Work and 
Competences 

The investigation of biochemical (challenge 1, 3 
and 4) and biological (challenge 2) function from 
the inverted perspective of water requires a 
unique combination of experimental and theore-
tical approaches (challenge 5). Those include 
state-of-the art biophysical methods, existing 
technologies to be adapted for biochemical 
research and novel instrumentation to be de-
veloped. 
The team of pillar 5 involves experts for X-ray 
techniques, ultrafast (vibrational) spectroscopy, 
MD simulations and further biophysical tech-
niques, each of which are the only and still 
emerging tools to the study of molecular water in 
biological systems. Recent examples of unpre-
cedent insights include, i.e. the observation of 
functional water wires relevant for enzymatic 
catalysis (see Figure III.5.5) by time-resolved 
crystallography or the local water structure caging 
Mg2+ ions and phosphate, relevant for stabilisation 
of proteins and DNA, as observed by 2D-IR in 
combination with MD simulations (see Figure 
III.5.7). 
Our team includes researchers using synchrotron 
radiation and FEL sources (small-angle X-ray 
scattering (SAXS), X-ray diffraction and time-
resolved serial crystallography) and researchers 
from complementary fields, namely vibrational 
spectroscopy (Raman, sum frequency generation 
(SFG), infrared (IR) and 2D-IR, THz) (challenge 1, 
2 and 3), nuclear magnetic resonance (NMR) 
spectroscopy and neutron-based techniques. 
These experimental techniques are further sup-
ported with computational approaches (molecular 
dynamics (MD) simulation, quantum chemistry, 
etc. and data analysis). 
We envision a strong integration of our research 
programme with ongoing activities on the 
Bahrenfeld Campus in the field of biophysics and 
structural biology (at EMBL, CSSB and others), 
for instance we anticipate to use and to connect 
to existing research and local infrastructure for, 
i.e. protein purification and characterisation. 
Specific techniques, like biomolecular NMR or 
ultrafast vibrational spectroscopies, not acces-
sible in Hamburg are provided by partnering 
laboratories within the CMWS. 
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The availability of XFELs has revolutionised the 
research in structural biology [5.33, 5.34]. We 
have pioneered serial femtosecond crystallo-
graphy (SFX) [5.35–5.37]. Knowledge and exper-
tise in the areas of method development, sample 
delivery (liquid jets, fixed targets and hybrid ap-
proaches), sample preparation and data analysis 
as well as experimental setups at different XFEL 
sources is available in our team. Only recently we 
have performed the first structural biology 
experiments at the European XFEL, demons-
trating the potential of rapid data collection with a 
megahertz XFEL source [5.38]. For time-resolved 
studies of protein structures we are experts in the 
field of time-resolved crystallography and have 
access to world-class facilities enabling studies 
from the femtosecond to nanosecond regime 
using SFX [5.35-5.38] (challenge 4). 
We have established the same experimental 
concept of serial, room-temperature data for 
storage ring-based experiments [5.39] as serial 
synchrotron crystallography (SSX) with a time-
resolution from milliseconds onwards [5.31, 5.40] 
using fixed targets for sample delivery in a hit- 
and-return (HARE) experiment. We have built  
an endstation dedicated to pump-probe time-
resolved macromolecular crystallography, T-
REXX on P14 at PETRA III, which, in combination 
with Hadamard-Transformation [5.41], will be able 
to reach a time-resolution down to the nano-
second regime (challenge 1 to 4). 
These novel crystallography approaches enable 
dynamic X-ray crystallography, allowing the in-
vestigation of functional and reactive water 
molecules, previously not possible, as shown for 
the enzymatic reaction in defluorinase (Figure 
III.5.5, [5.31]). However, serial crystallography still 
can only access structured water molecules 
ordered in crystalline samples. Further experi-
mental insights can be gained by small-angle X-
ray and neutron scattering (SAXS and SANS) 
applied to bio-macromolecules in solution, such 
as intrinsically disordered proteins (IDPs) [5.42] 
(challenge 1) or osmolytes relevant for protein 
stability [5.43]. Moreover, we have demonstrated 
the application of these methods as rapid-mixing 
time-resolved SAXS to investigate dynamical 
processes like protein unfolding [5.44] with the 
perspective to expand studies on the role of water 
molecules by time-resolved SAXS and SANS. 

