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Dynamics of hydrogen bonds and transport properties of liquid water

José Teixeira
Laboratoire Léon-Brillouin, UMR12 CEA-CNRS, CEA-Saclay, 91191 Gif-sur-Yvette, France

Particularly at low temperature, liquid water must be seen as a highly connected network
of directional hydrogen bonds. At short times, the structure is that of a gel, whatever the
definition assumed for an "intact" bond.
Lower the temperature and more different are the characteristic time scales of hydrogen
bond dynamics and transport properties. The local tetrahedral structure of water molecules
in the liquid, where the number of neighboring molecules (coordination number) is only
slightly larger than four, allows to establish a relation between the two dynamics as a
function of the average energy of the bonds. In the temperature domain accessible to
experiment, the relation is well verified and explains the apparent anomalies of transport
properties coexisting with the absence of anomalies at short time scale.
Therefore, it is pertinent to define two different glass transitions differing by more than 100
K, a situation not different from that of a physical gel. The study of the stability of
metastable phases must take into account the nucleation rate of the stable crystalline
phases.

jose.teixeira@cea.fr
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Origin of the Anomalous Properties of Supercooled Water
Based on Experimental Probing inside “No-Man’s Land”
Anders Nilsson
Division of Chemical Physics, Department of Physics, Stockholm University, Sweden

Many different scenarios have been proposed as the origin of the anomalous properties of
supercooled water and now it has become possible to test the various hypotheses in experimental
studies of bulk supercooled water at conditions where ice crystallization becomes extremely rapid.
Through the usage of x-ray lasers, ultrafast measurements could be conducted, as the sample is
rapidly brought to the extreme conditions on time scales preceding ice formation. In particular, the
experimental observation of the existence of a liquid-liquid transition at positive pressure, one
phase behaviour at atmospheric conditions at temperatures down to 228 K, and the existence of
maxima in several properties at 230 K indicative of a Widom line, are only consistent with the
proposed liquid-liquid critical point model as the origin of the anomalous properties.

andersn@fysik.su.sef
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Water is a (half) Empty Liquid
John Russo
Dipartimento di Fisica, Sapienza Università di Roma, Piazzale Aldo Moro 5, 00185 Roma

It is becoming increasingly clear that water’s structure has enough empty space to accommodate
a second liquid at high pressure.
Exploiting this analogy, we classify water together with a larger group of liquids, aptly named
Empty Liquids, whose constituents arrange in a random network through reversible bonds [1].
These bonds can be physically realized with a variety of interactions, such as hydrogen bonding,
lock-and-key interactions, DNA base pairing, hydrophobic, dipolar, and even entropic
interactions. Materials that fall in the category of empty liquids go from patterned colloidal
particles, clays, DNA wireframe origamis, all the way down to atoms, like silicon.
In this talk we make the case that water is a Half-Empty liquid, which, on top of the typical empty
liquid’s behaviour, can display complex properties such as thermodynamic and dynamic
anomalies, the possibility of liquid–liquid phase transitions, and the crystallization of open
crystalline structures. Finally, we will try to answer the age-old question whether amorphous
glasses are half-empty too [2].
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Flash heating water through no man's land —
Structural evolution and crystallization kinetics
Gabriele Bongiovanni, Constantin Krüger, Nathan Mowry, Marcel Drabbels, and Ulrich J. Lorenz
Laboratory of Molecular Nanodynamics, EPFL, Lausanne, Switzerland

We present a new approach for studying the structure and dynamics of water in no man’s land.
Our experimental approach is illustrated in Fig. 1a. We deposit a thin layer of amorphous solid
water (ASW) on a film of freestanding graphene and rapidly heat it with a laser pulse in order to
prepare water in no man’s land. We then probe its structure by recording time-resolved diffraction
patterns with intense, high-brightness electron pulses of microsecond duration.1,2
Here, we study the evolution of an amorphous ice as it rapidly traverses no man’s land during
flash melting, in essence reversing the temperature evolution that water undergoes during
hyperquenching. Figure 1b shows the simulated temperature profile of the sample during heating
with a 30 µs laser pulse. Under our experimental conditions, the temperature initially rises rapidly,
before it begins to level off after about 5-10 µs and finally crosses the melting point at 25 µs. After
we switch off the heating laser the sample rapidly recools. Since the cooling rate exceeds 107 K/s,
the sample revitrifies under such conditions, forming hyperquenched glassy water (HGW), as we
have previously shown.3,4 This gives us the opportunity to flash melt the sample a second time
and thus compare the structural evolution of ASW with that of HGW.
Figure 1c-g displays time-resolved electron diffraction patterns of ASW (black) and HGW (blue)
during flash melting that we captured with 2 µs electron pulses. Interestingly, both amorphous
ices crystallize before the melting point is reached, suggesting that the critical heating rate
required to outrun crystallization must be significantly higher than the critical cooling rate during
hyperquenching. Our data also reveal that the two amorphous ices undergo a different structural
evolution in no man’s land. Moreover, they exhibit different crystallization kinetics, with HGW
crystallizing about 2 µs earlier than ASW.
Our experiments open up new opportunities for studying water in no man’s land and probing its
structure as well as its dynamics under a range of different conditions.

ulrich.lorenz@epfl.ch

ulrich.lorenz@ep .ch
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Figure 1. Time-resolved electron diffraction of flash heated amorphous ice. a, Experimental
geometry. A thin layer of amorphous ice deposited on a graphene film is flash melted with a laser
pulse, and its structural evolution is probed with microsecond electron pulses. b, Simulated
temperature evolution during laser heating. c-g, Time-resolved electron diffraction patterns
capture the different structural evolution and crystallization kinetics of amorphous solid water and
hyperquenched glassy water during flash melting.

References
1. Olshin, P. K., Bongiovanni, G., Drabbels, M. & Lorenz, U. J. Atomic-Resolution Imaging of
Fast Nanoscale Dynamics with Bright Microsecond Electron Pulses. Nano Lett. 21, 612−618
(2021).
2. Bongiovanni, G., Olshin, P. K., Drabbels, M. & Lorenz, U. J. Intense microsecond electron
pulses from a Schottky emitter. Appl. Phys. Lett. 116, 234103 (2020).
3. Voss, J. M., Harder, O. F., Olshin, P. K., Drabbels, M. & Lorenz, U. J. Rapid melting and
revitrification as an approach to microsecond time-resolved cryo-electron microscopy.
Chemical Physics Letters 778, 138812 (2021).
4. Voss, J. M., Harder, O. F., Olshin, P. K., Drabbels, M. & Lorenz, U. J. Microsecond melting
and revitrification of cryo samples. Structural Dynamics 8, 054302 (2021).

ulrich.lorenz@epfl.ch

ulrich.lorenz@ep .ch

fl

8

WaterX
InternationalInternational
workshop Workshop
May 28 - June 2 2022
WaterX@2022

La Maddalena,
Sardinia
(Italy)
May 28 - June
2 2022

Water Mixtures at High Pressure
J.S.Loveday
SUPA, School of Physics and Astronomy and Centre for Science at Extreme Conditions, The
University of Edinburgh, Edinburgh, U.K

The study of water mixtures provides insight into molecular interactions that are not present in
water itself. For example, ammonia hydrates contain mixed (N...O) hydrogen bonds and water
methane mixtures probe the interplay between hydrophobic interactions and H-bonding. High
pressure studies probe the way these interactions change with density cleanly and more
powerfully than do other methods of density variation (for example temperature or chemical
substitution). Water mixtures like those above also have potential technological applications
and are ‘minerals’ in the context of the outer solar system.
The Edinburgh molecular systems group has explored the high-pressure behaviour of water
mixtures extensively and has discovered a wealth of interesting and expected phenomena. For
example, the existence of a disordered molecular alloy in the ammonia water system and the
enhanced solubility of methane in water at high pressure. In my talk I will describe recent work
we have done on these systems and how this advances our understanding of them.

your e-mail address goes here as a footnote

J.Loveday@ed.ac.uk
9

WaterX
InternationalInternational
workshop Workshop
May 28 - June 2 2022
WaterX@2022

La Maddalena,
Sardinia
(Italy)
May 30 - June
4 2022

Navigating ‘no-man’s land’ in the search of the beginnings of ice
Marjorie Ladd-Parada1*, Katrin Amann-Winkel1, Kyung Hwan Kim2, Alexander Späh1,3, Fivos
Perakis1, Harshad Pathak1, Cheolhee Yang2, Daniel Mariedahl1, Tobias Eklund1, Thomas. J.
Lane3, Seonju You2, Sangmin Jeong2, Matthew Weston1, Jae Hyuk Lee4, Intae Eom4, Minseok
Kim4, Jaeku Park4, Sae Hwan Chun4, and Anders Nilsson1
1

Department of Physics, AlbaNova University Center, Stockholm University, SE-10691
Stockholm, Sweden
2
Department of Chemistry, POSTECH, Pohang 37673, Republic of Korea
3
SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025,
USA
4
Pohang Accelerator Laboratory, Pohang, Gyeongbuk 37673, Republic of Korea
Water crystallisation is an important process which is of relevance in a breadth of research areas
such as food science, biology, medicine and atmospheric sciences. Nevertheless, the early
crystallisation process is still not well understood, in particular between ca. 160 K [1] and 232 K
[2], i.e., the region often-called ‘no-man’s land’. The main limiting factor being that water
crystallises spontaneously as either boundary of the regime is approached. Therefore, a variety
of methods have been used to circumvent this problem, ranging from cooling nano- and
microdroplets [3, 4] to heating of amorphous ices [5,6] which have allowed, mostly, nucleation
rate studies, thus leaving the structure of ice in ‘no-man’s land’ an open question.
Here, we have applied ultra-fast heating using an infrared laser on amorphous ices, allowing us
to access the temperature region of the so-called ‘no man’s land’ (ca. 205 K) [6,7]. We then probed
the resulting crystallisation, after transformation to a low-density liquid, with femtosecond Xray pulses at different delays (< 1ms) with respect to the IR pulse. We determined that the
crystallising phase is stacking disordered ice (Isd), with a high cubicity, in agreement with
predictions from molecular dynamics simulations at similar temperatures. We note that we also
observed a growing small portion of hexagonal ice (Ih), suggesting that already within our
timeframe, Isd starts annealing into Ih.
[1]
[2]
[3]
[4]
[5]
[6]
[7]

R. S. Smith, B. D. Kay, Nat. 1999, 398, 788–791.
B. J. Mason, Adv. Phys. 1958, 7, 221–234.
A. J. Amaya, B. E. Wyslouzil, J. Chem. Phys. 2018, 148, 084501.
H. Laksmono et al., J. Phys. Chem. Lett. 2015, 6, 2826–2832.
T. Kondo, H. S. Kato, M. Bonn, M. Kawai, J. Chem. Phys. 2007, 126, 181103.
K. H. Kim et al., Science. 2020, (80). 370, 978–982
M. Ladd-Parada et al., J. Phys. Chem. B. 2022, accepted.
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Experimental investigations on superionic water ice
Marius Millot
Lawrence Livermore National Laboratory - Livermore - CA
millot1@llnl.gov

Among many surprising properties including metastability and kinetic effects, H2O has been
predicted to become superionic when submitted to extreme pressures exceeding 1 million
atmospheres (100 GPa) and temperature above 2,000 K.
We will describe optical experiments along the locus of shock states (Hugoniot) for water ice
VII that evidenced superionic conduction and thermodynamic signatures for melting[1] but did
not determine the microscopic structure of superionic ice.
Then, we will report complementary experiments [2] using laser-driven shock-waves to
simultaneously compress and heat liquid water samples to 100-400 GPa and 2,000-3,000 K. Insitu x-ray diffraction (XRD) measurements show that water solidifies into nanometer-sized ice
grains within a few nanoseconds and provide unambiguous evidence for a crystalline lattice of
oxygen in superionic water ice. Further, the x-ray diffraction data allow us to document ice's
compressibility at unprecedented conditions and unravel a temperature- and pressure-induced
phase transformation from a body-centered-cubic ice (likely ice X) to a new face-centeredcubic, superionic ice that we named ice XVIII.
We will also review recent numerical [3] and static compression studies [4,5] confirming our
experimental discovery of a fcc superionic water ice.
[1] Millot, M. et al. Experimental evidence for superionic water ice using shock compression. Nat. Phys. 14, 297–
302 (2018)
[2] Millot, M. et al. Nanosecond X-ray diffraction of shock-compressed superionic water ice. Nature 569, 251–255
(2019)
[3] Cheng, B., et al., S. Phase behaviours of superionic water at planetary conditions. Nat. Phys. (2021)
[4] Prakapenka, V. B., et al., Structure and properties of two superionic ice phases. Nat. Phys. (2021)
[5] Weck, G., et al., Evidence and stability field of fcc-superionic ice using static compression. 165701, 1–5 (2021).
Prepared by LLNL under Contract DE-AC52-07NA27344.
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Structure and stability field of superionic ice from synchrotron
experiments
J.-A. Queyroux,1,2 G. Weck,2 J.-A. Hernandez ,3 S. Ninet,1 T. Plisson ,2 S. Klotz,1 G. Garbarino,4
N. Guignot,5 M. Mezouar,4 M. Hanfland,4 J.-P. Itié ,5 P. Loubeyre 2 and F. Datchi 1
1

Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (IMPMC), Sorbonne
Université, CNRS UMR 7590, Muséum National d’Histoire Naturelle, 4 place Jussieu, F-75005
Paris, France
2
Commissariat à l’Energie Atomique (CEA), Direction des Applications Militaires (DAM), DAM Ilede-France (DIF), F-91297 Arpajon, France
3
Centre for Earth Evolution and Dynamics, University of Oslo, 1028 Blindern, N-0315 Oslo,
Norway
4
European Synchrotron Radiation Facility, BP 220, F-38043 Grenoble Cedex, France
5
Synchrotron Soleil, L’Orme des Merisiers, Saint-Aubin, BP 48, 91192 Gif-sur-Yvette Cedex,
France

Superionic ice has attracted a formidable interest since its prediction by computer simulations
[1,2]. This largely stems from the fact that this fast protonic conducting phase may be stable in the
interior of giant icy planets (Neptune, Uranus) and may be key in understanding the properties of
these planets, in particular their peculiar magnetic field [3]. Obtaining experimental evidence of
superionic ice and determining its P-T field of stability have been important challenges in the highpressure physics community over the last two decades. But due to the several factors (challenging
P-T conditions, difficult transport measurements, weak signals) the experimental results have been
ambiguous and highly controversial until recently.
We will present here the results of our synchrotron x-ray diffraction experiments on samples of
ice compressed in diamond anvil cells and resistively or laser heated [4,5]. This allowed us (1) to
determine the melting curve up to 45 GPa, evidencing a new triple point at 14.6 GPa and 850 K;
(2) to demonstrate the existence of a first-order isostructural transition from bcc ice VII’, the
translationally proton-disordered form of ice VII, to ice VII’’, the superionic bcc phase; and (3) to
observe the bcc-fcc transition in superionic ice and draw the transition line up to 166 GPa. The
experimental phase diagram drawn from these experiments will be discussed and compared to
other recent experiments and computer simulations.
[1] P. Demontis, R. LeSar, and M. L. Klein, Phys. Rev. Lett. 60, 2284 (1988)
[2] C. Cavazzoni, G. L. Chiarotti, S. Scandolo, E. Tosatti,M. Bernasconi, and M. Parrinello,
Science 283, 44 (1999)
[3] R. Redmer, T. T. Mattson, N. Nettelmann and M. French, Icarus 211,798 (2011)
[4] J.-A. Queyroux, J.-A. Hernandez , G. Weck, S. Ninet, T. Plisson S. Klotz,G. Garbarino, N.
Guignot, M. Mezouar, M. Hanfland, J.-P. Itié , and F. Datchi, Phys. Rev. Lett. 125, 195501
(2020)
[5] G. Weck, J-A. Queyroux, S. Ninet, F. Datchi, M. Mezouar, and P Loubeyre, Phys. Rev. Lett.
(accepted, 2022)
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Measurements of the refractive index of supercooled water
Claudia Goy
Deutsches Elektronen Synchrotron DESY, Notkestraße 85, 22607 Hamburg, Germany
The refractive index of water is the most important optical property in describing the refraction
and reflection of light underlying the radiative processes occurring in clouds. As micrometersized supercooled water droplets are naturally present in the upper clouds of Earth’s
atmosphere a detailed knowledge of the refractive index of water in the deeply supercooled
region is essential to the development of more reliable climate models. So far, only for λ = 632.8
nm the refractive index of water has been measured at relevant supercooling down to 237 K
[1,2] whereas measurements at other optical wavelengths that extend below about 260 K are
still lacking. [3] Apart from the challenges related to sample preparation and observation at
such deep supercooling, performing a measurement of the refractive index by light scattering is
usually based on utilizing coherent light sources that are available only at very few
wavelengths. The presence morphology-dependent resonances in the Raman spectra of
micrometer-sized aqueous droplets allows for the determination of the refractive index of the
liquid in a wide range of wavelengths, determined by the Raman excitation wavelength and the
width of the liquids Raman scattering band. For the presented settings and pure water
wavelengths between 535 nm and 670 nm have been investigated. By combination with
evaporative cooling of the water droplets in vacuum temperature dependent measurements far
into the deeply supercooled region down to 230.5 K are presented.
[1] L. Carroll and M. Henry, Appl. Opt. 2002, 41, 1330.
[2] D. Duft and T Leisner, Int. J. Mass Spectrom. 2004, 233, 61.
[3] A. H. Harvey, et al., J. Phys. Chem. Ref. Data 1998, 27, 761.

claudia.goy@desy.de
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High pressure Plastic Phases of water and water-ammonia
monohydrate
M. Rescigno1, U. Ranieri1, S. Klotz2, M. M. Koza3, S. Ninet2, F. Datchi2, R. Gaal4, L. E.
Bove1,2,4
1Dipartimento di Fisica, Sapienza Università di Roma, 00185 Roma, Italy
2Sorbonne Université, UMR CNRS 7590, Institut de Minéralogie, de Physique des Matériaux et
de Cosmochimie (IMPMC), 75005 Paris, France
3Institut Laue-Langevin, 71 avenue des Martyrs, CS 20156, 38042 Grenoble cedex 9, France
4Earth and Planetary Science Laboratory, Institute of Physics, École Polytechnique Fédérale de
Lausanne, CH-1015 Lausanne, Switzerland

Water is the most abundant molecule on Earth’s surface, and it hosts most of the biological
processes. Water behaviour at standard pressure and temperature has been studied extensively
in the past decades and its high-pressure phases are an active field of research of great
importance for fundamental physics and for the modelling of planetary interiors. The ‘ice
giants’ Uranus and Neptune in fact, as well as some of their moons and many Neptunelike
exoplanets, are mainly composed of mixtures of three molecular ices: water, ammonia and
methane.
All these molecular crystals show Plastic Phases, for methane [1] and ammonia [2] these phases
are already known experimentally, while for water and ammonia hydrates only numerical
simulations exist [3-5]. From the dynamical point of view the Plastic Phase is an intermediate
phase between a liquid and a crystal: molecules are held tightly in an ordered structure, but can
rotate as in a liquid state, representing a counterpart of liquid crystals.
We will present the characterization of the plastic phases of water and of ammonia
monohydrate by HP-QENS experiments performed at ILL, Grenoble in the IN6-SHARP and IN5
TOF spectrometers. Measurements up to 8 GPa show that Ammonia monohydrate’s plastic
phase is a phase where molecules rotate freely as in a liquid phase (fig 1.) [6], similarly to
methane and ammonia. For water instead the plastic behavior is different, the rotation occurs
along preferential axis resulting in a more complicated S(Q,w) profile which we are modeling
through MD simulations [7].
maria.rescigno@uniroma1.it
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[1] W. Press, Journal of Chemical Physics 56, 2597 (1972)
[2] S. Ninet, F. Datchi, and A. M. Saitta, PRL 108, 165702 (2012)
[3] J. L. Aragones and C. Vega, Journal of Chemical Physics 130, 244504 (2009)
[4] K. Himoto, M. Matsumoto and H. Tanaka, Phys. Chem. Chem. Phys., 13, 19876–19881 (2011)
[5] Victor Naden Robinson and Andreas Hermann, J. Phys.: Condens. Matter 32 184004 (14pp)
(2020)
[6] H. Zhang, M. Rescigno, S. Klotz, M.M. Koza, S. Ninet, F. Datchi, L. E. Bove, under submission
(2022).
[7] M. Rescigno, U. Ranieri, M.M. Koza, S. Klotz, R. Gaal, J. Ollivier, J. Teixeira, L.E. Bove, under
submission (2022).

