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time Sunday June 3

19:30 Welcome Cocktail

time Monday June 4 - Chair R. Saykally

8:30 Opening & Registration

9:00 J. Teixeira

9:45 F. Caupin

10:15 R. Grisenti

10:35 A. Angell

10:55 A. Anisimov

11:15 Coffee Break

11:35 P. Launois

12:05 W. Schranz

12:25 M. Chaplin

12:45 M. Belyanchikov

12:55 Discussion

13:15 Lunch

14:30 T. Whale

15:00 W. Kuhs

15:20 F. Pietrucci

15:40 E. Sanz

16:30 Excursion: Caprera Trail or Garibaldi 
Museum

20:00 Town Talk: F. Bruni
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time Tuesday June 5 - Chair W. Kuhs

7:00 Sunrise Trail to Tahiti #

9:00 G. Galli

9:45 A. Goncharov

10:15 J. M. Brown

10:35 C. Q. Sun

10:55 F. Mouhat

11:05 Coffee Break

11:30 S. Klotz

12:00 C. Salzmann

12:20 A. Thöny

12:40 J. Espinosa

12:50 Discussion

13:10 Lunch & Free Time

15:40 Coffee Break

16:00 G. Franzese

16:30 P. Poole

16:50 P. H. Handle

17:10 J. Russo

17:30 F. Martelli

17:50 Break

18:00 Flash Presentations

18:50 Apero-Poster
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time Wednesday June 6 - Chair A. Goncharov

9:00 A. Sum

9:45 J. Loveday

10:15 U. Ranieri

10:35 F. Finocchi

10:55 R. Gaal

11:05 Coffe Break

11:30 R. Saykally

12:00 H. J. Bakker

12:20 C. Petuya

12:40 M. Lemaire

12:50 Discussion

13:10 Lunch 

14:30 L. Michot

15:00 T. Dufils

15:20 B. Journeaux

15:40 Coffee Break

16:00 M. A. Ricci

16:30 R. Shi

16:50 A. Di Cicco

17:10 V. Cristiglio

17:30 Discussion

17:50 Punta Tegge Sunset Apero *
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time Thursday June 7 - Chair C. Alba Simionesco 

8:30 V. Molinero

9:15 N. Levinger

9:45 S. Meloni

10:05 B. Rossi

10:25 L. Tavagnacco

10:35 Boat Excursion ##

18:00 G. Schirò

18:30 P. Gallo

18:50 L. Comez

19:10 M. Paolantoni

19:20 C. Bottari

19:30 Free Time

20:15 Bus to Social Dinner 
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# max 10 places available. 
* An apero-dinner is available at Zi’ Anto restaurant in Punta Tegge 
under request (price 25 €). 
## a local fee of 5 € will be requested when entering the ‘Parco’. 
** Scuba-diving will be operated by Best Shark Diving Center under 
request (Introductory lesson: price 10 €, 2h excursion: 55€). 
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time Friday June 8 - Chair TBC

7:00 Sunrise Scuba Diving **
9:00 E. Backhus

9:45 A. Berger

10:05 B. Chazallon

10:25 P. Giura

10:35 F. Formisano

10:45 Coffe Break

11:05 G. De Giudici

11.35 N. Ganfoud

11:55 B. Capone

12:15 Discussion & Closing Remarks

13.00 End
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An experimentalist view of the properties of liquid water at low 
temperature 

Jose Teixeira 

Laboratoire Léon Brillouin (CEA/CNRS), France 

The puzzling properties of liquid water at low temperature fed a very large 
literature since the 19th century, at the time of the conjectures of W. 
Roentgen. Today, thermodynamic, transport, structural and dynamic data of 
bulk samples cooled down close to the homogeneous nucleation temperature 
are well known. The unusual temperature dependence of some properties 
generate discussions and speculations since almost half a century, without 
emergence of any definitive model universally accepted.  
The main questionable points are a consequence of numerical extrapolations, 
measurements under external constrains (confinement, solutions), analogies, 
computer simulations using effective potentials or simple conjectures. 
Experiments with bulk samples able to supercool until the minimum attainable 
temperatures are very rare because of the difficult conditions imposed by 
metastability.  
Moreover, it is often forgotten that an experimental feature is more useful 
when it excludes a model rather than being compatible with another!  
I will review a few among the many models that guesstimate water properties 
in the hidden domain of temperature extending from homogeneous nucleation 
to glass transition temperatures, which remains inaccessible to experiment.  
In particular, I will examine the unlikely compatibility of mixture models both 
with structural data and with quantitative evaluations of the properties of 
assumed coexisting phases.  
As well, I will comment some less discussed results on dynamics of 
intermolecular bonds in relation to the strong non-Arrhenius temperature 
dependence of transport properties of supercooled water.  
Finally, I will call the attention to the importance of studies of liquid water at 
atomic scale, isotopic and quantum effects and vibrational density of states, 
which called less attention than thermodynamic extrapolations.  
Despite a somewhat pessimistic picture of the situation, it is possible that a 
critical face-off of all available data succeeds on eliminating a few models, only 
way to converge towards a comprehensive knowledge of water physics.  

jose.teixeira@cea.fr                            Monday, June 4 
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Thermodynamic certainties and two-state speculations about the 
anomalies of water 

Frédéric Caupin 

Université Claude Bernard Lyon 1, France 

Water is often presented as the liquid with the most anomalies, and there has 
been much debate about their origin. A question arises about the hierarchy of 
anomalies, as some can be seen as the consequences of others.  