Neutron based tools have the advantage of a very 
high sensitivity to hydrogen atoms and the ability 
to distinguish hydrogen and deuterium, which 
gives an opportunity to “label” samples and use 
contrast variation techniques [5.45], thereby being 
complementary to X-ray based studies. 
The P12 beamline at PETRA III is ideally suited 
for methods development in SAXS and time-
resolved SAXS, and integrate experiments with 
additional in-line spectroscopies (i.e. Raman), as 
they are part of the research proposed here 
(challenge 4). While X-ray sources provide unpre-
cedented insight into biological structures, the 
associated radiation damage can distort objective 
results. We have worked on X-ray induced radi-
ation damage and specifically solvent mitigated 
damage [5.46]. 
Complementary to scattering experiments, we 
employ X-ray spectroscopies as powerful tools to 
investigate the local electronic and nuclear 
structure of biochemical systems in liquid and gas 
phase (challenge 2, 3 and 4). We have extensive 
expertise on resonant inelastic X-ray scattering 
(RIXS) [5.47] and X-ray absorption spectroscopy 
[5.48-5.50] on hydrated systems used to study 
decay processes in water and aqueous solutions 
or access differences in the water–structure bet-
ween surface and bulk. Furthermore, we have 
developed combined tools using mass spectro-
metry at advanced light sources to study local 
(electronic) structure, i.e. in combination with 
near-edge X-ray spectroscopy [5.51, 5.52]. 
Beyond X-ray techniques we use several ad-
vanced spectroscopies, which are essential and 
well-suited to investigate solvation dynamics, 
water structure and the influence of water on 
biomolecular functions. Namely vibrational spec-
troscopies allow detailed studies of water in solu-
tion (Raman, IR, 2D-IR) or at surfaces SFG, 
surface enhanced IR and Raman) and long-range 
effects (THz spectroscopy). We are experts in 
both experiment and theory in above mentioned 
spectroscopies, with specific focus on applica-
tions of ultrafast vibrational spectroscopies to 
water and biological molecules [5.23, 5.53-5.61]. 
We are actively developing and advancing ultra-
fast nonlinear spectroscopies, in particular new 
multidimensional spectroscopies, to specifically 
tackle biochemical questions and work further on 
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improved approaches for simulation and model-
ling of spectra to assist data analysis, in particular 
in complex molecular environments [5.53-5.56]. 
One research focus is on interface specific 
spectroscopies, ideally matching the need to 
investigate water on the protein surface or within 
membranes or the interaction of biomolecules 
with soft surfaces [5.23, 5.57-5.58]. We have 
further demonstrated vibrational spectroscopy 
with local resolution to investigate changes in, i.e. 
electrostatics or hydration of biomolecules or 
during a biochemical reaction [5.59-5.61]. 
As vibrational spectroscopy can be applied to 
biomacromolecules in solution, it is suited to in-
vestigate non-structured proteins like IDPs, here 
we have pioneered first experiments [5.61]. The 
conformation-specific detection is ideally matched 
by further structure sensitive experiments using 
NMR spectroscopy. While nonlinear vibrational 
spectroscopy still needs further development to 
be applied to larger biomolecular complexes, 
NMR spectroscopy is able to not only study flex-
ible proteins (IDPs, for instance in lipid interacting 
proteins) not suited for crystallography but also 
membrane proteins like transporters and ion 
channels. We have expertise in using solution  
and solid-state NMR to study lipid–protein and 
ligand(drug)–protein interactions, allostery and 

protein dynamics [5.62, 5.63] and improved time-
resolved exchange studies [5.64]. 
We have expertise using cryo-EM and SEM on 
self-assembly liquid phase to study the connec-
tion between the nature of molecules and the 
aggregates they form spontaneously [5.65], and 
the relation between the nanostructure of those 
assemblies to the macroscopic properties of the 
systems. 
Beyond experimental and technological expertise, 
the ability to prepare samples and engineer pro-
teins and simplified biomimetic artificial model 
systems to address the questions associated with 
our presented challenges is crucial. We have ex-
perts from different areas of structural biology, 
chemical biology and chemistry that focus on 
experimental techniques and specialise on these 
sample preparation techniques. 
We addressed the role of water in enzymology, 
protein–protein and protein-DNA or protein–poly-
saccharide interactions, mainly interlinked with 
crystallographic techniques using X-rays and 
neutrons. Using advanced crystal preparation 
techniques, we study the diffusion of molecules 
into crystals and crystal solvent channels [5.66, 
5.67]. 
Similarly, we have strong expertise in the pre-
paration of membrane protein samples of i.e. 
ATPases, ABC transporters and membrane 