QENS spectra at three different Q values for a liquid and a plastic point in Ammonia monohydrate.
Red dashed lines: experimental resolution; green lines: rotational contributions; blue lines:
translational contributions; black lines: total fit.

maria.rescigno@uniroma1.it
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Water phase diagrams: more under confinement
Osta Oriana, Brodie-Linder Nancy , Marianne Bombled, Jacques Darpentigny, Florence
Porcher, Alba-Simionesco Christiane
Laboratoire Léon Brillouin, CEA Saclay, Bâtiment 563, 91191 Gif-sur-Yvette, France.
The condensed phase diagram of water is certainly the richest and most complex one,
counting nowadays up the 18 possible crystalline polymorphs. Its complexity is driven by
its ability to form and distort Hydrogen bonds under distinct control parameters. The
reference phase diagram is then presented as the temperature versus the pressure of the
phase transition lines even if some times the continuity between the lines are not simply
observed and requires specific thermal treatment. This applied for bulk water, however in
many cases in nature water is not under bulk conditions but rather confined, i.e., in
restricted geometries and at the interface with another organic or inorganic elements; this
is the case in biology or geology, and a number of applications in chemistry. Then the
generic bulk phase diagram does not applied and other control parameters must be
considered leading to different phase diagrams. The list of confining situations is broad
and includes all cases where few water molecules are trapped in a given environment.
Here we focus on nano-confinement of water under hard conditions and tune the fluid-wall
interactions from hydrophilic, amphiphilic to hydrophobic. Thermodynamic, structural and
dynamical properties are studied and new phase diagrams are proposed.

christiane.alba-simionesco@cea.fr
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The manifold of molecular H2O potential energy surfaces from
vibrationally resolved resonant inelastic X-ray scattering in liquid
water and the compatibility to continuous distribution models
Alexander Föhlisch
Helmholtz Zentrum Berlin für Materialien und Energie, D-12489 Berlin, Germany;
Institut für Physik und Astronomie, Universität Potsdam, D-14476 Potsdam-Golm, Germany
The manifold of molecular H2O potential energy surfaces in liquid water at ambient conditions has been
determined in direct comparison to the gas phase molecule with resonant inelastic X-ray scattering [1,2].
Quantitative X-ray absorption has been used to calibrate data for gas, liquid, and ice to the atomic photoionization cross-section [3]. For liquid water at ambient conditions, the mean value of 1.74 ± 2.1%
donated and accepted hydrogen bonds per molecule is extracted. These findings are discussed in the
framework of structural aspects, the femtosecond scattering duration and the proton dynamics. Full
compatibility to continuous distribution models is found for liquid water at ambient conditions [3]. With
the hRIXS instrument at European XFEL first measurements on liquid water highlight the exciting
opportunities to study also non-equilibrium aspects.
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Confinement Effect on the ortho-H2O«para-H2O
Nuclear Spin Isomers Interconversion Mechanism and Rate
Patrick AYOTTE
Département de chimie, Université de SherbrookeSherbrooke, CANADA J1K 2R1
At the low temperatures and small number densities typical of the interstellar medium, the
interconversion of the water molecule nuclear spin isomers (NSI), o-H2O↔p-H2O, is a highly forbidden
process [1]. However, it occurs readily under confinement at temperatures as low as 4 K in inert matrices
[2], as well as within endofullerenes [3]. The dependencies of the interconversion effective first-order rate
constant (keff), as well as of the equilibrium constant (i.e., the ortho-to-para ratio, or OPR), on the
temperature (T = 4 K – 30 K) [4], on the water molecules isotopologue (H2O, A = 16,17, and 18) [5] as well
as on the confinement media (Ne, Ar, Kr and Xe matrices, as well as C60) [2,3] will be examined. A simple
confined rotor model will be shown to provide an accurate description of rovibrational spectra for confined
water revealing the topological features of the confinement potential that governs rotational-translation
couplings and that are responsible for the mixing between ro-translational states thereby opening new
NSI interconversion pathways under extreme confinement [5]. Improving our understanding of
confinement effects on the NSI interconversion mechanisms and rates should enable better storage
strategies to be devised for water samples highly enriched in o-H2O en route towards surface science
applications of NMR as well as interfacial chemical dynamics studies. It may also provide more robust
interpretations of the NSI populations observed in the interstellar medium.
[1] R. Curl, J.V.V. Kasper, and K.S. Pitzer, J. Chem. Phys. 46, 3220 (1967); A. Miani and J. Tennyson, J. Chem. Phys.
120, 2732 (2004); K. Tanaka, and T. Oka, J. Phys. Chem. A 117, 9584 (2013). [2] R.L. Redington and D.E. Milligan, J.

Chem. Phys. 39, 1276 (1963); L. Abouaf-Marguin, et al., Chem. Phys. Lett. 480, 82 (2009). [3] S. Mamone et al., J.
Chem. Phys. 140, 194306 (2014). [4] P.-A. Turgeon, et al., J. Phys. Chem. A 121, 1571 (2017). [5] C. Wespiser, et al.,
J. Chem. Phys. 156, 074304 (2022); T. Putaud, et al., J. Chem. Phys. 156, 074305 (2022).

Figure 1: Depiction of a water molecule confined to a substitutional site of a face-centered cubic crystal (not to scale).
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Structure of confined supercooled water: size does matter.
Thomas D. Green,1,2 Federico Caporaletti1,3, Huib J. Bakker,2 and Sander Woutersen1
1

Van ’t Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park 904, 1098
XH Amsterdam, Netherlands
2
AMOLF, Science Park 904, 1098 XG Amsterdam, Netherlands
3
Van der Waals-Zeeman Institute, Institute of Physics, University of Amsterdam, Science Park
904, 1098 XH Amsterdam, The Netherlands

Confinement in mesoporous materials is a well-established technique to supercool water into
No-man’s land. Crystalline materials such as MCM-41 [1] or MOFs [2] allow a very precise control of
confinement, but usually confinement down to 2 nm is required to prevent crystallization. Whether water
maintains its bulk properties in such strong confinement is still debated [2]. Here we investigate the
influence of pore size on the structural properties of supercooled water confined in mesoporous
silica-gel pores with sizes ranging from 9.0 nm to 2.2 nm. The amorphous structure of silica gel
inhibits crystallization even in the 6 nm pores, thus allowing us to probe supercooled water under
weaker confinement. We find that in the 2.2 nm pores HDL-like water is the dominant
component at all temperatures, while a structural transition from HDL to LDL-like water takes
place in the 6 nm pores at T≃230 K. These results suggest that the properties of confined water
strongly depend on the size of the confining environment, with a cross-over as the confinement
size becomes comparable to the characteristic length of the structural fluctuations of water.
[1] Mallamace et al., Proc. Natl. Acad. Sci. 2007, 104 (2), 424–428.
[2] J. K. H. Fischer, et al., Communications Physics 2020, 3 95.
[3] T. D. Green, F. Caporaletti, H. Bakker, S. Woutersen (in preparation)

Figure 1: Temperature-dependent FTIR spectra of the OD-stretch band of water confined in 6.0
nm and 2.2 nm pores. The 290 K spectra are shown in red, the 228 K spectra in black (approximate
midpoint of transition) and the 105 K spectra in blue. Picture taken from [3].
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Hydrophobic gatting: building a iontronic memristor
Gonçalo Santos Paulo, Alberto Gubbiotti, Alberto Giacomello
Department of Mechanical and Aerospace Engineering, Sapienza University of Rome
The intrusion and extrusion pressure of hydrophobic nanoporous materials is a highly studied topic. If a
material has different intrusion and extrusion pressures it has a characteristic hysteresis pressurevolume cycle and it can be used a energy dissipator [1].
Hydrophobic nanopores can also be wet using voltage instead of pressure, and indeed show the same
hysteretic behavior in a voltage-current cycle(ref). This hysteresis is the telltale sign of a memristor (ref),
a circuit component whose resistance depends on the previously applied voltage, which has a range of
applications, like neuromorphic computing.
In this work we use Molecular Dynamics simulations to study hydrophobic gating in a cylindrical
hydrophobic nanopore immersed in a electrolyte solution in combination with Langevin Dynamics to
study its wetting response to an external applied voltage.
The rates at which the pore wets and dries (opens/closes) are controlled by the voltage (figure 1) and this
gives rise to the characteristic hysteresis on the I-V curve which depends on the frequency (figure 2). We
explore different circuit applications as use case of a iontronic memristor.
[1] Martin, T., et al., Chem. Commun., 2002, 24-25
[2] Powell, M., et al., Nat Nanotechnol., 2011, 6(12),798-802
[3]L. Chua, "Memristor-The missing circuit element," in IEEE Transactions on Circuit Theory, vol. 18, no. 5, pp. 507-519, September
1971, doi: 10.1109/TCT.1971.1083337.

Figure 1: The equilibration time of the pore Figure 2: Different frequencies for the voltage
cycle have very different behaviours, from non
can change by 5 orders of magnitude in a
range of some Volts, leading to memory effects conductive to hysteretic to non-linear
condutivity at intermediate voltages
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Aqueous Nanoscale Interfaces: Hydrophobicity and Confinement
Sylvie Roke
Laboratory for fundamental BioPhotonics (LBP), Institute of Bioengineering (IBI), and Institute of Materials Science
(IMX), School of Engineering (STI), and Lausanne Centre for Ultrafast Science (LACUS), École Polytechnique
Fédérale de Lausanne (EPFL), CH 1015 Lausanne, Switzerland

Water is the most important liquid for life. It is intimately linked to our well-being. Without water,
cell membranes cannot function. Charges and charged groups cannot be dissolved, selfassembly cannot occur, and proteins cannot fold. Apart from the intimate link with life, water also
shapes the earth and our climate. Our 1landscape is formed by slow eroding/dissolving
processes of rocks in river and sea water; aerosols and rain drops provide a means of transport
of water. Because of the complexity of liquid water and aqueous interfaces, the relationship
between the unique properties of water and its molecular structure has not been solved. This is
especially true for nanoscale interfaces, on which the molecular level structure of water is hard
to access. For example, while oil and water do not mix, it is possible to create stable oil
nanodroplets in water. These droplets also have a negative charge. Why this is, is a total
mystery.
Using a combination of nonlinear optical light scattering [1,2] and imaging [3] techniques
we investigated the water structure in confinement and in contact with purely hydrophobic
substances [4]. Our findings demonstrate the importance of length scale, hydrophobicity and
confinement on the interfacial water structure as well as on the electrostatic interfacial
environment. We also address how oil interacts with water and explain the paradox of the negative
charge on oil droplets in water [5,6].

References
[1] - Nonlinear Light Scattering and Spectroscopy of Particles and Droplets in Liquids, S. Roke, G. Gonella, Annu. Rev.
Phys. Chem, (2012), 63, 353–378
[2] - Vibrational Sum Frequency Scattering in Absorptive Media: A Theoretical Case Study of Nano-objects in Water,
S. Kulik, S. Pullanchery, S. Roke, J. Phys. Chem. C, 2020, 124,
[3] - Optical imaging of surface chemistry and dynamics in confinement, C. Macias-Romero, I. Nahalka, H. I. Okur, S.
Roke, Science (2017) 357, 784-788
[4] - The interfacial structure of water droplets in a hydrophobic liquid, N. Smolentsev, W. J. Smit, H. J. Bakker and S.
Roke, Nat. Commun., (2017), 8, 15548-1-6
[5] - Charge transfer across C–H O hydrogen bonds stabilizes oil droplets in water, S. Pullanchery, S. Kulik, B.
Rehl, A. Hassanali, S. Roke, Science (2021) 374 (6573), 1366-1370.
[6] - Water Structure at the Hydrophobic Nanodroplet Surface Revealed by Vibrational Sum Frequency Scattering using
Isotopic Dilution, S. Pullanchery, S. Kulik, S. Roke, J. Phys Chem B (2022), in press.
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Water at Bio-Interfaces: From Biomembranes to Proteins and
Amyloids
Antonio Benedetto
Department of Science, Roma Tre University, Rome, Italy
School of Physics & Conway Institute, University College Dublin, Dublin, Ireland
Laboratory for Neutron Scattering, Paul Scherrer Institut, Villigen, Switzerland
In 560 BC, Thales hypothesized that water is the primary essence of life, and nowadays this
hypothesis is widely accepted [1]. Since a few decades ago, in fact, it has become well established
that the molecularly thin layer of water in direct contact with biomolecules in a physiological
environment plays a major role in determining their properties and functions. In my talk I will
present three recent results on the behavior and role of water molecules in contact with
biomembranes and proteins. First, I will focus on the behavior of water in the proximity of a lipid
bilayer and its role in regulating the in/out diffusion of foreign molecules (Fig. 1a) [2]. I will then
move into water – protein interactions showing, first, the role of water in protein
amyloidogenesis [3] and then a set of high-resolution neutron scattering data revealing the
decoupling of proteins and water dynamics at the “dynamical transition” (Fig. 1b) [4].
!"#$%&'()*)+,-$.,)/012('3(-$456$78$59""-$":9;"<$
!;#$%<$=,>,?,))*$/>?$@<A<$B,++,2-$C<$D12(<$E1,F<$=$;G;;-$";8-$66G4H66"5<$
!6#$I<$D'++/'-$,)$/+<-$E1,FJK'L$;G;;-$MNOP$"G<;8Q6QR31,F&K'LH;G;;H3+:71$$
!Q#$%<$=,>,?,))*-$C<$D12(<$E1,F<$S,))<$;G":-$5-$Q556HQ558<$

Fig. 1 – (a) Sketch of the ionic liquid hydration water entropy-driven absorption mechanism: When the
purple-highlighted cation diffuses into the lipid bilayer, its pink-circled hydration water molecules get
released into the bulk water and increase the system entropy. (b) High-resolution elastic neutron data
showing the decoupling between the dynamics of protein and of its hydration water: The hydration water
starts to relax at TW = 179 K, decoupled from the transition in the dynamics of the protein, which only
starts to relax 16 K above, at TP = 195 K.
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Carbohydrates interaction with a b-turn peptide in aqueous solution
1

Michael Di Gioacchino1, Fabio Bruni1, Oliver Alderman2, Maria Antonietta Ricci1
Dipartimento di Scienze, Università degli Studi Roma Tre, via della Vasca Navale 84, 00146
Roma, Italy
2
UKRI-STFC, ISIS neutron and muon source, Rutherford Appleton Laboratory, Harwell
Campus, Chilton, Didcot, OX11 0QX, United Kingdom

The issue of the interaction of carbohydrates with a biomolecule is of great interest, as these
interactions are responsible for the protection of biomolecules against environmental stresses,
such as low temperature, dehydration and osmotic pressure [1]. This phenomenon is tackled by
investigating at the atomic scale the interaction of glucose and trehalose with an aqueous
solution of Glycyl-L-prolyl-glycinamide-HCl (GPG), a peptide b-turn precursor [2]. The study,
performed by neutron diffraction with isotopic substitution augmented by Monte Carlo
simulation analysis [3], evidences clear differences between the two systems. The rationale
behind this study is to obtain a description of the GPG peptide self-assembly and hydration
shell and to investigate whether and to what extent these properties are affected by the
presence of trehalose or glucose, respectively. Indeed, while trehalose confines water within
the hydration shell of the solute [4], glucose enters this shell, in competition with water
molecules [5] (see Figure 1a). As a result, the structure of b-turns in aqueous solution is
stretched in presence of glucose as co-solute, while it remains unperturbed in presence of
trehalose, as shown in Figure 1b. These observations may be the key to distinguish the
protection mechanism against drought from that against osmotic pressure [5].

[1] Mizock, B. A., Am. J. Med. 1995, 98, 75-84.
[2] S. Busch, C.D. Bruce, C. Redfield, C.D. Lorenz, S.E. McLain, Angew. Chem. Int. Ed. 2013,
52, 13091–13095.
[3] A.K. Soper, Chem. Phys. 1996, 202, 295-306.
[4] M. Di Gioacchino, F. Bruni, M.A. Ricci, J. Mol. Liq. 2021, 335, 116514
[5] M. Di Gioacchino, F. Bruni, O.L.G. Alderman, M.A. Ricci, J. Mol. Liq. 2022, 349, 118451

michael.digioacchino@uniroma3.it

michael.digioacchino@uniroma3.it

24

WaterX
InternationalInternational
workshop Workshop
May 28 - June 2 2022
WaterX@2022

La May
Maddalena,
Sardinia
30 - June
4 2022(Italy)

Anomalies in Water Nanodroplets
Ivan Saika-Voivod
Memorial University of Newfoundland, St. John’s, Canada
Liquid water nanodroplets are important for technology, climate, and for understanding
supercooled water as they resist crystallization. Here we report on simulation studies of water
nanodroplets over a range of sizes (N=100 to 2880 molecules) and temperatures (T=300 K to 180
K) employing the TIP4P/2005 model [1-4]. The surface-tension-induced pressure in the interiors
of the smallest droplet reaches 220 MPa at 180 K, conditions close to the liquid-liquid phase
transition (LLPT) of TIP4P/2005. We find that droplet interiors follow the bulk equation of state,
deviating only on approach to the LLPT, and exhibit anomalies reflective of the bulk, including
a temperature of maximum density for droplets of size N ³ 360 and an isothermal compressibility
maximum. A striking feature of nanodroplets on cooling is that as the low-density random
tetrahedral network emerges in the interior, the more disordered subsurface retains a high
density, producing a density contrast reminiscent of phase separation. On cooling below T » 230
K, where the bulk Widom line occurs and where this contrast becomes significant, the surface
tension shows an anomalous increase.

The heterogeneous environment also impacts the

location of ions added to the droplets.

Certain ions are expelled from the lower-density

tetrahedral interior to the more disordered higher-density subsurface at low T.
!"#$%&'&(&$')*+,-$.&$%/0123041-$5&6&$511*+-$)47$8&$%)0,)9:10;17-$<5='$>?"@-$A?-$"BB??C
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Basic features of nanodroplets, here inverse radius as a function of a simple measure of
density, exhibit anomalous behaviour reflective of the LLPT in the bulk.
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The Madrid-2019 force field for electrolytes in water: An extension to
the ions F-, Br-, I-, Rb+ and Cs+
Samuel Blázquez1, María Martín Conde2, José Luis Fernández Abascal1, Carlos Vega1,
1

Departamento de Química Física, Facultad de Ciencias Químicas, Universidad Complutense de
Madrid, 28040 Madrid, Spain 2Departamento de Ingeniería Química Industrial y Medio Ambiente,
Escuela Técnica Superior de Ingenieros Industriales, Universidad Politécnica de Madrid, 28006
Madrid, Spain
In this work, we present an extension of the Madrid-2019 force field [1]. We have added to this
extension the cations Rb+ and Cs+ and the anions F , Br , and I . These ions were the remaining
alkaline and halogen ions, not previously considered in the Madrid-2019 force field. The force
field, denoted as Madrid-2019-Extended [2], does not include polarizability and uses the
TIP4P/2005 [3] model of water and scaled charges for the ions. A charge of ±0.85e is assigned to
monovalent ions. This new force field developed provides an accurate description of aqueous
solution densities over a wide range of concentrations up to the solubility limit of each salt
studied. Good predictions of viscosity and diffusion coefficients are obtained for concentrations
below 2 m. Structural properties obtained with this force field are also in reasonable agreement
with the experiment. The number of contact ion pairs has been controlled to be low so as to
avoid precipitation of the system at concentrations close to the experimental solubility limit.
We also present a comprehensive comparison of the performance for aqueous solutions of
alkaline halides of force fields of electrolytes using scaled and integer charges. This comparison
will help in the future to learn about the benefits and limitations of the use of scaled charges to
describe electrolyte solutions.