 
Figure III.5.7: Solvation dynamics and the influence of co-solutes can be accurately studied by a combination of 
MD simulation (a), linear IR spectroscopy (b) and 2D-IR spectroscopy (c) as shown here for the example of 
solvated dimethyl phosphate in H2O with Mg2+ as co-solute. Figure adapted from [5.54]. 
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channels [5.68-5.71] and mutation studies, inclu-
ding the incorporation of unnatural amino acids for 
functional studies or the usage of stealth nano-
discs for further studies of membrane proteins 
using, i.e. neutron scattering [5.69]. Additionally, 
we have expertise in protein engineering for the 
study of the interaction of water with protein struc-
tures and the effect of water on conformational 
dynamics and how water compensates and is 
compensated by the presence of bound ligands 
on protein interfaces [5.72, 5.73]. 
Synthetic biomimetic artificial water-channels and 
pores are suited to study the function of protein 
channels in a model system. We have worked on 
nanoporous organic–inorganic hybrid materials 
with modified functionalities to prepare uniform or 
modulated surface polarity within the channel, 
which has a strong impact on the local structure 
and mobility of water [5.74-5.76]. 
All of the experimental work needs to be 
compared and validated by theoretical calcula-
tions (challenge 5). To this end, we develop and 
apply molecular dynamics simulation methods  
to investigate the hydration of biomolecules, and 
how it governs their structure, dynamics and 
thermodynamics [5.78-5.80]. Emphasis is on 
hydration-mediated collective dynamics of pro-
teins and lipid membranes, and the link to entropy, 
hydration changes upon large-scale conforma-
tional changes of membrane proteins, such as 
ABC transporters [5.81]. Implications for drug 
binding, protein–water interactions, especially of 

structurally conserved active site water mole-
cules, and their role in enzymatic hydrolysis 
reactions and proton shuttling are derived. 

III.5.3 Objectives 
One of the principal overarching aims of the 
research in pillar 5 is to investigate the role of 
water and the aqueous environment (hydration 
water, bulk water, confined water, surface water) 
and to understand its impact on the structures  
and interactions of biological macromolecules, 
thereby yielding both fundamental science and 
generating platforms for developing technologies 
in the fields of structural biology, structural infec-
tion biology and molecular cell biology. 
To understand the role of water as biological 
solvent for all challenges, we need to develop and 
improve the physical descriptions of water and 
other solvents in biomolecular systems. Objec-
tives thereby are the structural and dynamic 
characterisation of solvation sites at the surface  
of biomolecules, ion binding sites and diffuse ion 
atmosphere (challenge 3) as well as of prototy-
pical solvation sites at the surface of biomolecules 
and of (counter)ions (challenge 1 and challenge 3 
to challenge 5). In addition, for all challenges long-
range coupling of water dynamics and biological 
entities must also be taken into account. Beyond 
that, systematic, exemplary, studies of co-solutes 
and their effects on water structure subsequent 
alterations to intrinsically disordered proteins and 

 
Figure III.5.8: Comparison of native and artificial H2O channels in membranes. Figure adapted and modified 
from [5.77]. 
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fully folded proteins will be performed (chal-
lenge 1, challenge 4). 
To decipher reaction pathways and biological 
function modulated by water we need to quantify 
noncovalent, in particular electrostatic and van-
der-Waals interactions between biomolecules, 
solvated ions, and water and their impact on 
stabilisation and folding (challenge 1 to chal-
lenge 3) and allosteric regulation and catalytic 
activity (challenge 2, challenge 5). For this it is 
also necessary to understand the role of coordi-
nation and exciplex formation in catalytically 
active water in protein catalysis, i.e. metal coordi-
nation, source of protons etc. (challenge 4). For all 
challenges we will investigate the role of water in 
modulating macromolecular material properties 
by studying channels, cavities and voids often 
found in soluble as well as membrane proteins, 
and we will gain a full (molecular-level) picture on 
structure and (thermo)dynamics at biomem-
branes in order to understand how lipids, proteins 
and water interact with themselves and with each 
other (challenge 3, challenge 5). 
The study of the effect of normal versus heavy 
water on the properties of different cellular or-
ganelles, focusing on physico-chemical properties 
as pH/pD, density and viscosity will help us to  
get an improved understanding of the effect of 
molecular crowding (challenge 1, challenge 2, 
challenge 3, challenge 5). “Molecular movie”-type 
studies of model enzymes in normal or heavy 
water environment will be performed to under-
stand the role of H2O vs D2O in active site of 
proteins/enzymes (challenge 2, challenge 4). The 
effect of normal and heavy water with respect to 
the hydration shell of proteins will be compared by 
combining small-angle X-ray and neutron scat-
tering (SAXS/SANS), on properly folded, globular 
proteins (challenge 2, challenge 4) and intrin-
sically disordered proteins (IDPs, challenge 1, 
challenge 2). 
New technical developments are necessary and 
envisioned to enable the research for the bio-
chemical and biological molecular water research 
within CMWS. The developments will allow us the 
quantification of solvation characteristics – from 
the 1st solvation shell up to the solvation conti-
nuum around biomolecules (challenge 2, chal-
lenge 3). For example new methods to produce 

defined water attachment (H2O, D2O) to biomole-
cules in the gas phase combined with ion mobility 
and X-ray mass spectroscopy will be developed 
(challenge 1–challenge 4) as well as novel struc-
tural dynamics tools to study the biological 
mesoscale – protein droplets formed through 
phase transitions, where proteins spontaneously 
self-associate into liquid-dense clusters that are 
distinct and separated from the surrounding sol-
vent (challenge 1, challenge 3, challenge 4). The 
use of new and advanced “molecular-movie” 
methods with serial X-ray crystallography and 
time-resolved X-ray scattering techniques will 
make it possible to study the fundamental 
question of biochirality in a novel kinetic and 
mechanistic context in the aqueous phase (chal-
lenge 3, challenge 4). 
To emphasise is the great advantage of our broad 
and strong spectroscopy expertise within CMWS, 
which will enable us to develop and use combined 
multi-spectroscopies for an integrated experi-
mental approach using X-ray scattering from 
liquid and film samples and IR, Raman and 2D-IR 
studies, ideally in situ (challenge 1–challenge 4), 
as well as improved deconvolution methods for 
water and macromolecular dynamics (using 
techniques including X-ray scattering, THz spec-
troscopy, neutron spectroscopy, X-ray spectros-
copy, advanced correlation methods, mid-IR and 
multidimensional spectroscopies and Raman 
spectroscopy). The development of tools for 
modelling and simulation of single-particle cohe-
rent diffractive imaging experiments of hydrated 
biomolecules will be considered as well (chal-
lenge 3 to challenge 5). 
Our small-molecule–solvent investigations will 
help to resolve the structural dynamics of intrin-
sically disordered proteins (IDPs) or intrinsically 
disordered regions (IDRs) in viral proteins, e.g. 
relevant for influenza or corona viruses (chal-
lenge 1). Furthermore, this research will lead to 
the development of small molecules that disrupt 
the protein dynamics of quorum communication 
within microbiological biofilms (challenge 1, chal-
lenge 3 and challenge 4) and boosts new 
approaches for pharmaceutical research, for ex-
ample the inclusion of small-molecule ‘boosters’ 
to increase the efficacy of formulations with 
respect to disrupting emerging pathogenic resis-
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tance. Biomimetic hydrogels are a potential game-
changer for drug delivery of sensitive drugs in 
anti-viral treatment, e.g. against COVID-19, or 
against multiresistent gram-negative germs nam-
ing two urgent actual medical examples (chal-
lenge 1). In the context of crystallography and 
radiation therapy the understanding of radiation 
damage around high-Z atoms in biomolecules 
with water on the molecular level is needed. The 
investigation of the increase of radiation damage 
by radiosensitizers and radical formation in water 
by secondary processes will thereby help to im-
prove radiotherapy (challenge 4). 

III.5.4 Methodologies 
In order to solve the scientific challenges, it is 
absolutely necessary to bundle and further de-
velop the methods applied so far, in particular the 
laboratory-based ones with those at the large-
scale facilities as well as the theoretical ones. 
Integrated structural biology relies on the ability  
to combine all experimentally and theoretically 
obtained data. This correlation of all results allows 
assessing complex changes in the aqueous 
environment and how those impact molecular 
structure, function and reactivity in all detail.  
The results can be further used to develop 
translational-research applications. The following 
methods will be employed and further developed. 
The combination of structure-resolving X-ray 
methods with ultrafast nonlinear spectroscopy, 
e.g. surface-selective sum frequency generation, 
multidimensional infrared (2D-IR) and terahertz–
infrared–visible (THz-IR-Vis) spectroscopy, holds 
strong potential for mapping structural dynamics 
at the molecular scale, at biological interfaces 
similar to that used for active centres of enzymes 
(among others) and will allow to gain information 
on biomolecular (thermo)dynamics. The spectro-
scopic approach requires non-invasive probes 
sensitive to changes in local geometries and 
interactions. The suggested experiments will help 
to improve our physical descriptions of water and 
solvent interactions, and movements in biomole-
cular systems that may go on to provide details on 
how to intentionally fine-tune such interactions, be 
it to fine-tune the solvent, or to engineer new 
protein functions (tailored organic-solvent or tem-
perature stable homologues). 