[1] I. M. Zeron, J. L. F. Abascal, and C. Vega, J. Chem. Phys. 151, 134504 (2019).
[2] S. Blazquez, M. M. Conde, J. L. F. Abascal and C. Vega, J. Chem. Phys., 156, 044505
(2022).
[3] J. L. F. Abascal and C. Vega, J. Chem. Phys. 123, 234505 (2005).
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Filled ices one can empty: from ice XVII to cubic ice Ic
Lorenzo Ulivi, Leonardo del Rosso, Milva Celli, Daniele Colognesi
Consiglio Nazionale delle Ricerche, CNR, Istituto di Fisica
via Madonna del piano 10, 50019 Sesto Fiorentino (FI)
H2O, T=20 K
Ih
Ic

The investigation of the phase diagram of the solid

mixture of water and molecular hydrogen at high
pressure has been prolific with exciting
0.012
discoveries. Several solid stoichiometric and non0.009
stoichiometric phases have been characterized in
0.006
the latest years, some of which, being metastable at
0
20
40
ambient pressure and low temperature (77 K), can
0.003
be recovered and handled in large quantities.
0.000
Among these, the so-called C0 phase led to the
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discovery, by out diffusion of the hydrogen
Experimental DOPSs of hydrogenated ice Ic and ice Ih,
molecules at about 130 K, of the metastable ice
obtained from inelastic neutron scattering data, with a zoom on
the lattice phonon band.
XVII [1], whose structure (space group P6122) has
been determined by neutron diffraction [2]. This low-density solid water phase is highly porous, and
presents accessible spiraling channels where hydrogen molecules can be hosted in an essentially onedimensional geometry [3]. Quite interestingly, by heating above 130 K, ice XVII transforms to metastable
ice Ic, having an unprecedented structural purity [4]. In fact, all the previous realizations of cubic ice present
different quantities of stacking defects, depending on the starting material, and should be indicated as ice
Isd. Thanks to the large amount of cubic ice powder available following our route, it was possible to
effectively investigate, for the first time, dynamical and kinetic properties of this elusive ice phase. In
particular, in this talk, accurate measurements of the density of phonon states (DOPSs) in polycrystalline
ice Ic, (and its deuterated counterpart) will be reported and compared with both new accurate measurements
of DOPSs in ice Ih and with centroid molecular dynamics (CMD) simulations [5].
GH( ) (meV-1)

0.015

[1]

L. del Rosso, et al., Nature Comm., 7, 13394 (2016) doi 10.1038/ncomms13394.

[2]

L. del Rosso, et al., J. Phys. Chem. C, 120, 26955 (2016) doi 0.1021/acs.jpcc.6b1056.

[3]

L. del Rosso, et al., Phys. Rev. Mat., 1, 65602 (2017) doi
10.1103/PhysRevMaterials.1.065602.

[4]

L. del Rosso, et al., Nature Materials, 19, 663 (2020) doi 10.1038/s41563-020-0606-y

[5]

L. del Rosso, et al. J. Phys. Chem. C, 125, 23533 (2021) doi 10.1021/acs.jpcc.1c07647.
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Probing the high-frequency collective dynamics of
water molecules in heterogeneous environments
Alessandro Cunsolo
Department of Physics, University of Wisconsin at Madison, 1150 University Avenue, Madison,
WI, USA
The high-frequency dynamics of liquid water have been an especially appealing research subject
for several decades, stimulating impressively thorough experimental and computational
scrutinies. Yet, despite the substantial advances achieved, our understanding of some aspects,
either distinctive or shared by water with other fluids, requires further investigation. Particularly
promising are studies focusing on how this dynamic response changes upon the inclusion of
heterogeneities. For instance, recent Inelastic X-Ray Scattering (IXS) results demonstrated that
hydrogen bond dynamics in water can be visibly affected upon insertion into nanoscale cavities
or inclusion of even sparse amounts of floating nanoparticles. Here I review recent results
shedding a preliminary insight into this exceptionally complex behavior.

Figure: Damping sound waves in water upon insertion of floating nanoparticle [1].
[1] A. De Francesco, L. Scaccia, M. Maccarini, F. Formisano, Y. Zhang, O. Gang, D. Nykypanchuk, A.
H. Said, B. M. Leu, A. Alatas, Y. Q. Cai, A. Cunsolo, “Damping Off Terahertz Sound Modes of a Liquid
Upon Immersion of Nanoparticles”, ACS Nano 12, 8867-8874 (2018).

Email: cunsolo@wisc.edu
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The aggregation and acidity changes in freeze concentrated solutions
,
Masaryk University, Dep. of Chemistry, Brno, Czech Republic

We performed laboratory experiments to examine the relationship between the technique of
preparing an aqueous frozen sample; its morphology; and chemical speciation. Our attention was
pointed in two directions: compounds aggregation and acidity changes.
In aqueous solutions, the cooling rate determines the morphology of the resulting ice
samples (analyzed with an environmental scanning microscope), [1] the extent of the solute
crystallization, and the plasticity of the freeze-concentrated solution (FCS) glass formed in the
veins in between the ice crystals. Faster cooling allows higher degree of hydration of the aromatic
compounds in the FCS. Conversely, vapor deposition of naphthalene on ice at 253 K results in
microscopic naphthalene crystals, suggesting molecular mobility on the surface layer of ice at
atmospherically relevant temperatures. [2] Surface acidity was proved via sulfonephthalein dyes
for sea ices and biological buffers, finding strong dependence on the salts identity and
concentration present. [3, 4]
chemical identity in ice. Moreover, we microscopically identified the conditions, under which the
sublimation of sea ice will result in aerosolizabel particles. [5]
Environmental scanning electron micrograph of CsCl in FCS
on the ice spheres. Dark is the ice, white is brine. [6]

1.
2.
3.
4.
5.
6.

The morphology of ice and liquid brine in an environmental scanning
electron microscope: a study of the freezing methods. The Cryosphere, 2019. 13(9): p. 2385-2405.
Distinct Speciation of Naphthalene Vapor Deposited on Ice Surfaces at 253 or 77
K: Formation of Submicrometer-Sized Crystals or an Amorphous Layer. The Journal of Physical Chemistry
C, 2018. 122(22): p. 11945-11953.
Imrichova, K., et al., Vitrification and increase of basicity in between ice Ih crystals in rapidly frozen dilute
NaCl aqueous solutions. J Chem Phys, 2019. 151(1): p. 014503.
Suppression of protein inactivation during freezing by minimizing pH changes using
ionic cryoprotectants. International Journal of Pharmaceutics, 2016. 509(1-2): p. 41-49.
Temperature and Concentration Affect Particle Size upon Sublimation of Saline Ice:
Implications for Sea Salt Aerosol Production in Polar Regions. Geophysical Research Letters, 2022.
accepted.
ESEM Methodology for the Study of Ice Samples at Environmentally Relevant Subzero
Microscopy and Microanalysis, 2021: p. 1-14.
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Hydration Forces and the spectrum of nonlocal correlations in water
Jonathan G. Hedley†, Hélène Berthoumieux‡, Alexei A. Kornyshev†
†
Department of Chemistry, Imperial College London
‡
Fachbereich Physik, Freie Universität Berlin
Experimentally measured and numerically computed Hydration Forces are found to decay with
oscillations for molecularly smooth surfaces, whereas for rough surfaces only pure decay is observed.
Can we propose a unique model for water correlations that consistently captures these two
observations?
In this work we carefully consider the often-neglected small wavenumber region of the nonlocal
dielectric response function of water, !∥ (#). Given the difficulty in obtaining accurate results, both in
simulation and in experiment, the characteristics of this region are not well known. First shown by
Bopp, Kornyshev and Sutmann [1], as well as in other low-wavenumber studies of the structure factor
[2], there exists a small minimum in the response function in this region, in addition to the primary
maximum at # ≈ 3 Å"# . To reproduce these main features, we propose a Landau-Ginzburg
Hamiltonian functional in a 2-polarization mode model [3] and show through our results direct proof
of the Lorentzian contribution to the dielectric response function.
From this Hamiltonian, we describe the indirect structural contribution to the hydration force between
two surfaces, and we reproduce the oscillations in the force between molecularly smooth Mica
surfaces observed by Pashley & Israelachvili [4]. We show that by considering this low-wavenumber
minimum in !∥ (#) with this 2-polarization mode model, we reproduce the pure decay in hydration
force for rougher surfaces when the roughness is on the order of the size of a water molecule, as
observed for lipid bilayers and rough mica surfaces [5, 6]. Coupling these correlations to the potential
in the form of a nonlocal Poisson-Boltzmann energy functional, we also explore coupled solvent and
ion structures in an electrolyte between two charged surfaces, and their influence on hydration forces.

Fig. 1. The two polarization contributions in our model and their sum (total polarization density) between two
surfaces (! = 2 %&).
Fig. 2. Oscillations in the hydration force are removed, leaving a pure exponential decay when the surface is
smeared. Here, ' is the smearing parameter, corresponding to the half-width of a Gaussian distribution.
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Extending the spectrum: NIR spectroscopy of crystalline and
amorphous ices
Christina M. Tonauer1, Eva-Maria Köck1, Raphael Henn2, Christian Huck2, Thomas Loerting1
1
Institute of Physical Chemistry, University of Innsbruck
2
Institute of Analytical Chemistry and Radiochemistry, University of Innsbruck

In
that is, the existence of more than one amorphous forms of ice (low-density, high-density
and very high-density amorphous ices LDA, HDA and VHDA, respectively), was reported
1,2. Also, the structures of crystalline ices X - XIX have been resolved using diffraction
methods. While these methods offer information on the exact position of the atoms
present in a unit cell, infrared (IR) spectroscopy reveals excitations of chemical bonds,
revealing their strength with respective implications for potential chemical reactivity. After
the pioneering works of Whalley and co-workers on mid-infrared (MIR) spectroscopy
(4000-200 cm-1) of ices I, II, IV, V, IX 3 5, as well as the MIR studies of ices VII, VIII, X 6
9, the MIR spectroscopic characterisation of ice polymorphs discovered later has not been
pursued. Moreover, the excitations in the near-infrared (NIR) range (10000-4000 cm-1),
that is, overtones and combination bands, of most ices (except for ice Ih 10, VI and VII 11)
are unknown.
The technique of NIR spectroscopy, however, is of high importance for the exploration of
astronomical bodies12, since NIR waves pierce through interstellar dust, revealing objects
lying behind. High-pressure ices make up the mantles of Saturn's and Jupiter's icy moons
13 and are found on Earth in the form of diamond inclusions 11, and so NIR-spectroscopic
data are highly desired.
Here we present unprecedented spectroscopic data of crystalline H2O ices Ih, II, IV, V, VI,
IX and XII, as well as the amorphous ices LDA, HDA, VHDA in the near-infrared range.
Fig. 1 depicts the NIR spectra of the above mentioned crystalline H2O ices between 8000
and 5000 cm-1. We want to highlight the blue-shift of the combination band at ~ 6000 cm1 observed for high-pressure ices relative to low-pressure ice I , indicating a clear density
h
dependency. This feature acts as a marker for discrimination between different ices with
different oxygen sublattices. This density dependence is also seen for the amorphous
ices, which can furthermore be discriminated from crystalline ices of similar densities
based on broader bands.
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Fig.1: NIR spectra of crystalline ices Ih, II, IX, IV, V, VI, XII. The shift of maximum of
Kubelka-Munk function (corresponding to absorption) at ~ 6000 cm -1 is directly related to
the density of the high-pressure ices observed14.
1.

10 kbar: a new method of making
amorphous solids. Nature 310, 393 395 (1984).
2. Loerting, T., Salzmann, C.
high-density amorphous ice at 77 K and 1 bar. Phys. Chem. Chem. Phys. 3, 5355 5357 (2001).
3. Bertie, J. E. & Whalley, E. Infrared Spectra of Ices Ih and Ic in the Range 4000 to 350 cm 1. J.
Chem. Phys. 40, 1637 1645 (1964).
4. Bertie, J. E., Calvert, L. D. & Whalley, E. Transformations of Ice II, Ice III, and Ice V at Atmospheric
Pressure. J. Chem. Phys. 38, 840 846 (1963).
5. Engelhardt, H. & Whalley, E. The infrared spectrum of ice IV in the range 4000 400 cm . J. Chem.
Phys. 71, 4050 4051 (1979).
6. Holzapfel, W. B., Seiler, B. & Nicol, M. Effect of pressure on infrared-spectra of ice VII. J. Geophys.
Res. 89, B707 (1984).
7. Klug, D. D. & Whalley, E. The uncoupled O H stretch in ice VII. The infrared frequency and
integrated intensity up to 189 kbar. J. Chem. Phys. 81, 1220 1228 (1984).
8. Song, M., Yamawaki, H., Fujihisa, H., Sakashita, M. & Aoki, K. Infrared investigation on ice VIII and
the phase diagram of dense ices. Phys. Rev. B 68, 014106 (2003).
9. Aoki, K., Yamawaki, H., Sakashita, M. & Fujihisa, H. Infrared absorption study of the hydrogen-bond
symmetrization in ice to 110 GPa. Phys. Rev. B 54, 15673 15677 (1996).
10. Grundy, W. M. & Schmitt, B. The temperature-dependent near-infrared absorption spectrum of
hexagonal H 2 O ice. J. Geophys. Res. Planets 103, 25809 25822 (1998).
11. Kagi, H. et al. Evidence for ice VI as an inclusion in cuboid diamonds from high p-T near infrared
spectroscopy. Mineral. Mag. 64, 1057 1065 (2000).
12. Filacchione, G. et al. Exposed water ice on the nucleus of comet 67P/Churyumov Gerasimenko.
Nature 529, 368 372 (2016).
thermodynamics of magnesium sulfate oceans in contact with ice. Planet. Space Sci. 96, 62 70
(2014).
14. Tonauer, C. M. et al. Near-Infrared Spectra of High-Density Crystalline H 2 O Ices II, IV, V, VI, IX, and
XII. J. Phys. Chem. A (2021) doi:10.1021/acs.jpca.0c09764.
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Slow dynamics and local structure of biological water
Paola Gallo
Dipartimento di Matematica e Fisica
Università degli studi Roma Tre

Translational dynamics obtained by Molecular dynamics simulation of the hydration water of a
lysozyme protein upon cooling is studied through the self van Hove function and the mean
square displacement [1]. In the deep supercooled region it shows two different temperature
activated relaxation mechanisms. The low-temperature hopping regime has a time scale of
tenths of nanoseconds and a length scale on the order of 2–3 water shells and it is also present
in bulk water. The second hopping regime is active at high temperatures, on the nanoseconds
time scale and over distances of nanometers. This regime is connected to water displacements
driven by the protein motion and it is observed very clearly at high temperatures and for
temperatures higher than the protein dynamical transition. A detailed local structural analysis
assessing the difference between the hydration water influenced by the protein and bulk water
is also shown and discussed [2].
!"#$%&$'()*++,-$.&$/01230340$0)5$6&$.077,$8,7(4*7(3$9:9:-$9;-$<;=:&$$
!9#$.&$/01230340-$%&$'()*++,$0)5$6&$.077,-$9:99$2)$>?(>0?0@2,)&$

Fig. 1 Long time hopping phenomena in the Van Hove Self Correlation Function. The
different curves, calculated for time t=15ns, span from T=200 K (Pink curve) to T=300 K.
paola.gallo@uniroma3.it
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Liquid-liquid phase transition in simulations of ultrafast heating and
decompression of amorphous ice
Nicolas Giovambattista1,2 and Peter H. Poole3
Department of Physics, Brooklyn College of the City University of New York, Brooklyn, NY 11210,
USA
2
Ph.D. Programs in Chemistry and Physics, The Graduate Center of the City University of New York,
New York, New York 10016, USA
3
Department of Physics, St. Francis Xavier University, Antigonish, Nova Scotia B2G2W5, Canada
1

A recent experiment [1] showed that it may be possible to detect a liquid-liquid phase
transition (LLPT) in supercooled water by subjecting high-density amorphous ice (HDA) to
ultrafast heating, after which the sample reportedly undergoes spontaneous decompression
from a high-density liquid (HDL) to a low-density liquid (LDL) via a first-order phase transition.
Here we conduct computer simulations of the ST2 water model, in which a LLPT is known to
occur. We subject various HDA samples of this model to a heating and decompression protocol
that follows a thermodynamic pathway similar to that of the recent experiments. Our results
show that a signature of the underlying equilibrium LLPT can be observed in a strongly out-ofequilibrium process that follows this pathway despite the very high heating and decompression
rates employed here. Our results are also consistent with the phase diagram of glassy ST2 water
reported in previous studies.
[1] K.H. Kim, et al., Science 370, 978 (2020).
[2] N. Giovambattista and P.H. Poole, J. Non-Cryst. Solids: X 11-12, 100067 (2021).
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The Local Structure of Water from Combining Diffraction and X-Ray
Spectroscopy
Lars G.M. Pettersson
Department of Physics, AlbaNova University Center, Stockholm University, S-106 91
Stockholm, Sweden
We build a large (~3400 structures) library of X-ray absorption (XAS) and X-ray emission (XES) spectra
computed at high level, which together with their associated structures form the basis for a Monte Carlo fit
to the experimental oxygen-oxygen pair-distribution, XAS and XES spectra for ambient liquid water. The
procedure results in weights giving the relative importance of each structure to reproduce the experimental
properties. We show that the information content in the X-ray spectroscopic data is strongly complementary
to that of X-ray diffraction, and dependent on specific structures that are still consistent with the diffraction
data. We fit simultaneously to the X-ray spectroscopy and diffraction experimental data and obtain weights
on each structure that give a structural distribution that is consistent with the three experimental datasets.
These weights are applied to structural parameters characterizing the local environment of each structure
and result in the emergence of more preferred values of these parameters [1].

[1] Lars G.M. Pettersson and Osamu Takahashi, The Local Structure of Water from Combining

Diffraction and X-Ray Spectroscopy, J. Non-Crystalline Solids: X 14, 10087 (2022)

Figure caption. Plot of all individual spectra in the library with the experimental reference
superposed (cyan). (A) XAS and (B) XES.
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Mode-Coupling Theory of Two Liquids: Glassy State and Dynamics
Matthias Sperl
Institute of Materials Physics, German Aerospace Center and University of Cologne, Germany
Mode-Coupling Theory of ideal glass transitions (MCT) has been quite successful in describing as well as
predicting glass transitions and the respective dynamics. MCT has been especially powerful, when microscopic interaction potentials could be used as input to the theory. With respect to water, MCT been applied successfully regarding its general laws [1], while microscopic calculations have remained elusive. As
a first potential allowing for two liquid states, the spherical square shoulder system (SSS) has been elaborated within MCT [2] and shown to describe several non-trivial predictions of that model accurately [3].

Fig. 1: MCT glass-transition diagram for the Square Shoulder Potential [2] exhibiting diffusion anomalies
along the path with crosses as well as glass-glass transitions and higher-order glass-transition singularities
with endpoints indicated as circles (left). Full scenario (right) of the higher-order singularities [4].The full
picture regarding the liquid-glass transition lines as well as glass-glass transition lines can be understood
from these calculations.
Towards more refined microscopic models reflecting also the molecular structures, the SSS has now been
solved for its complete parameter space [4], which allows for an assessment of (1) the glassy dynamics
given the necessary parameter shifts as well as the relation of the MCT results to thermodynamics.
This work has been performed with Natawan Gadjisade and Marco Heinen. Joint work on that topic as
well as continued discussions are acknowledged with Emanuela Zaccarelli and Francesco Sciortino.