Following on, experimental approaches will be 
established for rationalising the driving forces of 
chemical selectivity, including systematic and 
model-based studies in the field of disordered  
to well organised and interacting bio-systems. To 
this end, the comparative application of light and 
heavy water (H2O or D2O) throughout all investi-
gations will provide valuable information regard-
ing the kinetics, thermodynamics and stability/ 
structural integrity, i.e. mechanics, of biological 
systems. This approach also affords unique op-
portunities for collaborative projects between the 
CMWS and neutron facilities throughout Europe 
(ILL, FRM-II and ESS) as H/D isotope substitution 
can be exquisitely monitored using neutron spec-
troscopy and scattering techniques. 
X-ray crystallography, cryo electron microscopy 
and NMR are excellent tools to study macro-
molecules with rigid structures and it goes without 
saying that these will be critical for all aspects 
requiring high-resolution structures. However, as 
biochemical function in aqueous solution, i.e. 
conformational dynamics, structural disorder or 
solvation dynamics at surfaces, by their very 
definition excludes the determination of single 
structures, research will rely heavily on alternative 
approaches for obtaining structure information. 
These include small- and wide-angle X-ray and 
neutron scattering (SAXS, WAXS and SANS), 
combined multi-spectroscopies like X-ray Raman 
spectroscopy (to be developed further), light-
scattering experiments, e.g. Raman, IR, DLS and 
SLS, and fluorescence resonance energy transfer 
studies to resolve structural constraints from 
ensemble-states of macromolecules in solution. 
We will combine the different time-resolved meth-
ods to gain insight into the change of molecular, 
e.g. by crystallography and 2D-IR, and mesoscale 
structures, e.g. by solution scattering experiments 
or electron microscopy, and their dependence on 
altered solvation potentials. 
With respect to probing dynamics, ordered-to-
disordered or phase transitions, all of the above-
mentioned tools will prove useful in combination 
with time-resolved experimental capacities at the 
European XFEL. High through-put structure de-
termination methods (SFX and single particle 
imaging) at FEL sources combined with new 
mixing liquid jets will enable watching functional 
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motion of molecular machines. Mass spectrome-
try, neutron spectroscopy and CD-spectropolari-
metry will be key methods in correlating bound 
and hydration layer states to structural transitions 
and dynamics. For example, we plan to use re-
sults from different experimental approaches to 
correlate the rotational and translational degrees 
of freedom of hydration-layer water to each other 
and understand how those are related to alter-
ations in protein stability, such as for co-solute 
addition to the bulk solvent and the subsequent 
induction of amyloid formation. 
Producing defined water attachment strategies 
and analysing the attachment of water to biomole-
cules in the gas phase, combined with ion mobility 
measurements (challenge 4), will be further 
developed. In particular, mass spectrometry 
combined with X-ray spectroscopy and FEL-
based technologies can contribute to studies of 
structural influences of water on proteins. In order 
to investigate the real-time movements of ensem-
bles of water down to sizes as small as possible, 
pump-probe experiments as in pillar 4 will be 
applied to model real-time water exchange mech-
anisms and understand how water mobility is 
affected by temperature, pressure and alterations 
to bulk solvent activity. 
With today’s technology, MD simulations of biolo-
gical interfaces are particularly challenging due to 
long (μs–ms) required simulation times, large 
simulation volumes and the lack of realistic force 
field and ion parameters for which stringent ex-
perimental tests are required. We will use experi-
mental results now available for model systems, 
e.g. from molecular movie type experiments, to 
improve existing force fields by benchmark simu-
lations of water in these biological systems. 
Ideally, results from all studies mentioned above 
should be comparable as much as possible. Thus, 
experiments should be performed on similar, or 
best, same samples under related conditions. To 
achieve this difficult aim for a majority of the 
described techniques, it will be necessary to 
develop new sample delivery standards, which 
are interchangeable at least between a subset of 
experiments, i.e. vibrational spectroscopy and 
SAXS. On a related note, standardised data 
formats and handling approaches, i.e. including 
the setup of databases for integrated biological 
data sets, can be envisioned. 
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IV.1 CMWS Infrastructure 