[1] P. Gallo, et al., Chem. Rev. 116, 7463 (2016).
[2] M. Sperl, E. Zaccarelli, F. Sciortino, P. Kumar, H.E. Stanley, Phys. Rev. Lett. 104, 145701 (2010).
[3] N. Gnan, G. Das, M. Sperl, F. Sciortino, and E. Zaccarelli, Phys. Rev. Lett. 113, 258302 (2014).
[4] N. Gadjisade, Master thesis, University of Cologne (2020).
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On the role of dendritic voids in the hydrophobicity and solvation of
organic molecules in water
Khatereh Azizi1, Alex Rodriguez1, Alessandro Laio1,2, Ali Hassanali1
The Abdus Salam International Centre for Theoretical Physics, 34151 Trieste, Italy.
2
SISSA, I-34136 Trieste, Italy;

1

The study of hydrophobicity has always been an active and interesting area of
research, which will also give insights into many dierent physical processes like
folding/unfolding, and the solubility of dierent molecules. Here using advanced
data analysis tools, we quantify the environment of solute molecules of dierent
sizes and chemistry in water. The solvation process always requires the creation of
a cavity (void) around the solute that can host the molecule [1], and studying the
shapes of these cavities will give insights into the above-mentioned phenomena.
We study the cavities around dierent-sized model hydrophobic polymers, and the
20 amino acids in water, and will answer dierent questions, e.g. How these shapes
can be quanti)ed; Will they change during a folding process?; and How the shapes
can be predicted by knowing the chemistry of the solute molecule?
We show that the shape of the cavities can be quanti)ed thanks to the dierent
tools developed in graph theory, Voronoi partitioning, and clustering analysis. It is
shown that these cavities are quite branchy (dendritic) and the branches will still
exist and sometimes extend up to 1 nm, even for the large folded hydrophobic
polymers [2]. Figure 1 shows two examples of the cavities around 20- and 100membered hydrophobic polymers. We also show that the shapes of these cavities
are aected by the chemistry of the solute, and one can predict reasonably well the
shape of the cavity only by knowing the chemistry of the solute molecule. Figure 2
shows one of the examples that is the prediction of the normalized geodesic length
of the cavity.
All in all, both the chemistry and the size of the solute play important roles in the
local structure and density pro)le of water molecules and can be used as a
quanti)cation of the hydrophobicity and solvation concepts.
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Figure 1: Examples of the cavities (voids) around model hedrophobic polymers of 20 and 100
member, solvated in water. It shows that there are large branches (empty channels not occupied by
water) even around the 100 membered folded polymer. Water molecules are not shown for clarity.

Figure 2: Prediction of the shape and branchiness (the
normalized value of of the geodesic length) of the cavity around
20 amino acids only by their chemistry, using the linear
regression. The R2-square is about 0.92, which shows a
reasonable prediction.

[1] N. Ansari, A. Laio, A. Hassanali, J. Phys. Chem. Lett. 2019, 10, 5585−5591.
[2] K.Azizi, A. Laio, A. Hassanali, J. Phys. Chem. Lett. 2022, 13, 183−189.
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Two-state Lennard-Jones fluid as a generic
model for liquid polyamorphism
C. Miguel Barriuso Gutiérrez1,*, José Martín-Roca1,
Laurent Joly2, Frédéric Caupin2, and Chantal Valeriani1,3
1

Dpt. EMFTEL, Facultad de Ciencias Físicas, Universidad Complutense de Madrid, Spain
2
Institut Lumière Matière, Université de Lyon, Framce
3
Grupo Interdisciplinar de Sistemas Complejos, Madrid, Spain

We use molecular dynamics to simulate mixtures of two types of Lennard-Jones particles with equal size
parameter σ but differing in their energy parameters. We consider a case which exhibits liquid-liquid
demixing at low temperature. Then we allow interconversion between the two particle types, taking into
account changes in energy (e) and entropy (s) when a particle changes type. The system becomes a twostate or reactive Lennard-Jones single-component fluid, whose composition reaches an equilibrium value
that depends on temperature and density. Appropriate values of e and s lead to water-like anomalies,
including a line of density maxima along isobars, and to phase separation between two liquids with
different equilibrium compositions. We also discuss the distribution of local densities, the lines of
extrema and the pair correlation function of the system. This approach provides a generic model for fluids
with more than one liquid phase (polyamorphic fluids).
A general conceptual frame to understand thermodynamics of liquid polyamorphism is provided by the
two-state approach [1]. The fluid is regarded as a non-ideal “mixture” of two components or states, whose
respective fraction is not fixed, as the two states are allowed to interconvert. Such a fluid can exhibit
water-like anomalies (such as density maxima or isothermal compressibility minima along isobars), when
a liquid-liquid transition occurs as well as when it is absent. Recently, a minimal microscopic model was
proposed [2], based on a compressible binary lattice gas [3,4] in which the two components are allowed
to interconvert, with an energy and entropy differences between the two. This model allows to reproduce
water-like anomalies with or without liquid polyamorphism. Importantly, it shows a density anomaly
(minima and maxima along isobars), although the two components have access to the same lattice with a
common unit cell volume. The purpose of the present work is to provide an off-lattice version of this
minimal model, allowing for molecular dynamics simulations. Interestingly, water-like anomalies [5] and
liquid polyamorphism [6,7,8] are obtained with spherically symmetric potentials with two length scales.
Here we elaborate on the minimal lattice model [2] to provide a molecular dynamics framework without
the need for two length scales. Compared to the on-lattice mean field model, the benefit of off-lattice
simulations is twofold: they allow to (i) unravel local and microscopic properties, and (ii) to study the
system's dynamical features.

[1] M. A. Anisimov, M. Duška, F. Caupin, L. E. Amrhein, A. Rosenbaum, and R. J. Sadus, Phys. Rev. X 8,
011004 (2018).
[2] F. Caupin and M. A. Anisimov, arXiv:2104.08117v2 [cond-mat.stat-mech] (2021).
[3] N. Trappeniers, J. Schouten, and C. Ten Seldam, Chem. Phys. Lett. 5, 541 (1970).
[4] D. Furman, S. Dattagupta, and R. B. Gri=ths, Phys. Rev. B 15, 441 (1977).
[5] A. B. de Oliveira, P. A. Netz, and M. C. Barbosa, Europhys. Lett. 85, 36001 (2009).
[6] L. Xu, P. Kumar, S. V. Buldyrev, S. H. Chen, P. H. Poole, F. Sciortino, and H. E. Stanley, Proc. Natl.
Acad. Sci. U.S.A. 102, 16558–16562 (2005).
[7] P. Vilaseca and G. Franzese, J. Non-Cryst. Solids 357, 419 (2011).
[8] L. Pinheiro, A. Furlan, L. Krott, A. Diehl, and M. Barbosa, Physica A 468, 866 (2017).
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Structure and dynamics of supercooled water in soft confinement
1

F. Caporaletti1,2, D. Bonn1, S. Woutersen2
Van der Waals Zeeman Institute, Institute of Physics, University of Amsterdam, Science Park
904, 1098XH, Amsterdam, Netherlands.
2
Van ’t Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park 904,
1098XH, Amsterdam, Netherlands.

The absence of crystallization in concentrated water-sorbitol solutions is believed to be related
to “soft confinement” [1]: upon approaching the glass-transition temperature, the sorbitol molecules form a heterogeneous amorphous matrix with sub-nm voids within which the water is
confined [1]. Surprisingly, the tetrahedral orientational order of these water pockets increases
upon cooling, suggesting a complex mechanism behind the inhibition of crystallization [1].
Here, we investigate the H-bond network of water in supercooled sorbitol solutions using 2D-IR
spectroscopy. The OH-stretch mode is an ideal probe of the H-bond structure and dynamics, due
to the approximately linear relation between the OH-stretch vibrational frequency and the
OH…O length [2]. However, in water-sorbitol solutions the OH-stretch bands of water and sorbitol overlap strongly, and to disentangle the two contributions is difficult with conventional
spectroscopy. We solve this problem using a new method based on the different vibrational relaxation times water and sorbitol, which makes it possible to specifically probe the water-component of the OH-stretch spectrum [3]. In this way, we investigate structural disorder and dynamic fluctuations in the H-bond network of the confined water (Fig. 1). We find that while the
average length of the hydrogen bonds decreases upon cooling, the structural disorder characterizing the H-bond network of soft-confined water is essentially insensitive to temperature and,
surprisingly, decoupled from the orientational order, which increases on cooling. We also observe a decoupling between the water mobility and the macroscopic viscosity of the solution. Our
results provide new insights into the anomalous properties of “soft-confined” supercooled water,
and establish a new method to probe the structure of water in aqueous solutions.
[1] E. Shalaev, et al Phys. Chem. B (2016), 120, 7289
[2] A. Novak, Structure and Bonding, 1974, 18, 177-216
[3] F. Caporaletti et al., J. Phys. Chem. Lett. 2021, 12, 5951−5956

Figure 1: The spectral contributions of water and sorbitol can be decomposed using a new method
based on two-dimensional IR spectroscopy. This allows to selectively investigate the properties of the
H-bond network of water molecules. Figure adapted from [3].
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On the role of polydispersity on the phase diagram of low-density
colloidal solutions
Carlo Andrea De Filippo
Department of Science, University
Rome, Italy

The low-density phase diagram of nanometric colloidal particles has a widespread range of
application, spanning from material science up to biomedical systems. Colloids of various shapes
have been developed over the last decades either for creating novel devices with peculiar and
tunable properties, such as liquid crystals, self-assembling materials with particular optical
properties, as well as for realising innovative drug delivery carriers [1]. When synthesised, such
nanocomposites are always characterised by a non-negligible polydispersity, that might have a
non-trivial effect on the properties and clustering of the complex fluids made by such
nanomaterials in solution. In this work we will address the role played by polydispersity on the
low volume fraction equation of state of hard colloidal nanoparticles of various elongations
(aspect ratio

) to predict the compressibility of a solution of a drug delivery vessel

candidate, namely Au/Ag CTAB coated nanorods [2]. By means of Monte Carlo NPT simulations
we demonstrate that polydispersity on diameter or length of elongated nanoparticles play a
diverse role on equation of state (EOS): while a polydispersity in elongation leads to an EOS
comparable with the monodisperse case, a polydispersity in diameter renders the system overall
more compressible with a dependency on the distribution of the diameters (Figure). This result
is quite general for anisotropic systems. Moreover, simulation data have then been strengthened
by a theoretical approach based on a Parson-Lee approximation of the Onsager theory, that
demonstrated to predict quantitatively how the EOS changes with polydispersity with respect to
the monodisperse case. Such a result implies that the EOS of a system with a known
polydispersity can be quantitively predicted through a simple theory starting from the EOS of the
corresponding monodisperse case, thus becoming a powerful tool for both computational and
experimental purposes [3].
[1] Pan Yang et al., Nanomaterials 2020, 10, 1293.
[2] I. Venditti, Bioengineering 6, 2019.
[3] C.A. De Filippo, P. Corsi, S. Del Galdo, I. Venditti, C. De Michele, B. Capone, submitted 2022.
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Figures: (left) histograms of the polydispersity distributions of the systems analysed.
(right) Quantitative theoretical agreement of the difference of equilibrium packing fraction
as a function of reduced pressure of the system.
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Molecular Recognition through Hydration
1

Michael Di Gioacchino1, Fabio Bruni1, Silvia Imberti2, Maria Antonietta Ricci1
Dipartimento di Scienze, Università degli Studi Roma Tre, via della Vasca Navale 84, 00146
Roma, Italy
2
UKRI-STFC, ISIS neutron and muon source, Rutherford Appleton Laboratory, Harwell
Campus, Chilton, Didcot, OX11 0QX, United Kingdom

When two organic molecules encounter each other, the first step of their interaction is a
recognition event, through weak intermolecular forces, eventually leading to a chemical
reaction. To what extent the surrounding medium plays a role in molecular recognition is still
unknown [1-3]. On Earth the medium for biological reactions and life is water, which "plays an
active role in the cellular life, over several scales of distance and time" [3]. At the nanoscale,
water drives macromolecular conformation through hydrophobic forces and at short times acts
as proton donor or acceptor providing charge carriers for signal transmission. At longer times
and larger distances, typical of hydrodynamic processes, water controls osmosis, transport and
protein mobility inside the crowded cellular environment. Does H2O play an active role also in
molecular recognition? Here we show that the three-dimensional shape of the hydration shell
of carboxyl groups belonging to different molecules is characteristic of each molecule [4].
Hence, the different hydration shells, as shaped by water, identify and distinguish specific sites
with the same chemical structure. As a consequence, reactions occurring at these sites can be
controlled, modulated, and mediated by water molecules in the hydration shell.
As such, it is tempting to consider the hydration shell of specific groups as the signature or ID
card of the entire molecule, suggesting that water identifies the molecular species while
hydrating the individual constituent groups. In doing so, water becomes an active part of the
molecular recognition event in solution. Our results are the starting point for a deeper
investigation of the hydration properties of bio-molecules, by means of experiments and
models accounting for electronic molecular orbitals.
[1] REBEK, J. Proc. Natl. Acad. Sci. 2009, 106.26: 10423-10424.
[2] PERSCH, E., DUMELE, O., DIEDERICH, F. Angew. Chem. Int. Ed. 2015, 54, 3290-3327.
[3] BALL, P. Proc. Natl. Acad. Sci. 2017, 114, 13327-13335.
[4] DI GIOACCHINO, M., BRUNI, F., IMBERTI, S., RICCI, M.A. J. Phys. Chem. B 2020,124,
4358-4364.
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Figure caption: a visual image of the simulation box; the spatial density functions
obtained for two different but similar solutes, such as glycine and betaine, that shown a
different hydration shell of its carboxyl group.
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The Short-Range Order in Liquid Water
Neta Ellert, Guy Makov
Materials Engineering Department, Ben-Gurion University of the Negev, 84105 Beer-Sheva,
Israel
The short-range order in water was determined from experimentally measured partial radial
distribution functions by applying the Quasi Crystalline Model (QCM), an approach to analyzing
the short-range order in liquids and amorphous systems, which employs a structural model to
determine the short-range order of a liquid directly from the radial distribution function. This
model uses a reference lattice structure to generate a hypothetical amorphous radial distribution
function that is compared with the radial distribution function obtained from experiments or
simulations. The short-range order of the amorphous system is identified with the specific
reference lattice producing the best fit for the data.
Three partial radial distribution functions were analyzed for water at several pressures and
temperatures. It was found that at low temperatures and pressures, the short-range order of
water is similar to that of the hexagonal ice (Ih) structure. At higher pressures and low
temperatures, the short-range order of water becomes similar to that of tetragonal ice III
structures with c/a ratio of 0.8. At higher temperatures of 573K, the short-range order obtained
was similar to that of rhombohedral ice II.
An example for a successful fit of the partial O-O radial distribution function at ambient
conditions is shown.

Figure 1 The QCM of water at ambient conditions. Partial O-O RDF is modeled by the
QCM using the ice Ih structure with c/a=1.5
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Centre for Molecular water Science (CMWS)
Claudia Goy
Deutsches Elektronen Synchrotron DESY, Notkestraße 85, 22607 Hamburg, Germany
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. More than 50 groups have expressed their
continued interest via Letters of Intent (LoI). 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. Scientific collaborations are ongoing within an Early Science Programme (ESP)
co-funded by DESY and the CMWS partners and a third run is about to start in 2022.
www.cmws-hamburg.de
!
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Mid-infrared spectroscopy on high- and low-density amorphous ices
Aigerim Karina1, Tobias Eklund2, Hailong Li3, Katrin Amann-Winkel1,2,3
1

Department of Physics, AlbaNova University Center, Stockholm University, SE-10691
Stockholm, Sweden.
2
Max-Planck-Institute for Polymer Research, 55128 Mainz, Germany
3
Institute of Physics, Johannes Gutenberg University Mainz, 55128 Mainz, Germany

Water is the basis of life on our planet and is still not fully understood from the scientific point
of view. Compared to other liquids, many properties of water diverge from the normal trend at
cold and supercooled temperatures1. Such properties are density, compressibility, and heat
capacity, and water’s anomalous behavior is linked to the coexistence of two liquid states in the
supercooled region as predicted by molecular dynamics simulation2–4. Two discovered distinct
amorphous ices, high- (HDA) and low- (LDA) density amorphous ice, have been related as
corresponding glassy states to two liquid phases, namely high- (HDL) and low- (LDL) density
liquid. Interestingly, amorphous ice is the most abundant solid state of water in outer space5
and can be formed in interstellar dust by vapor deposition at very low temperatures. The poster
summarizes recent infrared spectroscopy (IR) measurements on amorphous ices. Similar to
previous X-ray measurements 6,7, we followed differently prepared amorphous ices during
heating the samples to higher temperatures. We here compare vapor-deposited amorphous ice
(ASW)4, HDA prepared by pressure-induced amorphization, as well as in-situ derived LDA.
Following the OD-stretch and a combinational mode, our HDA measurements support the
finding of a first-order-like transition from HDA to LDA, with two distinct local structures
coexisting at around 120 K at ambient pressure.
(1)
(2)
(3)
(4)

(5)
(6)
(7)

Nilsson, A.; Pettersson, L. G. M. The Structural Origin of Anomalous Properties of Liquid Water.
Nature Communications. Nature Publishing Group December 8, 2015.
https://doi.org/10.1038/ncomms9998.
Poole, P. H.; Sciortino, F.; Essmann, U.; Stanley, H. E. Phase Behaviour of Metastable Water.
Nature 1992, 360 (6402), 324–328. https://doi.org/10.1038/360324a0.
Debenedetti, P. G.; Sciortino, F.; Zerze, G. H. Second Critical Point in Two Realistic Models of
Water. Science (80-. ). 2020, 369 (6501), 289–292. https://doi.org/10.1126/science.abb9796.
Gartner, T. E.; Zhang, L.; Piaggi, P. M.; Car, R.; Panagiotopoulos, A. Z.; Debenedetti, P. G.
Signatures of a Liquid{\textendash}liquid Transition in an Ab Initio Deep Neural Network Model for
Water. Proc. Natl. Acad. Sci. 2020, 117 (42), 26040–26046.
https://doi.org/10.1073/pnas.2015440117.
Jenniskens, P.; Blake, D. F. Structural Transitions in Amorphous Water Ice and Astrophysical
Implications. Science (80-. ). 1994, 265 (5173), 753–756.
Li, H.; Karina, A.; Ladd-Parada, M.; Späh, A.; Perakis, F.; Benmore, C.; Amann-Winkel, K. LongRange Structures of Amorphous Solid Water. J. Phys. Chem. B 2021, 125 (48), 13320–13328.
https://doi.org/10.1021/acs.jpcb.1c06899.
Mariedahl, D.; Perakis, F.; Späh, A.; Pathak, H.; Kim, K. H.; Benmore, C.; Nilsson, A.;

Amann-Winkel, K. X-Ray Studies of the Transformation from High- To Low-Density
Amorphous Water. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2019.
https://doi.org/10.1098/rsta.2018.0164.
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Stokes-Einstein ratio in deeply supercooled water and waterglycerol solutions numerical results
1,2

3

1

3

1

José Martín-Roca , Johannes Stefanski , Alberto Zaragoza , Bruno Issenmann , Chantal Valeriani and
3
Frédéric Caupin
1. Departamento de Estructura de la Matería, Física Térmica y ELectrónica, Universidad Complutense de Madrid, Plaza de las ciencias, 1,
20840, Madrid, España
2. Departamento de Química-Física, Universidad Complutense de Madrid, Plaza de las ciencias, 2, 28040, Madrid, España
3. Institut Lumière Matière, Université de Lyon, Université Claude Bernard Lyon 1, CNRS, F-69622, Villeurbanne, France

Water has several notable anomalies that have been studied over the years. However, ice
crystallization has strongly limited the study of the anomalies of liquid water when supercooled. A
possible solution to these limitations has been trying to avoid ice crystallization by considering
mixtures of water-glycerol. The scientific and technological relevance of glycerol [1,5] has motivated
many
In my poster I will present the numerical results of the Stokes-Einstein ratio computed for deeply
supercooled water [4,6] and water-glycerol solutions [1,2]. The numerical results will be compared to
the experimental measurements of the viscosity of deeply supercooled water under pressure (up to
1500bars) and of water-glycerol mixtures (see Bruno I
talk).

[1] Pagliaro, M., & Rossi, M. (2010). Glycerol: properties and production. The future of glycerol, 2,
1À28.
[2] Jahn, D. A., Akinkunmi, F. O., & Giovambattista, N. (2014). Effects of temperature on the
properties of glycerol: A computer simulation study of five different force fields. The Journal of
Physical Chemistry B, 118(38), 11284-11294.
[3] Akinkunmi, F. O., Jahn, D. A., & Giovambattista, N. (2015). Effects of temperature on the
thermodynamic and dynamical properties of glycerol water mixtures: A computer simulation study of
three different force fields. The Journal of Physical Chemistry B, 119(20), 6250-6261.
[4

[5] Polge, C., Smith, A. U., & Parkes, A. S. (1949). Revival of spermatozoa after vitrification and
dehydration at low temperatures. Nature, 164(4172), 666-666.
[6] Vega, C., Abascal, J. L., Conde, M. M., & Aragones, J. L. (2009). What ice can teach us about
water interactions: a critical comparison of the performance of different water models. Faraday
discussions, 141, 251-276.
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Water multifield phase transition: from quasisolidity to supersolidity
Chang Q Sun
Research Institute of Interdisciplinary Science (RISE) and School of Materials Science & Engineering, Dongguan
University of Technology, Dongguan 523808, Guangdong, China

The notion of asymmetrical Hydrogen B
Cooperativity and Polarizability (HBCP)[1]
has enabled exploration of water irregularity with focus on the evolution of mass density, energy
absorbency, phase stability, polarizability, and transition velocity under multifield perturbation.
We unveiled the presence of the quasisolidity in the temperature domain, the supersolidity
pertained to electrostatic polarization and molecular undercoordination, and the H

H and O:

:O

repulsivity due to injection of protons and lone pairs by solvation. The O O repulsivity forms the
key that
to cooperatively relax in its segmental length, cohesive energy,
vibration frequency, and specific heat upon perturbation. An interplay of the specific heats defines
the mass densities, phase boundaries, and the quasisolid (QS) phase that exhibits negative thermal
expansivity through
contracting less than the scale of O:H expansion upon cooling. H O
bond absorbs energy by contraction and does it inverse at expansion. However, cooling
densification happens to the Liquid and the Ice I phase. Mechanical compression disperses
inwardly the QS phase boundary and enhances polarization, which raises the temperature TN for
ice nucleation and the TV for evaporation but lowers the Tm for melting, resulting in the phenomena
of ice regelation and instant-ice formation. The Tm and TN correspond to temperatures where the
segmental thermal expansivity reverses sign. The Tm
O:H nonbonding strength governs the TN and TV. A negative pressure or lowering the pressure
below the atmospheric does it adversely. Electrostatic polarization [2] or molecular
undercoordination [3], however, has the contrast effect of compression on the hydrogen bond
relaxation with an association of polarization. The polarization converts the pristine water into the
gel-like, hydrophobic, and viscoelastic supersolid which is less-dense and thermally more diffusive
and stable, entitling surface premelting, superheating at Tm, and supercooling at TN and TV.
Polarization enhances the dielectrics of water and widens the band gap of ice. The supersolidity
ensures the 120 K superelasticity of ice microfibers [4] and the 330 K stability of the electrified
water bridge [5]. The high elasticity of the softer O:H nonbond and the interface electrostatic
repulsivity secure the slipperiness of ice and the superfluidity of water droplet traveling in fine
effect

warm water cools more rapidly. The H

H or O:

:O repulsion modifies the bonding

network and solution properties through solvent H O bond elongation, solute H O contraction,
and polarization [6-8]. The HBCP premise thus correlates the dynamics of water ice in the
E-mail: ecqsun@ntu.edu.sg
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frequency-space-time domains to the applied perturbation. Further extension of the HBCP
framework to aqueous and molecular systems with involvement of electron lone pairs and coupled
multiple interactions could be even more fascinating and profoundly promising.
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Sun, C.Q., Y. Sun, The Attribute of Water: Single Notion, Multiple Myths. Vol. 131. 2016: Springer-Verlag.
525.
Sun, C.Q., Water electrification: Principles and applications. Adv Colloid Interf Sci, 2020. 282: p. 102188.
Sun, C.Q., Rules essential for water molecular undercoordination. Chinese Physics B, 2020. 8(8): p.
088203.
Xu, P., B. Cui, Y. Bu, H. Wang, X. Guo, P. Wang, Y.R. Shen, L. Tong, Elastic ice microfibers. Science,
2021. 373(6551): p. 187-192.
Ponterio, R., M. Pochylski, F. Aliotta, C. Vasi, M. Fontanella, F. Saija, Raman scattering measurements on
a floating water bridge. J Phys D: Appl Phys, 2010. 43(17): p. 175405.
Sun, C.Q., Solvation Dynamics: A Notion of Charge Injection. 2019: Springer Nature. 326.
Sun, C.Q., Unprecedented O:
PCCP, 2019. 21: p. 2234-2250.
Sun, C.Q., Y. Huang, X. Zhang, Hydration of Hofmeister ions (Historical Perspective). Adv Colloid Interf
Sci, 2019. 268: p. 1-24.
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Human tissue models to evaluate their dielectric properties
at 0.01-10 GHz from their solid and water content
M. Tannino(1), F. Mangini(1), L. Dinia(1), and F. Frezza(1)
Dept. of Information Engineering, Electronics and Telecommunications,

(1)

The body at the molecular level is composed, on average, of water for 62%, fat for 15%, 17% of
protein, and 6% of minerals. Moreover, there is strong experimental evidence for multiple subfractions of
non-bulk water on tendon /collagen, globular proteins, and cells that can be quantified by the same hydration
model [I.L. Cameron et al., 2007]. In this work, we propose a heuristic methodology using this hydration
model as a base to realize an automatic and non-invasive procedure to estimate an ad-hoc map of the
complex dielectric permittivity of a generic human tissue in the frequency range of microwaves based on
their solid and water content, particularly useful in medical applications where the exact knowledge of the
patient's anatomy and related electromagnetic properties would be of great benefit for the success of the
treatment. At microwave frequencies, the major contribution to the dielectric properties in human tissues is
due to the water content, and collagen is the most abundant protein in mammals, and of this, 90% is the
Collagen Type I, and we pursue the idea to consider it the prototype of the human-tissue proteins in our
models. We have evaluated the complex permittivity of two aqueous solutions with RNase A and Lysozyme
and a group of human tissues in the frequency range from 0.01 to 10 GHz, using the homogenization theory
because collagen has a diameter of about 1.6 nm and a length of around 300 nm much shorter than min ~ 5
x 10-3 m in this frequency range. The inputs of our simulations were the protein solution concentrations and
the selected human-tissue compositions, while the Golden Standard was represented by the permittivity and
conductivity spectra reported in the literature [A. Oleinikova et al., 2004; C. Cametti et al., 2011; S. Gabriel
at al., III 1996]. Results are shown in Fig. 1 for RNaseA aqueous solution at 298.15 K and tendon/collagen
human tissue at 310.15 K. We have estimated for a group of nine human tissues, the permittivity and
conductivity from 0.01 to 10 GHz with a 30% Root Mean Squared Relative Error (RMSRE%), on average,
relative to the Golden Standard. Considering that, we have used average values both for the tissue
composition and complex permittivity, from two databases that are not closely related to each other, we think
these preliminary results are good enough to proceed with this research. The next step will be to test our
procedure on animal ex-vivo samples. Finally, we will test our model to produce a human map in-vivo using
a Magnetic Resonance Imaging (MRI) scanner for medical images, to quantify the real
water content and pH of the sample to correct the static conductivity we have arbitrarily fixed at 0.250 S/m
considering healthy tissue for which, in the majority, pH = 7.35-7.45 [N. J. Shah et al. 2022; R. M. Henkelman
et al. 2001].
[1] I.L. Cameron et al., Cell. Biol. Int., vol. 31, no. 6, pp. 531 539, 2007.
Chem. B 108, pp. 8467 8474, 2004.
[3] C. Cametti et al., J. Phys. Chem., vol. 115, pp. 7144-7153, 2011.
[4] S. Gabriel et al., Phys. Med. Biol., vol. 41, pp. 2271-2293, 1996.
[5] N.J. Shah et al., NeuroImage 252 119014, 2022.
[6] R.M. Henkelman et al., NMR in Biomed., vol. 14, pp. 57-64, 2001.
[7] D. Villano et al., Magn. Reson. Med., vol. 85, pp. 1335-1349, 2021.

Fig. 1 Results of simulations for a)
b) in the frequency range 0.001-10 GHz for RNase A 4,38 mM aqueous
solution at 298.15 K and c) and d) for the human tendon at 310.15 K for average water content. The Golden Standard
is data reported in the literature [2,4].

1
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New insights on the hydrogen bonding structure of water
Robin Tyburski, Anders Nilsson
Department of Physics, AlbaNova University Center, Stockholm University
Water at ambient conditions is often described in terms of two transiently interconverting local
structures

a low-density liquid (LDL) with a tetrahedral hydrogen bonding structure and a more

disordered high-density liquid (HDL). [1] However, even within this model, there is no clear
consensus on the detailed hydrogen bonding structure of these domains. Previous studies have
shown isosbestic points in the pair distribution function (at 2.9 Å, see figure) and the running
coordination number of water (3.3 Å, see figure) with change in temperature. [2,3] The isosbestic
point in the coordination number (at roughly 4.3 neighbor molecules) can be interpreted as the
first coordination shell of water. [2] As the temperature (and thus the abundance of HDL)
increases, strong hydrogen bonds (defined as pairs with distances below the first isosbestic point
2.9 Å) are broken and interstitial positions (between 2.9 Å and 3.3 Å) are filled. In this work, we
define strong hydrogen bonds and the first coordination shell based on these interpretations. We
furthermore introduce information about the structure and abundance of LDL to the analysis.
We are thus able to draw conclusions about the hydrogen bonding structure, and its dependence
on temperature, of LDL and HDL fractions individually. We further highlight differences between
experimental studies and molecular dynamics simulations of TIP4P/2005 water. Our analysis
allows us to propose a new model for the hydrogen bonding structure of water, as well as discuss
the influence of cooperativity effects.
[1] P. Gallo et al., Chem. Rev. 2016, 116, 7463.
[2] H. Pathak et al., J. Chem. Phys. 2019, 150, 224506.
[3] L. B. Skinner et al., J. Chem. Phys. 2014, 141, 214507.

Left: Isosbestic points in the pair correlation function (blue) and coordination number (black) of TIP4P/2005
water for temperatures between 240 360 K (arrows indicate increasing temperature) Right: Number of
strongly bonded (blue), interstitial (orange) and total (green) neighbors in TIP4P/2005 water as a function
of temperature.
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Acidity and aggregation changes of vitrified and devitrified NaCl
solutions
, Dominik Heger
Masaryk University, Dep. of Chemistry, Brno, Czech Republic

We wish to report results of the laboratory experiments on frozen solutions. Freezing of aqueous
solution causes segregation of water in ice crystals and veins containing the contaminants; their
state lies at the heart of our research. We found significant aggregation due to the concentration
increase [1, 2], and in certain cases the change of acidity [3]. In our recent study we focused on
the aggregation and freezing-induced acidity change of NaCl, the most abundant salt in seawater.
Our samples were analysed by three methods [4].
The pH changes and the increase in aggregation within the freeze concentrated solution
(FCS) were examined by the means of UV-Vis absorption spectrophotometry utilizing
sulfonephthalein dyes and methylene blue as molecular probes.
Data obtained by the second technique, differential scanning calorimetry (DSC), have
shown a change of heat capacity upon heating of the frozen NaCl solution followed by the
exothermic event indicating crystallization. We used the molecular probes to show how the cold
crystallization changes the chemical properties on the molecular level in the FCS.
Lastly, environmental scanning microscopy was utilized to provide insight into a structure
of a frozen sample.
The results presented here show a vitrification and subsequent cold crystallization of NaCl
freeze concentrated solution associated with unprecedented changes in aggregation and acidity
change in the immediate vicinity of the utilized probes in FCS inside the veins.

Figure 1: Figure 1: Normalized spectra of fast cooled MB
(2.5x10-5 M) in 60 mM NaCl solutions showing cold
crystallization of eutectic at ~200 K
1.
2.
3.
4.

Figure 2: Observed acidity changes by UV-is spectra of pH
indicator.

Heger, D., J. Jirkovsky, and P. Klan, Aggregation of methylene blue in frozen aqueous solutions studied by absorption
spectroscopy. Journal of Physical Chemistry A, 2005. 109(30): p. 6702-6709.
Krausko, J., et al., Spectroscopic Properties of Naphthalene on the Surface of Ice Grains Revisited: A Combined
Experimental Computational Approach. The Journal of Physical Chemistry A, 2015. 119(32): p. 8565-8578.
Heger, D., J. Klanova, and P. Klan, Enhanced protonation of cresol red in acidic aqueous solutions caused by freezing.
Journal of Physical Chemistry B, 2006. 110(3): p. 1277-1287.
Imrichova, K., et al., Vitrification and increase of basicity in between ice Ih crystals in rapidly frozen dilute NaCl
aqueous solutions. J Chem Phys, 2019. 151(1): p. 014503.
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Modeling Hydration, One Molecule at a Time
Francesco Paesani
Department of Chemistry and Biochemistry, University of California, San Diego
Two of the most challenging problems at the intersection of electronic structure theory and
molecular dynamics simulations are the accurate representation of intermolecular interactions
and the development of reduced-scaling algorithms applicable to large systems. To some
extent, these two problems are antithetical, since the accurate calculation of non-covalent
interactions typically requires correlated, post-Hartree-Fock methods whose computational
scaling with respect to system size precludes the application of these methods to large systems.
I will describe our many-body molecular dynamics (MB-MD) methodology which overcomes
these limitations and enables computer simulations of aqueous systems from the gas to the
condensed phase, with chemical and spectroscopic accuracy.1 MB-MD is a unified molecular
dynamics framework that integrates data-driven many-body representations derived entirely
from correlated electronic structure calculations with quantum dynamics methods that
explicitly account for nuclear quantum effects. I will discuss the accuracy and predictive ability
of our MB-MD methodology in the context of molecular modeling of various aqueous systems
in the gas-phase,2 in the bulk,2 at interfaces,4 and in confinement,5 with a particular focus on
the relationships between structural and dynamical properties, and vibrational spectra.
[1] F. Paesani, Acc. Chem. Res. 2016, 49, 1844.
[2] P. Bajaj, J.O. Richardson, F. Paesani, Nat. Chem. 2019, 11, 367.
[3] D. Zhuang, M. Riera, G.K. Schenter, J.L. Fulton, F. Paesani, J. Phys. Chem. Lett. 2019, 10, 406.
[4] G.R. Medders, F. Paesani, J. Am. Chem. Soc. 2016, 138, 3912.
[5] A.J. Rieth, K.M. Hunter, M. Dincǎ, F. Paesani, Nat. Commun. 2019, 10, 4771.

Snapshots of MB-MD simulations of aqueous systems in the bulk (left), at interfaces (middle),
and in confinement (right).
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SIMULATING ELECTROLYTES: THE MADRID FORCE FIELD
C.Vega, I.M.Zeron, S.Blazquez, L.F.Sedano, C.P.Lamas,E.G.Noya J.L.F.Abascal
Dep.Quimica Fisica, Fac.Quimica, Univ.Complutense, Madrid,SPAIN
There are a number of problems where aqueous solutions of electrolytes are relevant.
Computer simulations , specially molecular dynamics (MD) allow to study these systems on a
molecular scale. However, to describe these systems it is necessary to introduce an
approximate description of the interaction energy between the molecules. This is usually
denoted as the force field. In the last few years we have proposed a force field for electrolytes
in water (as described by TIP4P/2005) that uses the concept of scaled charges for the ions. The
new force field of ions [1,2] has been denoted as Madrid-2019 and is able to describe the salts
formed by Li,Na,K,Rb,Cs,Mg,Ca,F,Cl,Br,I,SO4 ions quite well. We will show that the model is
able to describe accurately the properties of seawater for different salinities. We shall present
results of the force field for densities, viscosities, diffusion coefficients, hydration numbers, radial
distribution functions, freezing point depression and maximum in density. The Madrid force field
seems to be a reliable while simple model to perform computer simulations of electrolytes in
water.
[1] I.M.Zeron,J.L.F.Abascal y C.Vega , J.Chem.Phys, 2019, 151, 134504
[2] S.Blazquez,M.M.Conde,J.L.F.Abascal y C.Vega, J.Chem.Phys, 2022, 156, 044505
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Maximum in density of electrolyte solutions: learning about ion-water
interactions and testing force-fields
L. F. Sedano1,2, S. Blazquez2, E. G. Noya1, C. Vega2 and J. Troncoso3
1

Dpto. Química Física I (Unidad Asociada de I+D+i al CSIC), Fac. Ciencias Químicas,
Universidad Complutense de Madrid, 28040 Madrid, Spain.
2
Instituto de Química Física Rocasolano, Consejo Superior de Investigaciones Científicas,
(CSIC) Calle Serrano 119, 28006 Madrid, Spain.
3
Dpto. de Física Aplicada, Universidad de Vigo, As Lagoas s/n, Ourense 32004, Spain.
In this work we studied the effect of Li+, Na+, K+, Mg2+ and Ca2+ chlorides and sulfates on the
temperature of maximum density (TMD) of aqueous solutions at room pressure. Experiments at
1 molal salt concentration were carried out to determine the TMD of these solutions. We also
performed molecular dynamics simulations to estimate the TMD at 1 m and 2 m with the Madrid2019 force-field [1], which uses the TIP4P/2005 water model [2] and scaled charges for the ions,
finding an excellent agreement between experiment and simulation. All the salts studied in this
work shift the TMD of the solution to lower temperatures and flatten the density versus
temperature curves (when compared to pure water) with increasing salt concentration. This shift
( TMD) depends strongly on the nature of the electrolyte. As early as 1840, Despretz stablished
a linear dependence of TMD with the salt concentration (in molality) [3]. We hereby confirm
that the Despretz law holds for all the salts considered here at least up to 1 m. In order to further
explore this phenomenon, we have evaluated (from the experimental results) the contribution
of each ion to the shift in TMD, concluding that Na+, Ca2+ and SO42- seem to induce the largest
changes among the studied ions. Finally, the volume of the system has been analyzed for salts
with the same anion and different cations. These curves provide an insight into the effect of
different ions upon the structure of water. We claim that the TMD of electrolyte solutions entails
interesting physics regarding ion-water and water-water interactions and should therefore be
considered as a test property when developing force-fields for electrolytes. This matter has
remained rather unnoticed for almost a century now and we believe it is time to revisit it.

[1] I. Zeron, J. L. F. Abascal and C. Vega, J. Chem. Phys. 151, 134504, (2019).
[2] J. L. F. Abascal and C. Vega, J. Chem. Phys. 123, 234505, (2005).
[3] M. C. Despretz, Ann. Chim. Phys. 70, 49 (1839); 73, 296 (1840).
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Unsupervised Learning of the Structure and Dynamics of Liquid
Water
Ali Hassanali(ahassana@ictp.it), Adu Offei Danso, Uriel Morzan, Alex Rodriguez, Asja Jelic
International Center for Theoretical Physics
The microscopic description of the local structure of water remains an open challenge. Here, we
adopt an agnostic approach to understanding water's hydrogen bond network using data
harvested from molecular dynamics simulations of liquid water. A battery of state-of-the-art
unsupervised data-science techniques is used to characterize the free energy landscape of water
starting from encoding the water environment using local-atomic descriptors, through
dimensionality reduction, and finally the use of advanced clustering techniques. Analysis of the
free energy at ambient conditions was found to be consistent with a rough single basin and
independent of the choice of the water model. We find that the fluctuations of the water network
occur in a high-dimensional space which we characterize using a combination of both atomic
descriptors and chemical-intuition-based coordinates. We demonstrate that a combination of
both types of variables is needed in order to adequately capture the complexity of the
fluctuations in the hydrogen bond network at different length scales both at room temperature
and also close to the critical point of water. Our results provide a general framework for
examining fluctuations in water under different conditions [1].
We also explore the collective nature of orientational fluctuations on the free energy landscape.
Specifically, we develop an unsupervised protocol for identifying reorientational dynamics in
liquid water. We show that large swings are more likely to occur higher up in the free energy
landscape than smaller amplitude swings. We show that these orientational fluctuations are
collective and occur in waves on the order of tens of picoseconds. These waves of large swings
are found to correlate well with the fraction of defects as well as the fluctuations in local density.