IV.1.1 The Science Campus 
Bahrenfeld 

The central part of the CMWS science activities 
shall be located in a research building on the 
Science Campus Bahrenfeld in Hamburg in close 
proximity to DESY’s on campus light source faci-
lities (PETRA III/IV, FLASH), the European XFEL 
and the on campus partner institutes and research 
centres. This involves the EMBL outstation, the 
Max-Planck Institute for the Structure and 
Dynamics of Matter (MPSD), the Center for Free-
Electron Laser Science (CFEL) and research cen-
tres CSSB, CHyN, HARBOR and CXNS.  
CMWS has already established close links to  
the on-site partners by collaborating in ongoing 
research projects (within the Early Science 
Programme or, e.g. within the Clusters of 
Excellence AIM and CUI funded via Germany’s 
Excellence Strategy), by sharing instrumentation 
and working on access schemes to the light 
source facilities and through their involvement  
in the editing of the CMWS research agenda 

(Chapter III). Further synergetic effects are 
expected from the planned relocation of the 
Physics and Chemistry Departments of the 
University of Hamburg to the Science Campus 
Bahrenfeld. 

IV.1.2 CMWS Office and Laboratory 
Building 

A future CMWS building shall offer office space 
(about 1650 m2) and laboratory space (about 
1150 m2) for a planned number of 150 people. 
This includes research groups of the five pillars 
and additional capacities for junior research 
groups, for example within the framework of the 
Helmholtz Young Investigator Group (YIG) pro-
gramme, the Emmy-Noether programme of the 
DFG, or Starting and Consolidator grants of the 
ERC. Coworking space for visiting scientists of 
CMWS partner institutions will be provided by a 
“research hostel”. An integral part of the CMWS 
concept is the close cooperation and interaction 
between the research groups within and in bet-
ween the research pillars and guests from the 
CMWS partners. For this purpose, 
communication spaces in form of a lecture hall, 

IV. Infrastructure and Organisation 

Figure IV.1: Aerial view of the Science Campus Bahrenfeld in Hamburg. Relevant CMWS partners are indicated 
in the legend. 
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meeting and seminar rooms of different sizes and 
common meeting areas will be incorporated in the 
building. The central CMWS building will thus 
enable  
close cooperation and networking between the 
research pillars under one roof and combine 
dedicated experimental resources in a unique 
way. CMWS will furthermore benefit from the 
access to the general on-site infrastructures avail-
able at the DESY campus such as the mechanical 
workshops and the IT infrastructure. CMWS will 
set up its own computing cluster unit named 
“POSEIDON” operating within the DESY IT 
infrastructure. 
The CMWS building laboratory space shall ac-
commodate standard laboratories (750 m2) and 
specialised laboratories (400 m2) for research and 
development. The work in the laboratories will be 
supported by a group of technicians. The standard 
laboratory portfolio will comprise laboratories for 
chemistry, sample synthesis (e.g. hydrous geo-
materials), sample analysis and microscopy 
(AFM, mass spectrometry, DLS, equipment for 
calorimetric, thermogravimetric and surface ten-
sion measurements, special sample environ-
ments), and spectroscopy (NIR, IR, UV-Vis, 
Raman, SFG and FTIR spectrometers). Of very 
high importance is a dedicated ice laboratory 
and a cold room for the controlled preparation, 
handling, storage and characterisation of low tem-
perature samples. 
Specialised laboratories shall be operated by the 
respective research groups, and access to the 
dedicated setups will be possible in cooperation 
with the experts of the research groups. This  
will include a liquid jet and sample injection 
laboratory for the development, testing and 
characterisation of liquid jet, aerosols and clusters 
sources. 
An important add-on includes a laser laboratory 
with class IV laser safety clearance and excellent 
floor stability (VC-C/VC-D classification) and tem-
perature stability (21±0.2 °C) and a S2 Biological 
Laboratory for synthesis, handling and investiga-
tion of aqueous biological samples. 
It is planned to foresee “temporary” lab space 
for preparation of experiments at the large-scale 
photon facilities (setting up, testing and pre-
alignment of experimental setups and end-
stations) in an experimental hall. 