!"#$%&''&(&)*$+,$&)-$arXiv:2112.11894, 2022.
$

your e-mail address goes here as a footnote

Figure shows the 2 projection in UMAP space of the high dimensional free energy which
presents a broad and flat basin.
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Segregation on the nanoscale coupled to liquid water polyamorphism
in supercooled aqueous ionic-liquid solution
Laura Zanetti-Polzi1, Andrea Amadei2 and Isabella Daidone3,*
1
Center S3, CNR-Institute of Nanoscience, Via Campi 213/A, 41125 Modena, Italy
2
Dept. of Chemical and Technological Sciences, University of Rome “Tor Vergata”, Via della
Ricerca Scientifica, I-00185 Rome, Italy
3,
*Dept. of Physical and Chemical Sciences, University of L’Aquila, via Vetoio (Coppito 1), 67010
L’Aquila, Italy
Recent infrared spectroscopic experiments [¹] showed that upon addition of
hydrazinium triuoroacetate to water, the supercooled ionic solution undergoes a
sharp, reversible liquid-liquid phase transition (LLPT) at ambient pressure, possible
o&spring of that hypothesized in supercooled water at high pressure, but
experimentally hidden by homogeneous nucleation. Here, we calculate the
temperature-dependent signature the OH-stretching infrared band, reporting on the
low/high density phase of water, in neat water and in the same experimentally
investigated ionic solution [2]. We show that the LLPT in the ionic solution at
ambient pressure resembles that occurring in neat water at high pressure and that
in the ionic solution a phase transition between the low and high density liquid
states of water is coupled to a mixing-unmixing transition. In fact, at low
temperatures the solution is separated into ion-rich and ion-poor regions and the
water component is a low density liquid, while at high temperatures water and ions
get mixed and the water component is a high density liquid. If segregation on the
nanoscale can occur at ionic concentrations that inhibit crystallization, it also
provides the conditions for not suppressing the liquid water polyamorphism through
the formation of ion-poor water nanoclusters.
[1] S. Woutersen et al., Science, 2018, 359, 1127–1131.
[2] L. Zanetti-Polzi et al., J. Chem. Phys., 2021, 155, 104502.
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Electron-driven liquid polymorphism
Sandro Scandolo
The Abdus Salam International Centre for Theoretical Physics (ICTP)
Extreme conditions of pressure and temperature can induce changes in the electronic structure
of liquids which can in turn cause important changes in their structures and properties. Water
undergoes a change from a molecular, to an ionic, and finally to a metallic state as pressure
increases from ambient to Mbar values [1]. Within the molecular state changes can be more
subtle but are not negligible. For example, we find that the solubility of methane in dense
molecular water is enhanced by pressure-induced polarization effects [2]. Electron-driven
changes dominate the structural and thermodynamic properties of the liquid alkali metals
potassium [3] and rubidium [4] as a consequence of the pressure-induced transition of the
electrons from free-electron-like states to electride-like states localized in the interstitial
regions of the liquid atomic configurations. The transition between the two liquid forms is
relatively abrupt and can be described by a two-state model similar to those developed for
water [5]. Needless to say, modelling such changes requires an ab-initio accuracy in the
description of the electronic states.

[1] C. Cavazzoni et al, Science, 283, 44-46 (1999)
[2] M.-S. Lee and S. Scandolo, Nature Comm. 2, 1-5 (2011); C.G. Pruteanu et al, J. Phys.
Chem. Letters 11, 4826-4833 (2020); C.G. Pruteanu et al, J. Chem. Phys. 156, 054502 (2022)
[3] H. Zong et al, Nature Physics 17, 955-960 (2021)
[4] S. Ayrinhac et al, Phys. Rev. Mat. 4, 113611 (2020)
[5] G.J. Ackland et al, Phys. Rev. B 104, 054120 (2021)

Fig. 1: Electron localization function in liquid potassium in the "electride" state at 26 GPa.
scandolo@ictp.it
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Ab initio spectroscopy of water and influence of Nuclear Quantum Effects on
water dissociation and proton transfer under electric field
Giuseppe Cassone,1 Franz Saija,1 Sebastiano Trusso1
Corresponding author e-mail: cassone@ipcf.cnr.it
1 CNR-IPCF, Viale Ferdinando Stagno d'Alcontres 37, 98158 Messina, Italy

Whereas a boundless literature exists on the spectroscopy of water in disparate conditions [1,2],
infrared (IR) and Raman spectra of water subjected to electric fields have only recently extensively
been investigated. Based on ab initio molecular dynamics (AIMD) simulations, here we present IR
and Raman spectra of bulk liquid water under the effect of static electric fields beneath the
molecular dissociation threshold [3,4]. A contraction of the entire frequency range is recorded upon
increasing the field intensity both in the IR and in the Raman spectra [5]. Whilst the OH stretching
band is progressively shifted toward lower frequencies – indicating a field-induced strengthening of
the H-bond network – all the other bands are up-shifted by the field. The order-maker action of the
field emerges also from the increase of the water tetrahedral order. The kosmotropic effects carried
by the field render the water structure more and more “ice like” as the field strength is increased [5].
Additionally, by means of the same computational protocol, we have studied also the effects of the
application of electric field intensities capable to dissociate the water molecules both in the bulk and
at the air-water interface [6]. Finally, during this talk I will discuss the impact of Nuclear Quantum
Effects (NQEs) on field-induced molecular dissociation and proton transfer phenomena. By
comparing state-of-the-art AIMD and path integral AIMD simulations of water under electric fields,
I will show that quantum delocalization of the proton lowers the molecular ionization threshold to
approximately one-third [7]. Moreover, also the water behavior as a protonic semiconductor is
considerably modified by the inclusion of NQEs. In fact, when the quantum nature of the nuclei is
taken into account, the measured proton conductivity is ∼50% larger [7].

References
[1] X. Wu et al. J. Phys. Chem. Lett. 2018, 9, 1012-1017.
[2] V. Rosza et al. Proc. Natl. Acad. Sci. USA 2018, 115, 6952-6957.
[3] A. M. Saitta et al. Phys. Rev. Lett. 2012, 108, 207801.
[4] Z. Hammadi et al. Appl. Phys. Lett. 2012, 101, 243110.
[5] G. Cassone et al. Phys. Chem. Chem. Phys. 2019, 21, 21205-21212.
[6] F. Creazzo et al. Phys. Chem. Chem. Phys. 2020, 22, 10438-10446.
[7] G. Cassone, J. Phys. Chem. Lett. 2020, 11, 8983-8988.
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Evaluation of Entanglement entropy across Ice VII - Ice X phase
transition
Miha Srdinsek1,2,3, Michele Casula 2, Rodolphe Vuilleumier 3
1 Institut des sciences du calcul et des données, Sorbonne Université
2 Institut de minéralogie, de physique des matériaux et de cosmochimie, CNRS UMR 7590
3 Processus d’Activation Sélectif par Transfert d’Energie Uni-électronique ou Radiative, CNRS
UMR 8640
At pressures around 65 GPa the water ice undergoes a phase transition from a disordered bcc crystal
structure to a symmetric structure, where protons are equally shared between the neighbouring Oxygen
atoms [1, 2]. In this phase transition light mass of the Hydrogen nuclei plays a vital role, due to the
quantum effects that it introduces [3, 4]. A mean-field phenomenological model has been put forward that
explains the phase transition as a quantum phase transition where the effective mean field potential of
each Hydrogen atom breaks the symmetry of the ground state [4]. In order to go beyond the mean-field
picture, we propose to study Quantum Rényi entropy of a subsystem of Hydrogen atoms and its scaling
with the subsystem size. This can be achieved with the recently developed method that can evaluate the
Quantum Rényi entropy in Monte Carlo and Molecular dynamics simulations in complex higher
dimensional realistic simulations [5].
!"#$%&$'&$()*+,-./*0$1&$23/4&$5367&0$"89:0$;<0$9":&$
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Structure of Ice VII and Ice X.

mihasrdinsek@gmail.com
69

WaterX
InternationalInternational
workshop Workshop
May 28 - June 2 2022
WaterX@2022

La Maddalena,
(Italy)
May
28 - June 2Sardinia
2022

Quantum anharmonicity in water ice
Marco Cherubini
Università di Roma, La Sapienza
Quantum anharmonic uctuations play a major role in the description of nuclear vibrations
in molecular crystals like water ice; a unique material presenting a rich phase diagram with
anomalous properties arising from the interplay between the weak hydrogen bonds and
nuclear quantum uctuations. In low pressure ice XI, we proved [1] that the anomalous
volume isotope e$ect originates from a strong nonlinear regime of quantum uctuations on
hydrogen atoms; when progressively increasing the mass of hydrogen from protium to
in%nity (classical limit), the volume %rst expands and then contracts, with a maximum
slightly above the mass of tritium (Fig. 1). In the high pressure regime, the long-time
debated issue of the hydrogen bond symmetrization is solved by simulating the
thermodynamic and vibrational properties of the phase transition from phases VII/VIII to the
symmetric ice X. The inclusion of quantum e$ects produces a reduction of the critical
pressure by 50GPa with respect to a classical approximation and grants perfect agreement
with the experimental isotope e$ect (Fig. 2). The simulation of the Infrared absorption
spectra with a clear underlying crystal structure reveals unique signatures of the phase
transition as the strong intensity increase of the translational mode and the sudden collapse
of the stretching mode in less than 10GPa close to the critical pressure, proving also the
absence of the hypothesized intermediate phase [2], prior to ice X.

[1] M. Cherubini et al, J. Chem. Phys (2021) 155,184502
[2] Pruzan et al, Journal of Raman Spectroscopy, (2003), 34(7-8):591–610
[3] Goncharov et al. (1998) Phys. Rev. Lett. 1999; 83.
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Fig 1: Volume isotope effect for all the atomic species in ice XI at
T=0 K. The black circles indicate the equilibrium volume per
water molecule when the hydrogen mass is increased by keeping
the oxygen mass fixed to its 16O isotope value. The red diamonds
show the equilibrium volume when the oxygen mass is varied with
fixed hydrogen mass. The blue squares stand for the equilibrium
volumes when the mass of the entire water molecule is increased
until reaching the classical limit shown as a reference (green solid
line).
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Fig. 2: Panel a: Experimental phase diagram (extracted from Pruzan et al. [2]). The stability
domain of phases VIII and VII as a function of pressure and temperature is indicated. Open
and closed squares are the transition lines for H2O and D2O ice, respectively, whereas dashed
and dotted lines are fitted curves. Crosses are experimental data for the VII-X phase
transition obtained through Raman scattering [3]. The horizontal dash-dotted and dashed
lines are the expected VII-X transition lines for H2O and D2O ice, respectively.
Experimentally, it is not clear if the transition to phase X (indicated above 100GPa) is direct
or if an intermediate state[2], indicated with the ?? text in the figure, exists. Panel b:
Theoretical phase diagram with the inclusion of quantum fluctuations. Only the phase
boundaries between phase VIII/VII and X are shown. Red diamonds and black squares are the
critical pressure for the VIII-X and VII-X transition respectively in hydrogenated ice.
Deuterated VIII-X and VII-X transitions are indicated with green circles and brown upper
triangles respectively. Empty blue circles indicate the critical line in the classical limit with
the inclusion of thermal fluctuations.
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Ice XIX
Thomas Loerting
Institute of Physical Chemistry, University of Innsbruck, Austria

The hydrogen-bond is a wonder of nature that allows for the unique properties of water, its
dozens of anomalies - and makes life possible as we know it. Nonetheless, we still do not
understand hydrogen-bonded networks in full and keep learning about them. One of the best
fields of study in this context is the richness and variety of such networks of H2O-ice. No
other substance features more polymorphs than water. In my keynote I will describe the
process of the discovery of the 19th polymorph: from our initial suspicion [1], from surprising
calorimetric observations, how we learned more and more and how we hypothesized that this
has to be due to the existence of an unknown ice phase [1, 2]. I will then describe how we
developed the hypothesis and envisioned experimental protocols how to make the unknown
ice phase, first as H2O-ice, and then, even more challenging, as D2O-ice. The latter was
necessary for neutron diffraction experiments – the gold standard for elucidation of the crystal
structure of the new ice, where we had to distinguish between approximately 2000 candidate
structures [3]. The study of the thermodynamic properties of this ice has then made clear that
the phase diagram of water needs to be revised - where a stability range needs to be added
below 100 K and near 1 GPa [1,4]. Furthermore ice XIX represents the only ice polymorph
known that experiences a transition from one H-ordered to yet another H-ordered ice
polymorph, ice XV, and ultimately to the H-disordered polymorph, ice VI – where the Oatom topology remains the same in the transition sequence [3-5]. I finally show kinetic studies
on this unique transition, allowing elucidation of the molecular mechanism of an order-order
transition in H-bonded networks, which involves a transiently disordered state similar to ice
VI [5].
[1] T. M. Gasser et al., Chem. Sci. 2018, 9, 4224 - 4234.
[2] A. V. Thoeny et al., Phys. Chem. Chem. Phys.2019, 21, 15452-15462.
[3] T. M. Gasser et al., Nature Commun. 2021, 12, 1128.
[4] T. M. Gasser et al., J. Phys. Chem. B. 2021, 125, 11777–11783.
[5] A. V. Thoeny et al., J. Chem. Phys. 2022, 156, 154507.
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Medium-density amorphous ice, ice XIX and hydrated
adamantane
Ice is a highly complex material that plays a vital role in a variety of environmental processes
including on Earth, the icy moons of the Solar System and interstellar space. At present, we know 20
crystalline polymorphs of ice and at least at least two distinct amorphous form of ice. However, our
understanding of ice is rapidly developing. In this talk, a variety of new insights from our group into
the highly complex behaviour of condensed H2O are presented.
A substantial density gap between low-density amorphous (LDA) and the high-density amorphous
ices (HDA) with liquid water in the middle is a cornerstone of our understanding of water at low
temperatures. We now show that ball milling ‘ordinary’ ice Ih at low temperature gives a structurally
distinct medium-density amorphous ice (MDA) within this density gap.[1] These results raise the
possibility that MDA is the true glassy state of liquid water or alternatively a heavily sheared
crystalline state. Remarkably, the compression of MDA at low temperature leads to a sharp increase
of its recrystallization enthalpy highlighting that H2O can be a high-energy geophysical material.
Our in-situ pressure neutron diffraction experiments have recently contributed to the discovery of ice
XIX.[2] In contrast to refs [3, 4] we show that ice XIX is a distorted version of the well-known
hydrogen-disordered ice VI phase.[3] The types of distortions observed in XIX are similar to the ones
found for perovskite structures under pressure. Remarkably, the crystallographic changes upon going
from ice VI to ice XIX are consistent with the only type of distortion that makes sense from a
mechanical point of view. Using inelastic neutron spectroscopy, we show that ice XIX is
spectroscopically very similar to ice VI which supports our assignment of ice XIX to a deep-glassy
state of ice VI.[5] We also show that the low-temperature endotherm that has previously been thought
to be characteristic for ice XIX can also be observed for ice VI samples if fast heating rates are
used.[6] In summary, all experimental findings reported so far seem consistent with ice XIX being a
distorted and potentially weakly hydrogen-ordered version of ice VI.
Finally, we use neutron diffraction to solve the structure of the hydration shell of the hydrophobic
adamantane molecule (C10H16) embedded in amorphous ice.[7] The first hydration shell is highly
structured with a 5664-type cage containing 28 molecules. Surprisingly, some of the nearest water
molecules display strong orientation correlations with O-H bonds pointing towards the centre of
adamantane.
[1]
[2]
[3]
[4]
[5]
[6]
[7]

A. Rosu-Finsen, M. D. Davies, A. Amon, A. Sella, A. Michaelides, and C. G. Salzmann,
ChemRxiv, https://doi.org/10.26434/chemrxiv (2022).
C. G. Salzmann, J. S. Loveday, A. Rosu-Finsen, and C. L. Bull, Nat. Comm. 12, 3162 (2021).
R. Yamane, K. Komatsu, J. Gouchi, Y. Uwatoko, S. Machida, T. Hattori, H. Ito, and H. Kagi,
Nat. Comm. 12, 1129 (2021).
T. M. Gasser, A. V. Thoeny, A. D. Fortes, and T. Loerting, Nat. Comm. 12, 1128 (2021).
A. Rosu-Finsen, A. Amon, J. Armstrong, F. Fernandez-Alonso, and C. G. Salzmann, J. Phys.
Chem. Lett. 11, 1106 (2020).
A. Rosu-Finsen, and C. G. Salzmann, Chem. Sci. 10, 515 (2019).
S. K. Talewar, T. Headen, L. C. Pardo, S. O. Halukeerthi, A. Rosu-Finsen, and C. G.
Salzmann, submitted (2022).

c.salzmann@ucl.ac.uk
73

WaterX@2022 International Workshop

WaterX International workshop

May 28 - June 2 2022

May 30 - June 4 2022

La Maddalena, Sardinia (Italy)

Surviving in no-man’s land: Structure and dynamics of deeply
supercooled water

Greg A. Kimmel
Pacific Northwest National Laboratory, Physical Sciences Division
Richland, WA USA

Water plays a prominent role in many areas of physical and biological sciences. Water, though
commonplace, is also highly unusual in comparison to most liquids. Promising models to explain
water’s anomalous properties propose that it is a heterogeneous, temperature-dependent mixture
of two structural motifs. Key phenomena related to this structural heterogeneity are predicted to
occur for deeply supercooled water where fast crystallization has prevented experiments. We
have developed a pulsed laser heating method that allows us to investigate properties of
supercooled water such as its structure, self-diffusion, and relaxation and crystallization kinetics
at temperatures ranging from ~180 K to ~260 K. Over this temperature range, water’s structure
relaxes from its initial configuration to a steady-state configuration prior to appreciable
crystallization. All the observed structural changes are reversible and reproducible by a linear
combination of high- and low-temperature structural motifs [1]. The fraction of the liquid with
the high-temperature motif decreases rapidly as the temperature decreases from 245 to 190 K
consistent with the predictions of two-state “mixture” models for supercooled water in the
supercritical regime. A simple kinetic model based on a distribution of energetic barriers for
rearrangement within a structurally heterogeneous environment accounts for the observed
structural relaxation kinetics [2].

[1] Kringle, Thornley, Kay, and Kimmel, Science 369 (2020) 1490.
[2] Kringle, Thornley, Kay, and Kimmel, PNAS 118 (2021) e2022884118
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Polyamorphism in hyperquenched glassy water and aqueous
solutions
Johannes Bachler, Johannes Giebelmann, Thomas Loerting
Institute of Physical Chemistry, University of Innsbruck, A-6020 Innsbruck, Austria
"Follow the water" is the slogan of NASA when it comes to the search for extraterrestrial life. This is
because most water in our universe is encountered exclusively in solid and/or gaseous form, yet life
requires the presence of the liquid. It is thus not surprising that extensive amounts of research have been
devoted to understanding the behavior of liquid water at all possible conditions. Water is considered
anomalous in many ways, exhibiting for instance divergences of thermodynamic response functions upon
supercooling and polyamorphism [1-3]. The latter indicates the presence of more than one distinct
amorphous ice, one of low-density (LDA) and one of high density (HDA). A natural explanation for this
phenomenon was given by the liquid liquid critical point (LLCP) scenario [4]. In this context, HDA and
LDA are thought to be the glassy proxies of the respective liquids, HDL and LDL, connected by a firstorder transition that terminates in a critical point. Experimental confirmation of the LLCP scenario is
particularly challenging because the purported liquid liquid transition would take place at temperatures
where ice crystallization cannot be avoided [5]. Below this crystallization threshold however, the
amorphous ices can be interconverted reversibly via an apparent first-order transition by either varying
pressure or temperature [6]. Here, one open question is whether the amorphous ices are indeed related to
glassy states, as HDA has been prepared mostly via pressure-induced amorphization of ice I [7, 8]. Some
researchers find evidence that this procedure leads to a glassy state with crystalline remnants, which can
be removed with appropriate annealing procedures [9]. Others argue that the amorphization is due to
mechanical collapse resulting in a nanocrystalline solid [10].
We circumvent this scholarly debate by studying the phase behavior of hyperquenched glassy water
(HGW). HGW is prepared by ultrafast cooling of micron-sized water droplets, which leads to a glassy
low-density state with liquid-like relaxation behavior [11]. We show that HGW experiences a sudden
step-like densification, similar to what has been found for LDA [12]. Furthermore, this densified state
displays a transition resembling the HDA LDA transition found by Mishima upon heating at ambient
pressure [6]. These findings provide strong evidence that compressed HGW and HDA are of similar
nature and are indeed connected to a liquid state. We further probe the influence of solutes on these lowand high-density glasses by extending the procedure to aqueous solutions containing NaCl and LiCl. This
allows for a direct comparison with theory, since cooling rates of hyperquenching and MD simulations
are rather similar. Furthermore, the "salt gap" is closed as hyperquenching experiments are reported for
NaCl H2O, which has been mostly neglected in experiments where LiCl solutions are preferred (see ref.
[13] and references therein). Finally, we look into the question whether phase segregation occurs not only
in slowly and rapidly cooled solutions in experiments [14, 15], but also in hyperquenched solutions.
Whether phase segregation will occur in samples quenched at the K/ns rate is also an open question in
MD simulations, where mW tends to show it [16], but TIP4P does not [17].
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H. Tanaka, C. Vega, L. Xu and L. G. Pettersson, Chem. Rev., 2016, 116, 7463-7500.
O. Mishima, J. Chem. Phys., 1994, 100, 5910 5912.
O. Mishima, L. D. Calvert and E. Whalley, Nature, 1984, 310, 393 395.
K. Winkel, E. Mayer and T. Loerting, J. Phys. Chem. B, 2011, 115, 14141-14148.
M. Seidl, A. Fayter, J. N. Stern, G. Zifferer and T. Loerting, Phys. Rev. B, 2015, 91.
C. G. Salzmann, J. Chem. Phys., 2019, 150, 060901.
I. Kohl, L. Bachmann, A. Hallbrucker, E. Mayer and T. Loerting, Phys. Chem. Chem.
Phys., 2005, 7, 3210-3220.
T. Loerting, W. Schustereder, K. Winkel, C. G. Salzmann, I. Kohl and E. Mayer, Phys.
Rev. Lett., 2006, 96, 025702.
J. Bachler, P. H. Handle, N. Giovambattista and T. Loerting, Phys. Chem. Chem. Phys.,
2019, 21, 23238 23268.
Y. Suzuki and O. Mishima, Phys. Rev. Lett., 2000, 85, 1322-1325.
O. Mishima, J. Chem. Phys., 2007, 126, 244507.
L. Le and V. Molinero, J. Phys. Chem. A, 2011, 115, 5900-5907.
D. Corradini and P. Gallo, J. Phys. Chem. B, 2011, 115, 14161-14166.

Email: Johannes.Bachler@uibk.ac.at

johannes.bachler@uibk.ac.at
76

WaterX International workshop

May 28 - June 2 2022

La Maddalena, Sardinia (Italy)

C. Austen Angell Legacy
(1933-2021)

77

WaterX
InternationalInternational
workshop Workshop
May 28 - June 2 2022
WaterX@2022

La Maddalena,
Sardinia
(Italy)
May 28 - June
2 2022

Austen Angell, liquid polymorphism in water and beyond
Srikanth Sastry
Jawaharlal Nehru Centre for Advanced Scientific Research, Bengaluru, India
The search for critical behavior that may underlie the anomalous behavior of water began in
earnest with the observation by Speedy and Angell [1] of apparent power law divergences in
several thermodynamic and dynamic quantities. The stability limit conjecture by Speedy [2]
prompted ingenious negative pressure experiments by Angell and co-workers [3]. The proposal
of the liquid-liquid phase transition in water [4] led to the appreciation of several aspects of
polyamorphism, including the fragile-to-strong transition [5], proposed by Angell in the case of
water, but subsequently observed in other contexts. The phenomenology of the liquid-liquid
transition has also been explored in other network forming liquids, notably silica [6] and silicon
[7], in which Angell took an active interest and role. The current status of the understanding of
liquid polymorphism, and critical contributions by Angell, will be reviewed.

[1] R. J. Speedy and C. A. Angell, J. of Chem. Phys. 1976, 65 (3), 851-858
[2] R.J. Speedy, J. Phys. Chem. 1982, 86, 982−991.
[3] Q. Zheng, D. J. Durben, G. H. Wolf, C. A. Angell, Science (1991) 254 (5033), 829-832.

[4] P. H. Poole, F. Sciortino, U. Essmann, H. E. Stanley, Nature (1992) 360 (6402), 324-328.
[5] C. A. Angell, J. Phys. Chem. (1993) 97 (24), 6339-6341.
[6] P. H. Poole, M. Hemmati, C. A. Angell, Phys. rev. let. (1997) 79 (12), 2281; I. SaikaVoivod, F. Sciortino, P. H. Poole, Phys. Rev. E (2000) 63 (1), 011202.
[7] S. Sastry, C. A. Angell, Nature Mater. (2003) 2 (11), 739-743.
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Water from one extreme to the other:
equation of state and viscosity from -140 to +1500 MPa
Frédéric Caupin
Institut Lumière Matière, Université de Lyon, Université Claude Bernard Lyon 1, CNRS,
F-69622, Villeurbanne, France
While physical properties of stable water are very well known, there is a need for experimental data in
metastable regions. We have studied water at negative pressure, down to the cavitation limit when the liquid
fails by nucleation of a vapor bubble [1]. I will review our work on the equation of state of light water [2,3],
and report on our ongoing measurements on heavy water. Following the opposite pressure direction, we
used Brownian motions of nanospheres [4] to obtain the shear viscosity

S

of light water, including in the

region above 1 GPa where ice VI is the stable phase. Our results help discriminating between conflicting
reports [5,6]. In the same experiment, we use Brillouin spectroscopy to measure the sound attenuation
coefficient, which gives access to the bulk viscosity
temperature [7] on the ratio

B

B.

I will discuss the effects of pressure and

/ S.

[1] F. Caupin and E. Herbert, C. R. Phys., 2006, 7, 1000-1017.
[2] G. Pallares, M.A. Gonzalez, J.L.F. Abascal, C. Valeriani and F. Caupin,
Phys. Chem. Chem. Phys., 2016, 18, 5896-5900.
[3] V. Holten, C. Qiu, E. Guillerm, M. Wilke, J. Ricka, M. Frenz, and F.Caupin,
J. Phys. Chem. Lett., 2017, 8, 5519 5522.
[4] A. Dehaoui, B. Issenmann, and F. Caupin, Proc. Natl. Acad. Sci. USA, 2015, 112, 12020-12025.
[5] E.H. Abramson, Phys. Rev. E, 2007, 76, 051203.
[6] M. Frost and S.H. Glenzer, Appl. Phys. Lett., 2020, 116, 233701.
[7] O. Conde, J. Teixeira, and P. Papon, J. Chem. Phys., 1982, 76, 3747-3753.
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Maximal valence model of liquid-liquid phase transitions.
Sergey V. Buldyrev1,2, Nikolay A. Shumovskyi2, Thomas J. Longo3, and Mikhail A. Anisimov 3,4
1
Department of Physics, Yeshiva University, New York, NY 10033, USA
2
Department of Physics, Boston University, Boston, MA 02215, USA
3
Institute for Physical Sciences and Technology, University of Maryland at College Park, MD
20742, USA
4
Department of Chemical and Biochemical Engineering, University of Maryland at College Park,
MD 20742, USA
We suggest a maximal valence model [1] which describes liquid-liquid phase transitions associated with
dimerization, polymerization and gelation. In particular, when the maximal valence is equal to 2, it
describes phase separation induced by polymerization, as was recently observed in liquid sulfur [2]. The
model contains three types of interactions: i) atoms attract each other by van der Waals forces which
produce the liquid-gas phase transition at low pressures, ii) atoms may form covalent bonds which induce
polymerization, dimerization and gelation and iii) atoms with maximal valence interact with each other
differently from other atoms. In this sense, our model can be characterized as a two-state thermodynamic
model [3]. In case of sulfur, atoms with two bonds attract to each other by Waals forces stronger than
other atoms. We show that the latter interaction couples polymerization with phase segregation and
produces the liquid-liquid phase transition that was recently observed in sulfur. We implement these three
conditions using a discrete molecular dynamics approach. The phase diagram and structure factor
demonstrate a qualitative agreement with the behavior of real sulfur. The model with maximal valence 5
may be applied to a network-forming liquids, such as water.
[1] E. Zaccarelli et al. Model for reversible colloidal gelation. Phys. Rev. Lett., 94:218301, 2005.
[2] L. Henry et al. Liquid liquid transition and critical point in sulfur. Nature, 584:382 386, 2020.
[3] V. Holten, J. C. Palmer, P. H. Poole, P. G. Debenedetti, and M. A. Anisimov. Two-state
thermodynamics of the StT2 model for supercooled water. J. Chem. Phys., 104502, 2014.

Polymerization reaction (a) and resulting phase segregation (b) in the model of sulfur.
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Stokes-Einstein ratio in deeply supercooled water and water-glycerol
solutions.
Bruno ISSENMANN
Institut Lumière Matière, Université de Lyon, Université Claude Bernard Lyon 1, CNRS,
F-69622, Villeurbanne, France
Many of water's physical properties are anomalous compared to other liquids. Several thermodynamic
scenarii have been put forward to explain those anomalies [1]. One of them is a putative liquid-liquid
transition (LLT) between a low-density and a high-density phase. ST2 and TIP4P/2005 simulations predict
that the Stokes-Einstein ratio !"#, that relates dynamical characteristics of water (viscosity $ and self%$
diffusion coeffient %& : !"# = & )() is related to the temperature difference with the Widom line, that is
the line of correlation length maxima associated with the LLT [2,3].
I will present the Stokes-Einstein ratio that we deduced from our measurements of the viscosity of deeply
supercooled water under pressure (up to 1500bars) using existing self-diffusion data [4]. I will compare it
to the predictions of molecular dynamic simulations, and compare to the Stokes-Einstein ratio that we could
deduce from our measurements on deeply supercooled heavy water [5,6,7] and water-glycerol solutions
[8].
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Density of supercooled water up to 200 MPa
,
Institute of Thermomechanics of the Czech Academy of Sciences,
/5, 182 00 Prague 8, Czech Republic
During past decade, a dual-capillary dilatometer tailored to accurate density measurements of
supercooled water was developed at the Institute of Thermomechanics of the CAS and
successfully involved in experimental studies of ordinary water, heavy water [1] and IAPSO
Standard Seawater. The apparatus principle is based on observing height change of liquid
columns in two capillaries with inner diameter around 0.3 mm. This diameter was chosen to
minimize influence of capillary-wall effects and thus ensure that measured densities represent
bulk liquid. The dual-capillary method gives relative densities, i.e. ratios of density at
a temperature of interest to density at a reference temperature at the same pressure. Providing
reliable reference densities are available, relative densities can be easily converted to absolute
ones. Relative expanded uncertainties (k = 2) of relative densities are estimated to be lower than
5 10-5 for the current experimental setup.
After several years of experience and gradual improvements of dual-capillary method, our recent
experimental data for ordinary water in the temperature range from 238.15 K to 303.15 K from
atmospheric pressure up to 200 MPa are presented and compared with the equation of state for
supercooled water of Holten et al. [2] and selected literature data. In order to enable calculation
of absolute densities within entire pressure range of our measurements, thermodynamic
integration involving recent accurate speed of sounds [3,4] and our experimental results was
carried out yieldning densities along reference temperature isotherm up to 200 MPa.
Water at atmospheric pressure exhibits a density maximum close to 277.15 K. With increasing
pressure, the maximum moves to lower temperatures and above around 27 MPa reaches
supercooled region. The results obtained with dual-capillary dilatometer enable to observe this
movement up to 100 MPa. The pressure dependence of temperature of maximum density is
compared with those obtained for heavy water and seawater showing mutual similarity.

[2] V. Holten, J. V. Sengers, M. A. Anisimov, J. Phys. Chem. Ref. Data 43, 043101 (2014)
[3] K. Meier, A. El Hawary, 17th International Conference on the Properties of Water and Steam (Prague,
Czech Republic, 2018)
[4] C.-W. Lin, J.P.M. Trusler, J. Chem. Phys. 136, 094511 (2012)
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P. Carvalho
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Temporal aspects of order transmission in the nucleation of gas
hydrates and the role of ice
David T. Wu1,2,3, Dalip Kumar2 and Shiang-Tai Lin2
Institute of Chemistry, Academia Sinica, Nangang, Taiwan
2
Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan
3
Chemistry & Chemical Engineering Departments, Colorado School of Mines, Golden, CO, USA
1

Gas hydrates have been of broad fundamental and practical interest due to their ubiquitous
formation under “mildly” extreme conditions, such as at the ocean floor, as a generic behavior
of water structuring in response to small hydrophobic guest molecules. The nucleation of gas
hydrates has likewise been of interest not only for applications but also as a model system for
multicomponent, multiphase nucleation, where the role of transport and interfaces, and
accompanying temporal behavior, play a heightened but not fully understood role.
We investigated the nucleation of methane hydrate in the presence of ice (Ih) at initial CH4
concentrations from 3 to 10 mole % at 250 K and 50 MPa by molecular dynamics. A timefiltered order parameter was used to identify water structure. The initially growing ice
accumulated CH4 molecules near the advancing interface and promoted formation of shortlived partial hydrate cages at the ice surface. This transient hydrate-like order propagated away
from the surface leading to nucleation near but not on the surface. The growing ice front thus
acted to enhance the rate of hydrate nucleation. Ice and hydrate growth then alternated as CH4
concentration oscillated. The Van-Hove space-time correlation function was used to
distinguish the role of molecular diffusion from the transmission of order via different
molecules. 90% of the runs showed such nucleation occurring off the surface, while 10% had
nucleation on the surface and only when the ice front developed a cubic stacking fault.

davidwu@sinica.edu.tw

davidwu@inica.edu.tw
84

WaterX International
workshop
May 28 - June 2 2022
WaterX@2022 International Workshop

La Maddalena, Sardinia (Italy)

May 30 - June 4 2022

Structural changes in gas hydrates under high pressure
Umbertoluca Ranieri
Dipartimento di Fisica, Università di Roma La Sapienza, Piazzale Aldo Moro 5, Rome, Italy
The study of gas hydrates under high pressure has implications for the modelling of the interiors
of some planetary bodies such as Uranus and Neptune, where water and other simple molecules
are expected to coexist at pressures from a few GPa to hundreds of GPa [1].
At pressures above ~1 GigaPascal (GPa), the clathrate structures typical of gas hydrates become
unstable and non-clathrate structures are formed instead. In these non-clathrate high-pressure
structures (

), a large amount of guest molecules or atoms occupy the voids

within hydrogen-bonded water networks resembling known phases of pure water ice. This
inclusion has remarkable effects. For example, density, viscosity, and thermal conductivity can
be different from those of pure ice, and novel exotic properties, such as plastic and superionic
states, might potentially form at substantially lower pressures and temperatures compared to
pure ice.
We performed Raman spectroscopy experiments in diamond anvil cell on methane and hydrogen
hydrates at room temperature and pressures up to 150 GPa. At these extreme pressures, water
gas distances are much shorter than what can be found at normal pressures; thus methane and
hydrogen hydrates provide experimental access to a completely unexplored regime of the water
gas interactions. With assistance from ab-initio molecular dynamics simulations, we identified
some new phenomena in these dense systems, such as orientational ordering of the guest
molecules, coupling of guest and water dynamics, symmetrisation of the hydrogen bonds
between the water molecules, as well as new structures [2, 3, 4].

[1] L. E. Bove and U. Ranieri, Phil. Trans. R. Soc. A 377, 20180262 (2019).
[2] S. Schaack et al., J. Phys. Chem. C 122, 11159 (2018).
[3] S. Schaack et al., PNAS 116, 16204 (2019).
[4] U. Ranieri et al., under preparation.
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Amorphous States of Clathrate Hydrates
Paulo H. B. Brant Carvalho
Department of Materials and Environmental Chemistry, Stockholm University, Sweden

Pressure-induced transformations in clathrate hydrates akin to those of amorphous ices
and evidence of distinct amorphous states in their neutron structure factor functions, S(Q).
Clathrate hydrates (CHs) are crystalline solid compounds of water and small guest species such as H2 and
CH4 [1]. Guests are entrapped within cages in frameworks of hydrogen-bonded water molecules (cf.
Figure). CHs undergo structural transitions to denser hydrate phases and filled ice structures when
compressed to very high pressures (several kbar) near room temperature [2]. At temperatures below 130 K
they instead undergo pressure-induced amorphization similarly to the process that transforms pure ice into
high-density amorphous (HDA) ice [3]. Further, distinct amorphous states are observed in amorphous CHs,
which can be densified into a very-high-density amorphous state (VHDA) upon heat-cycling HDA at high
pressures and, thereafter, recovered to atmospheric pressure as an amorphous solid (RA). We find using
neutron scattering important distinctions between the polyamorphism in CHs and pure ice. We investigated
the existence of hydrate amorphs, their structure and their diversity with respect to composition, precursor
clathrate structure, nature and size of the guests. We identified and analyzed the local structure of
amorphous hydrates, transformations and the impact that different guests cause in structure and
amorphization. The complexity of amorphous CH phases is then put in the context of the behaviour of pure
water ice.
[1] D. W. Davidson, Y. P. Handa, C. I. Ratcliffe, J. S. Tse, and B. M. Powell, The Ability of Small Molecules to Form
Clathrate Hydrates of Structure II, Nature 311, 142 (1984).
[2] J. S. Loveday and R. J. Nelmes, High-Pressure Gas Hydrates, Phys. Chem. Chem. Phys. 10, 937 (2008).
[3] Y. Suzuki, Evidence of Pressure-Induced Amorphization of Tetrahydrofuran Clathrate Hydrate, Phys. Rev. B Condens. Matter Mater. Phys. 70, 172108 (2004).
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Influence of the ionic defects on the super-protonic conductivity of
strong acid hydrates
Sophie Espert1,2, Fabrice Mauvy3, Brice Kauffmann4, Daniel Sanchez-Portal2, Arnaud Desmedt1
1

Groupe Spectroscopie Moléculaire, ISM UMR5255 CNRS-Univ. Bordeaux, 33405 Talence, France.
Centro de Física de Materiales CSIC-UPV/EHU-DIPC, E-20018, Donostia–San Sebastián, Spain.
3
ICMCB, UMR5026 CNRS-Univ. Bordeaux, France.
4
IECB, UMS3033 / US001 CNRS-INSERM-Univ. Bordeaux, Pessac, France.

2

Designing new devices dedicated to energy storage and production is at the center of nowadays
concerns. In this area, the development of new electrolytes is of prime importance. Clathrate hydrates
systems represent an opportunity as a new electrolyte for fuel cells, for which fundamental questions
are opened. Clathrate hydrates [1] possess interesting properties depending on the nature of the
invited molecules, due to their nanostructuration and their specific physical-chemistry properties
[2,3]. When acidic species are encapsulated, clathrate hydrates are classified as super-protonic
conductors, due to the encapsulation of anionic species generating delocalized protons into the
cationic cage network [4,5]. To better understand the conductivity mechanism, experimental and
theoretical approach are combined in the cases of HClO4 and HPF6 hydrates – both systems being
among the best conductors [6,7].
Two issues are addressed: the role played by the ionic defects in terms of concentration and of
localization in the clathrate structure. It is possible to prepare mixed hydrates (i.e. encapsulating two
guest species) by co-including HClO4 acid and tetrahydrofuran (THF) molecules. By varying the ratio
of THF to HClO4, such mixed hydrates offer the opportunity to tune the concentration of the acidic
defects in the clathrate structure [8]. By means of impedance measurements, it is shown that the
protonic conductivity is controlled by the ionic defect concentration, but also by the formed clathrate
structure as revealed by X-ray diffraction analysis. Regarding the ionic localization, HPF6 hydrates
exhibit molecular defects, due to the existence of impurities (e.g. H3PO4) associated with the high
reactivity of the anions [6]. Locating these defects at a molecular scale and understanding their effect
is a fundamental question for improving the electrolytic properties of the strong acid hydrates.
Quantum mechanics calculations have been employed to investigate such properties in the Density
Functional Theory (DFT) approximation.
[1] E.D. Sloan and C.A. Koh, Clathrate Hydrates of Natural Gases, 2008; Taylor & Francis-CRC Press: Boca Raton, FL.
[2] Broseta et al, Gas hydrates 1: Fundamentals, Characterization and Modeling, 2017; WILEY-ISTE, London.
[3] Ruffine et al, Gas hydrates 2: Geosciences and Applications, (2018); WILEY-ISTE, London.
[4] Desmedt et al, Solid State Ionics, 252 (2013) 19-25
[5] Bedouret et al, J. Phys. Chem. B, 118 (2014) 13357-13364.
[6] Cha et al, J. Phys. Chem. C,112 (2008) 13332-13335.
[7] Desplanche, Espert et al, articles in preparation (2022).
[8] Desmedt et al, J. Phys. Chem. C, (2015), 119, 8904−8911.
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The stability field of high-pressure CO2 hydrates
Marcello Sega
Helmholtz-Institut Erlangen-Nürnberg, Forschungszentrum Jülich, Fürther Straße 248, D-90429
Nürnberg, Germany
In 2010, Hirai and coworkers found[1] that at high pressure the CO2 clathrate hydrate changes from the sI
form into a previously unknown state, that decomposes into dry ice and ice VI when reaching 10 kbar.
Experimental evidence[2,3] shows that the water network characterizing this new hydrate is, in fact, ice
XVII, which possesses open helicoidal channels that give the structure a chiral nature. However, the
question of the stability field boundaries of this hydrate is still open. I will present the results of molecular
dynamics simulations[4] that were used to compute the phase diagram of CO2 hydrates at high pressure,
from 0.3 to 20 kbar, investigating the stability of the sI and chiral hydrates upon heating (melting) as well
as the phase changes upon compression. The CO2-filled ice XVII turns out to be more stable than the sI
clathrate and than the mixture of ice VI and dry ice at pressure values ranging from 6 to 18 kbar and in a
wide temperature range. A phenomenological correction can take into account the limitation of the model
potentials and suggests that the stability should more realistically range from 6.5 to 13.5 kbar. The
simulation results support the current hypothesis that the chiral CO2 hydrate is stable at temperatures
above the melting curve of ice VI[5].
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Direct coexistence simulation of CO2 sI clathrate / water(l) / CO2(l)
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Recent Non-Linear optics results at the EIS
instruments
R. Mincigrucci1, L. Foglia1, C. Masciovecchio1, F. Bencivenga1
1

Elettra Sincrotrone Trieste, Trieste, Italy

FERMI is a world unique free electron laser, that thanks to the seeding scheme can deliver coherent
pulses up to the carbon K edge, with an exquisite polarization, photon energy and timing control.
These properties, corroborated by multi-colors emission schemes permit to perform non-linear optics
time-resolved experiments, with the long dreamed achievement of the chemical sensitivity. In this
talk, I will present recent non-linear optics experiments conducted at the EIS-TIMER and EIS-TIMEX
beamlines aimed at resolving with chemical sensitivity different dynamics in prototypical systems.
Experimental upgrades involving the liquid jet technology will be presented as well.
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Two-fluids model investigated by THz time-domain spectroscopy
E. Nikollari1, A. De Ninno2, F. Frezza1, M. Missori3
1.
2.
3.