IV.1.3 Infrastructure and Competence 
Hubs 

The Centre for Molecular Water Science (CMWS) 
is supported by a network of Infrastructure and 
Competence Hubs (Figure IV.2). The Infrastruc-
ture Hubs shall offer dedicated access to a hard 
X-ray facility (PETRA III/IV), soft X-ray facilities 
(e.g. SOLEIL, ELETTRA, BESSY II), FEL radia-
tion (FLASH, European XFEL), NMR (KU 
Leuven) and sample preparation and/or 
characterisation laboratories with complementary 
experimental techniques. These laboratories can 
be centralised, such as the CMWS Preparation 
and Characterisation Laboratory on the Science 
Campus Bahrenfeld, or decentralised, with diffe-
rent experimental techniques provided by several 
partners, such as the Complementary Techniques 
and Spectroscopies Hub. These Hubs comple-
ment the CMWS capabilities and give CMWS 
researchers comprehensive access to a large 
portfolio of experimental techniques covering a 
broad range of the electromagnetic spectrum and 
18 orders of magnitude in time (Figure IV.3). The 
Hubs are open for expansions and modifications 
to new methodologies and techniques and future 
CMWS partners. Also, Hubs with focus on specific 
competences, e.g. in data analysis, computer 
simulations and theory can be developed and 
implemented within this framework (Competence 
Hubs). 
Access to the facility Hubs may be different from 
case to case and might happen via CMWS or via 
the access programme of the respective facility  
or is based on collaborative projects. The Hub 
environment comprises: 

Hard X-ray Facilities 
Hard X-ray radiation plays a central role for 
structure and dynamics investigations within 
CMWS. Access to PETRA III and (future) 
PETRA IV in terms of long-term and Block 
Allocation Group (BAG) access is under 
discussion. 

FEL Facilities 
Ultrashort hard and soft X-ray pulses for structure 
but in particular dynamics investigations of water 
are of prime importance for the centre. Special 
priority programmes are under discussion at the 
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European XFEL. FLASH/FLASH2020+ is sup-
porting XUV and Soft X-ray methods. 

NMR Facility 
KU Leuven (Belgium) will provide access to their 
NMR centre for enabling research in mixed solid / 
liquid / gas systems, and for high-throughput 
applications.  

Soft X-ray Facilities 
XUV and Soft X-ray methods are accessible at the 
large-scale synchrotron radiation sources SOLEIL 
(France), ELETTRA (Italy) and BESSY II in Berlin. 

Complementary Techniques Hub 
The Complementary Techniques Hub organises 
access to techniques available at DESY or at 
partners institutions. This involves access to 
attosecond sources combined with UV/VIS/IR 
radiation, laser sources from UV to THz, VMI and 
mass spectrometry, resistive heated DAC setup 
for Raman spectroscopy measurements and 
broadband microwave spectroscopy (DESY). 

Further available methods include non-linear 
spectroscopy (IR–THz) capabilities and ultrafast 
2D (IR–THz) spectroscopy (MPIP, Mainz), en-
vironmental TEM and atomic probe tomography 
(Göttingen University). Various sample handling 
and preparation systems are at hand, e.g. gas-
dynamic virtual nozzles, flat jets, dielectrics at 
surfaces, gas adsorption/desorption techniques 
(FHI, Berlin and Kassel University), cluster and 
aerosol sources (ETH Zurich), sample 
preparation units (UHH), an ice-growing 
laboratory (MPIP, Mainz), a rotating multi-anvil-
press and internally heated pressure vessel for 
syntheses of hydrous materials (GFZ 
Potsdam/Potsdam University). 

CMWS Preparation and Characterisation 
Laboratory 
Basic on-campus sample characterisation capa-
bilities are accessible (Ion-Mobility Spectrometer, 
Calorimeter, Cryo-Microscope, Dielectric Spectro-
meter, Raman Spectrometer, FTIR Spectrometer, 
UV–VIS Spectrometer). 

Figure IV.2: Network of Infrastructure Hubs (dark blue) and future Hubs under discussion (light blue and grey). 
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Applied Interface Phenomena Hub  
(proposed by TU Bergakademie Freiberg) 
This hub offers to act as an interface for tech-
nological applications and shall deal with the 
interaction of water with technologically relevant 
surfaces, questions of safety, sustainability and 
environmental impact. It shall investigate water  
in technogenic sediments, as carrier of resources, 
and component in geo-energy applications. 
The methods portfolio available within CMWS  
and the Infrastructure Hubs takes advantage of  
a large range of the electromagnetic spectrum 
and gives access to a broad range of timescales 
(Figure IV.3). 
 

IV.2 Governance 

This proto-governance model describes some key 
elements and functionalities of a future govern-
ance structure. Details are in the process of being 
worked out. 

General Assembly 
The General Assembly (GA) is the “Decision 
Making Body” of CMWS. All qualified CMWS 

partners are represented with voting rights in the 
General Assembly. The GA elects a Chair and a 
Vice-Chair and meets at least once a year. It 
executes its decisions via the Management 
Board. The General Assembly selects a defined 
number of the Management Board members. The 
General Assembly is supported by the CMWS 
office. It welcomes new qualified partners but 
offers also the possibility to be joint by associates 
or collaborating partners. 

Management Board 
The Management Board is the “Executive Body” 
of CMWS. It is constituted out of the speakers/ 
deputies representing the (five) CMWS Science 
Pillars, the representatives of the operational 
Infrastructure Hubs, the members selected by the 
General Assembly and the representatives of the 
Host Lab. It reports to the General Assembly. It 
supports the operation of the CMWS Pillars and 
the Infrastructure Hubs. 

CMWS Science Pillars 
CMWS science is organised around (five) re-
search pillars as defined in the founding White 
Paper. Each pillar selects a speaker and a deputy 

Figure IV.3: Timescales covered by various experimental methods and techniques available within CMWS. X-ray 
based techniques involve X-ray Photon Correlation Spectroscopy (XPCS), X-ray Speckle Visibility Spectroscopy 
(XSVS) and Inelastic X-ray Scattering (IXS). DRS/EIS denotes Dielectric Relaxation 
Spectroscopy/Electrochemical Impedance Spectroscopy. Image: DESY. 
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and is represented in the Management Board. 
The speaker/deputy is responsible for the orga-
nisation and operation of the pillar. 

Infrastructure Hubs 
The CMWS infrastructure Hubs provide access to 
infrastructures (techniques/facilities) not available 
within CMWS. Hub status requires these capa-
bilities and services to be quantified and specified 
in terms of manpower, resources, access and 
regulated within a collaboration contract with the 
Host laboratory. Infrastructure hubs are repre-
sented in the Management Board. 

CMWS Office 
The Host Laboratory (DESY) supports CMWS by 
operating the CMWS Office, by providing support 
for infrastructure and administrative tasks (office 
and lab space, IT support, controlling), and by 
managing and co-financing the Early Science 
Programme (ESP). The Host Laboratory is 
represented in the Management Board. 

CMWS Advisory Committee(s) 
The CMWS Scientific Advisory Committee ad-
vises the Management Board on all relevant 
activities, particularly on its research portfolio and 

strategic plans. It consists of independent inter-
national experts in the CMWS activity areas. It 
meets at least once a year. Additional Advisory 
Committees may be constituted upon need. 
 

IV.3 Timeline 

3/2018  1st Workshop: Research 
Course Trends in Water Science 

12/2018 2nd Workshop: Centre for 
Molecular Water Science 

3/2019  Early Science Programme: 
Phase I 

1/2020  Opening CMWS Office 
3/2020  3rd Workshop: DESY Water 

Week 
1/2021  Early Science Programme: 

Phase II 
 Start of operation of first CMWS 

laboratory 
3/2021 4th Workshop: Water Days 

(online) 
Fall 2021 Scientific Evaluation  
Spring 2022 MoU and Collaboration 

Contracts 
Fall 2022 Start operation 

Figure IV.4: Organigram: Centre Molecular Water Science. 
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BESSY II Berliner Elektronenspeicherring für Synchrotronstrahlung 

CFEL Center for Free-Electron Laser Science 

CHyN Centre for Hybrid Nanomaterials 

CSSB Centre for Structural Systems Biology 

CUI Centre for Ultrafast Imaging 

Elettra ELETTRA Sincrotrone, Trieste 

EMBL European Molecular Biology Laboratory 

European XFEL European X-Ray Free Electron Laser 

FLASH Free-Electron Laser for soft X-rays at DESY 

HARBOR Hamburg Advanced Research Centre for Bioorganic Chemistry 

PETRA III/IV PETRA III/IV Synchrotron Radiation Source at DESY 

SOLEIL SOLEIL Synchrotron Facility, Paris 

TUHH Technische Universität Hamburg 

UHH Universität Hamburg 

 

Glossary 
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