Department of Information Engineering, Electronics, and Telecommunications, Sapienza University of Rome,
Rome 00184, Italy
ENEA-Frascati Research Centre, via E. Fermi 45, Frascati 00044 (Roma), Italy
Institute for Complex Systems, National Research Council (CNR-ISC) and Department of Physics, Sapienza
University of Rome, Piazzale Aldo Moro 5, Rome 00185, Italy

We have measured the dielectric permittivity of pure water and aqueous chlorides solutions in
the range 0.2-1.5THz. Considered the relaxation spectral function as the weighted sum of two
independent single-parameter Debye functions [1] we have been able to drastically reduce the
number of the parameters used in the fit.
The experimental data in the THz range for pure water and solutions of LiCl, KCl, NaCl, and CsCl
are very well reproduced by the linear combination of two single-parameter Debye function [2].
References
[1]. A. De Ninno, M. De Francesco, ATR-FTIR study of the isosbestic point in water solution of
electrolytes, Chem. Phys. 513 (2018) 266–272.
[2]. A. De Ninno, E. Nikollari, M. Missori, F. Frezza, Dielectric permittivity of aqueous solutions
of electrolytes probed by THz time-domain and FTIR spectroscopy, Physics Letters A 384 (2020)
126865

Real ε¢ and imaginary ε¢¢ parts of the dielectric permittivity of pure water as a superposition of two Debye
processes. The dashed coloured lines represent the maximum possible contribution of the respective
processes (for N=1 in the case of the slower fraction and for N=0 in the case of the faster one).
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X-ray holographic imaging of cavitation dynamics and shock waves
with single FEL pulses
Hannes Hoeppe
Institute for X-ray Physics, Georg-August-University Göttingen
Small transient or strongly driven cavitation bubbles in liquids exhibit a range of interesting
nonlinear eects, from violent collapse, shockwave emission and sonoluminescence to
chemical reactions. In the last decades, optical techniques investigating these phenomena
have been greatly optimized and likely reached their limits. Free-electron lasers with pulse
duration of sub-100 fs have now enabled single-shot X-ray imaging of fast dynamic
processes, which provides a unique quantitative contrast directly proportional to the
electron density of the sample. We investigated laser-induced cavitation and shock wave
emission in both bulk water [1,2] and a µ-liquid jet [3], in a pump-probe scheme. We
obtained quantitative density and pressure pro,les of the shock wave in the ,rst
nanoseconds after laser incidence and compared them with a typical hydrodynamic model
[1]. First results from a follow-up experiment will be presented, investigating the collapse of
a single acoustically driven sonoluminescent cavitation bubble. We also propose the
combination of X-ray holography with X-ray scattering to access both the spatial density
distribution of the scene and the local molecular structure of water during a fast process [4].
[1]

[2]

[3]
[4]

M. Vassholz, H. P. Hoeppe et al. “Pump-probe X-ray holographic imaging of laserinduced cavitation bubbles with femtosecond FEL pulses”. Nat. Commun. 12, p. 3468
(2021).
M. Osterho, M. Vassholz et al. “Nanosecond timing and synchronization scheme for
holographic pump–probe studies at the MID instrument at European XFEL”.
J. Synchrotron Radiat. 28, p. 987-994 (2021)
J. Hagemann, M. Vassholz et al. “Single-pulse phase-contrast imaging at free-electron
lasers in the hard X-ray regime”. J Synchrotron Rad. 28, p. 52-63 (2021).
M. Vassholz, H. P. Hoeppe et al. “Structural dynamics of water in a supersonic
shockwave”. submitted to Phys. Ref. Lett. (2022).

a) Schematic of the pump-probe experiment. The divergent XFEL pulse probes laser-induced cavitation
in bulk water. b) exemplary time series with the X-ray hologram in the upper left and phasereconstruction in the bottom right corners. c) radial pressure pro,les of shock waves probed at
Δt = 5 ns, compared to simulated pro,les. Figures adapted from [1,2].
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Intermolecular correlations in water probed by femtosecond
Elastic Second Harmonic Scattering
Tereza Schönfeldová, Nathan Dupertuis and Sylvie Roke
Laboratory for fundamental BioPhotonics (LBP), École Polytechnique Fédérale de Lausanne (EPFL)
Liquids exhibit complex structures due to fluctuating intermolecular interactions. Although such
fluctuations average out on macroscopic time and length scales this is not necessarily true at
femtosecond timescales. Here, we present femtosecond elastic second harmonic scattering (fsESHS) of liquids with different types of intermolecular interactions: water in comparison to a model
liquid (CCl4). Carbon tetrachloride generates incoherent scattering patterns that match scattering
patterns of an isotropic liquid (non-interacting nonlinear dipoles). However, liquid water shows an
increase of the second harmonic signal due to the coherent contribution indicative of the presence
of orientational correlations in the liquid. Our findings will be discussed together with MD
simulations to correlate these changes to different hydrogen bond network building blocks.
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Investigation of water confined in PNIPAM environment
Letizia Tavagnacco
CNR-ISC and Department of Physics, Sapienza University of Rome, 00185 Rome, Italy
Microgels are colloidal-scale polymer networks that, when the constituent polymer is
thermoresponsive such as poly(N-isopropylacrylamide) (PNIPAM), can undergo a volume phase
transition at a temperature close to the ambient one of great interest for several applications
[1]. In this talk I will discuss how microgels show very interesting features even at low
temperatures. By comparing atomistic molecular dynamics simulations and neutron scattering
experiments I will provide evidence that PNIPAM microgels can undergo a dynamical transition
akin to that observed in proteins [2], showing that water-polymer coupling plays a driving role
in the transition [3]. I will also highlight the importance of water for a reliable in silico
description of a polymeric aqueous solution [4,5]. Moreover, I will show that while the low
temperature dynamical transition is observed also in polymer chains suspensions, thus
independently on the macromolecular architecture [6], PNIPAM microgels have a unique
capability of suppressing water crystallization, much stronger than linear chains [7]. This latter
feature of microgels could be useful to investigate water properties in the no man’s land and
the occurrence of the liquid–liquid phase transition [8].

[1] F. Scheffold, F., Nat. Commun. 2020, 11, 4315.
[2] M. Zanatta, L. Tavagnacco, E. Buratti et al., Sci. Adv., 2018, 4, eaat5895.
[3] L. Tavagnacco, E. Chiessi, M. Zanatta et al., J. Phys. Chem. Lett., 2019, 10, 870−876.
[4] L. Tavagnacco, E. Zaccarelli, E. Chiessi, J. Phys. Chem. B, 2022, 10.1021/acs.jpcb.2c00637
[5] L. Tavagnacco, E. Chiessi, E. Zaccarelli, Phys. Chem. Chem. Phys., 2021, 23(10),
5984−5991.
[6] L. Tavagnacco, M. Zanatta, E. Buratti et al., Phys. Rev. Res., 2021, 3(1), 013191.
[7] E. Buratti, L. Tavagnacco, M. Zanatta et al., J. Mol. Liq., 2022, 355, 118924.
[8] P. G. Debenedetti, F. Sciortino, G. H. Zerze, Science, 2020, 369(6501), 289−292.
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Design Smart Polymeric Materials for controlled, selective and
reversible adsorption at the nanoscale
Barbara Capone1, Sara Del Galdo1, Pietro Corsi1, Carlo Andrea De Filippo1, Luca
Stefanuto1, Tecla Gasperi1
1Science

Department, Roma Tre University, Rome, Italy

Designing nanomaterials for selective and tunable adsorption/release is a topic of extremely
wide interest, with a manifold of possible applications, spanning from biomedical ones, with
the realisation of functionalised systems for drug delivery [1], up to more applied materials for
selective removal of contaminants in water [2].
The creation of a pipeline leading to the design, and consequent realisation, of the optimal
material, requires a multidisciplinary approach, as a multitude of details, from the atomic up to
the meso scale, have to be considered.
With this talk, we will show a generalised path that, starting from atomistic simulations tailored on experimental synthesis - passes through a multiscale theoretical and computational
process, and finally reaches its final experimental goal, with the realisation of functionalised
nanoparticles with fully controllable and tunable properties.
Through a hybrid theoretical and experimental approach, we will show how to choose and tune
atomistic details in general classes of polymers to assess the optimal sub-category of polymeric
adsorbers. A multiscale strategy will then be implemented to assess how to exploit the selected
optimal polymeric classes by assembling them in polymeric macromolecules, and specifically
how to unveil the role played by the geometry of the macromolecules in both adsorption and
selectivity [3]. We will then show that it is possible to define universal classes of adsorbers just
retaining a few microscopic details [4]. Finally, we will present an experimental realisation of a
designed nanomolecular adsorber [5,6].
[1] C. P. Reis, Therapeutic Delivery 10, 401 (2019).
[2] Yang J, Hou B, Wang J, et al. Nanomaterials (Basel) 9(3):424, 2019
[3] P. Corsi, A . Gonzalez Garcia, E. Roma, T. Gasperi, and B. Capone, Soft Matter 17, 3681
(2021).
[4] P. Corsi, C. A. De Filippo, S. Del Galdo, B. Capone, submitted 2022
[5] E. Roma, P. Corsi, M. Willinger, N. S. Leitner, R. Zirbs, E. Reimhult, B. Capone, and T.
Gasperi, ACS applied materials & interfaces 13, 1386 (2021).
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[6] E. Roma, P. Corsi, B. Capone, E. Reimhult, and T. Gasperi, AIP Conference Proceedings
2416, 020018 (2021).

Cylindrical polymeric macromolecule (bottlebrush) adsorbing a predetermined cargo
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Low- and high-density forms of liquid water revealed by a new
medium-range order descriptor
Laura Zanetti-Polzi
Center S3, CNR Institute of Nanoscience, Via Campi 213/A, Modena, Italy.
The existence of two metastable liquid phases of water differing in density and ending up at a metastable
liquid-liquid critical point is the most known and intriguing scenario to explain many anomalies of water.
Given that the direct experimental observation of the hypothesized liquid-liquid phase transition is
hampered by crystallization, computational approaches able to enter the
advances in the understanding of the two metastable liquid forms (the low-density liquid, LDL, and the
high-density liquid, HDL) and of their interconversion in supercooled conditions. Many efforts have been
devoted to the development of order parameters able to describe the local structure of water networks and
to discriminate between the low and high density phases in computer simulations. The most commonly
used are the local structure index, the tetrahedrality parameter, the d5 parameter and
.
We propose a new order parameter borrowed from the graph-theory framework, i.e., the node total
communicability (NTC), for the structural characterization of liquids at the single-molecule level. This
descriptor accounts for the cumulative connectivity and thus reports on the packing of the hydration shell
of each water molecule in the network taking into account medium- to long-range order information and
many-body effects [1]. This order parameter is able not only to accurately report on the different highdensity-liquid (HDL) and low-density-liquid (LDL) water phases postulated in the liquid-liquid phase
transition hypothesis, but also to show that HDL-like forms are not homogeneous but rather composed by
regions at different local density. In particular, the presence of patches at very high density with an increased
number of interstitial water molecules is unveiled, both under pressure and at ambient conditions.

Topological distribution of the water nodes with different NTC values. High NTC regions
in which an increased number of interstitial water molecules is observed are highlighted.
[1] C. Faccio et al., J.Mol. Liq. 2022, 355, 118922
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Bulk and Hydration Water Dynamics
in a Responsive Polymer Solution at Ambient and High Pressure
Alfons Schulte2, Bart-Jan Niebuur1, Wiebke Lohstroh3, Marie-Sousai Appavou4,
Christine M. Papadakis1
1
TU München, Physics Department, Soft Matter Physics Group, James-Franck-Str. 1,
85748 Garching, Germany
2
Department of Physics and College of Optics and Photonics, 4111 Libra Drive,
University of Central Florida, Orlando, FL 32817-2385, USA
3
Heinz Maier-Leibnitz Zentrum (MLZ), 4Jülich Centre for Neutron Science (JCNS) at MLZ,
Lichtenbergstr. 1, 85748 Garching, Germany
The water dynamics is key to functionality and phase behavior of synthetic and biological polymers.
Responsive polymers react reversibly to external stimuli such as temperature and pressure triggering
chain collapse and phase separation. We investigate the dynamic behavior of hydration water in a 25 wt%
aqueous Poly(N-isopropyl acrylamide) (PNIPAM) solution in dependence on temperature (25 – 50 oC)
and pressure (0.1 – 130 MPa) employing quasi-elastic neutron scattering (QENS) [1]. The susceptibility
spectra span the frequency range from 2 GHz to 2 THz at momentum transfers between 0.7 and 1.7 A-1
and reveal the relaxation peak of the hydration water near 10 GHz, in addition to the known diffusive and
effective local and vibrational processes of bulk water [2]. Evaluating the temperature dependence, we
find that, at atmospheric pressure, the relative population of (bound) hydration water sharply decreases
upon heating from the one-phase to the two-phase state, i.e. the chains dehydrate strongly at their coil-toglobule transition. In contrast, at 130 MPa, no sharp decrease is observed, i.e. the dehydration takes place
over a much broader temperature range consistent with recent molecular dynamics computations [3]. This
suggests an enhanced hydrophobic hydration at high pressure. QENS measurements also shows that the
bound water and bulk solvent dynamics are significantly altered by addition of a co-solvent [4].

Fig.1: Imaginary part of the dynamic susceptibility ’’(q, ). (a) PNIPAM / H2O at q = 1.65 Å-1 in
the one-phase region, (b) in the two-phase region [1]. The lines are overall fits including
contributions from bulk water diffusional d, local l, and vibrational processes v. h denotes the
relaxation process of hydration water and e the elastic fraction. (c) Fractional populations fi of
different water species at variable temperature, averaged over the measurements at q = 1.45,
1.55 and 1.65 Å-1. Open symbols: at 0.1 MPa, closed symbols: at a pressure of 130 MPa.
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Wide-angle X-ray scattering and molecular dynamics simulations of
supercooled protein hydration water
Maddalena Bin
PhD student, Stockholm University

Topic: Confined water and aqueous solutions
There has been a long-lasting debate about the so-called protein dynamic transition, which occurs
for many proteins around 220 K [1]. Below this temperature proteins lose their conformational
flexibility and biological function. It has been proposed that this dynamic transition is related to
internal conformational changes of the protein, whereas other studies suggest that the solvent, i.e.
water, plays a crucial role in connection to the fragile-to-strong transition or to the crossing of the
proposed Widom line [2]. The protein transition is often associated with changes in the dynamics
of the system, such as in the mean-squared displacement, whereas experimental evidence of
structural changes is sparse.
Here we present our studies on the structural properties of hydrated proteins by using a
combination of wide-angle X-ray scattering and molecular dynamic (MD) simulations [3].
Experimentally, crystallization is suppressed by controlling the protein hydration level, which
allows access to temperatures down to T=175 K. The experimental data shows that the hydrated
protein scattering intensity exhibits a crossover at 220 K (Fig.1A), at which the protein dynamic
transition is expected. The MD simulations allow us to decompose the contributions from protein
(Fig.1B), nearly temperature independent, and hydration water (Fig.1C), which shows
temperature-dependent changes similar to bulk water [4]. Moreover, the calculated temperaturedependent radial distribution function of hydration water indicates that the tetrahedral distance of
water molecules becomes more pronounced upon cooling.
We recently performed X-ray Photon Correlation Spectroscopy measurements at Petra III
investigating the same system, i.e. hydrated protein powders, aiming at getting beam effects on the
proteins and dynamical information. Specifically, intensity auto-correlation functions and twotime correlation functions at variable temperatures are under analysis.
[1] D. Ringe and G. A. Petsko, Biophys. Chem., 2003, 105, 667–680
[2] P. H. Poole et al., Nature, 1992, 360, 324–328
[3] M. Bin et al., Phys. Chem. Chem. Phys., 2021, 23, 18308
[4] K. H. Kim et al., Science, 2017, 358, 1589–1593
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Figure 1: (A) Hydrated protein powder h=0.25 (h=mass of water / mass of protein). Experimental scattering
intensity as a function of momentum transfer Q for the temperature range from 175 to 290 K (colored solid
lines) Inset. The relative amplitude is calculated by taking the ratio of scattering intensities of the peaks in
(A) indicated by vertical dashed lines. The temperature dependence of the simulated scattering intensity
arising from (B) the protein and (B) water molecules. The asterisks indicate the peak positions and an offset
has been introduced to facilitate comparison [4].
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Polymer solubility: the subtle interplay between water-water and
polymer-water interactions
Sara Del Galdo1, Pietro Corsi1, Carlo Andrea De Filippo1, Luca Stefanuto1, Tecla Gasperi1 and
Barbara Capone1
Science Department, Roma Tre University, Rome, Italy
Polymer solubility is governed by the balance between polymer-solvent interactions
and intra and/or inter polymer interactions, as a result of both enthalpic and
entropic contributions. However, the nano-scale dimension of these systems
complicates the scenario: in fact, the possible threedimensional conformations of
the solute and the inherent uctuations, the chemical nature of the atoms exposed
to the solvent and the surface topography dramatically a ect solvation.[1] All these
aspects are addressed experimentally as well as reproduced by atomistic
simulations (as Molecular Dynamics, MD, simulations).[2,3] This work aims at
investigating by means of MD simulations peculiar features of macromolecular
hydration.
Moreover, a peculiar class of macromolecules is constituted by thermoresponsive
polymers, namely systems that undergo a temperature induced solubility phase
transition in solution.[3] In fact, the temperature change leads to a modi.cation of
the quality of the interactions of the polymer with the solvent and, as a
consequence, the average size of the polymer turns into a more (or less) collapsed
structure. By focusing on thermoresponsive systems (eg polyoxazolines), .rst
results on the role played by the water - polymer interactions when changing the
temperature thus going from high to poor solubility conditions, will be highlighted.

[1] E. Xi, V. Venkateshwaran, L. Li, N. Rego, A. J. Patel and S. Garde, Proc. Natl.
Acad. Sci. 2017, 114, 13345-13350.
[2] S. Del Galdo, M. Chiarini, C. Casieri and I. Daidone, J. Mol. Liq., 2022, 357,
119038.
[3] E. Roma, P. Corsi, M. Willinger, N. S. Leitner, R. Zirb, E. Reimhult, B. Capone and
T. Gasperi, ACS Appl. Mater. Interfaces, 2021, 13, 1386-1397.
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