This question is at the heart of the scenarios proposed for water. In 1982, 
Speedy [1] considered the relation between the line of density maxima and the 
stability limit of the liquid, resulting in the stability-limit conjecture. In 1996, 
Sastry et al. [2] showed that the increase in compressibility upon lowering the 
temperature of a liquid that expands on cooling is a thermodynamic necessity, 
and introduced the singularity-free interpretation. In 2005, Poole et al. [3] 
proved another relation between extrema in density and heat capacity. 
Motivated by these works and our experiments on sound velocity in metastable 
water, we have recently shown additional relations between extrema in sound 
velocity, compressibility and density [4].  

We have brought water to negative pressure using microscopic Berthelot tubes, 
and measured sound velocity by Brillouin light scattering. Interpolating and 
integrating the sound velocity data yields an experimental equation of state for 
water down to its cavitation limit, and also in the doubly metastable region 
where water is both stretched and supercooled. The temperature of density 
maximum increases from 4 °C at ambient pressure to 18 °C at -137 MPa [4]. 
Lines of extrema in sound velocity, compressibility and density are observed, in 
the order prescribed by thermodynamics. Most significantly, a line of 
isothermal compressibility maxima along isobars is found for the first time. 
Such a line is a necessary condition for the singularity-free interpretation [2] 
and the second critical point scenario [5].  

In the second part of the talk, I will review recent works with a 
phenomenological two-state model. This model postulates that the 
thermodynamics of water is described by a non-ideal mixture of two species in 
chemical equilibrium. The two species exhibit normal properties, but their 
varying fraction gives rise to anomalous behaviour. The two-state model gives 
an accurate description of the thermodynamics of experimental [6] and 
simulated [7] water, assuming a liquid-liquid critical point at low temperature. 
Note that this does not prove its existence in real water! A dynamic extension 
of the model for experiments [8] and simulations [9] is able to reproduce 
transport properties, including the maximum diffusivity and the minimum  

frederic.caupin@univ-lyon1.fr                   Monday, June 4 
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viscosity under pressure. These dynamic anomalies become even more 
pronounced in the supercooled regime.  

[1] R.J. Speedy, J. Phys. Chem. 1982, 86, 982−991.  
[2] S. Sastry, P.G. Debenedetti, F. Sciortino, and H.E. Stanley, Phys. Rev. E 1996, 53, 
  6144−6154.  
[3] P.H. Poole, I. Saika-Voivod, and F. Sciortino, J. Phys.: Condens. Matter 2005, 17, 
  L431–L437.  
[4] V. Holten et al., J. Phys. Chem. Lett. 2017, 8, 5519−5522.  
[5] P.H. Poole, F. Sciortino, U. Essmann, and H.E. Stanley, Nature 1992, 360,   
  324−328.  
[6] V. Holten, J. Sengers, and M.A. Anisimov, J. Phys. Chem. Ref. Data, 2014, 43,  
  043101.  
[7] J.W. Biddle et al., J. Chem. Phys. 2017, 146, 034502.  
[8] L.P. Singh, B. Issenmann, and F. Caupin, Proc. Natl. Acad. Sci. USA, 2017, 114  
  (17), 4312-4317.  
[9] P. Montero de Hijes et al., in preparation. 

frederic.caupin@univ-lyon1.fr                   Monday, June 4 
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Probing intermolecular hydrogen bonds in supercooled water 
down to 230 K 

Claudia Goy1, Marco A. C. Potenza2, Sebastian Dedera3, Marilena Tomut4, 
Anton Kalinin1,4, Kay-Obbe Voss4, Alexander Schottelius1, Nikolaos Petridis4, 
Guzmán Tejeda5, José M. Fernández5, Frédéric Caupin6, Ulrich Glasmacher3, 

Robert E. Grisenti1,4 

1Institut für Kernphysik, J. W. Goethe-Universität Frankfurt(M), 60438 
Frankfurt(M), Germany 

2Dipartimento di Fisica, Università degli Studi di Milano, 20133 Milano, Italy 
3Institute of Earth Sciences, 69120 Heidelberg, Germany 

4GSI - Helmholtzzentrum für Schwerionenforschung, 64291 Darmstadt, 
Germany 

5Laboratory of Molecular Fluid Dynamics, Instituto de Estructura de la Materia, 
CSIC, 28006, Madrid, Spain 

6Univ Lyon, Université Claude Bernard Lyon 1, CNRS, Institut Lumière Matière, 
69622 Lyon, France 

Rapid ice formation has so far precluded the experimental investigation of 
supercooled bulk water at temperatures below 235 K, a region of water's phase 
diagram that might give hints at water's anomalous behavior. Recently, 
Sellberg et al. have successfully employed a liquid jet in vacuum to investigate 
the structure and crystallization of deeply supercooled water [1,2]. Moreover, 
Goy et al. recently tackled the problem of obtaining a more reliable 
temperature of very small evaporating water droplets in a triggered jet probed 
by Raman light scattering by exploiting the observation in the Raman spectra 
of morphology-dependent optical resonances [3]. Here, motivated by recent 
measurements that identified signatures of two structural components in the 
low-frequency spectral region around 200 cm-1 at temperatures down to 248 K 
[4], we present first experimental data on the Raman probing in the low-
frequency region of 6-micrometer-diameter water droplets supercooled to 
temperatures of about 230 K.  

[1] Selber et al., Nature 510, 381 (2014).  
[2] Kim et al., Science 358, 1589 (2017).  
[3] Goy et al., Phys. Rev. Lett. 120, 015501 (2018)  
[4] Taschen et al., Nat. Commun. 4, 2401 (2013) 

grisenti@atom.uni-frankfurt.de            Monday, June 4 
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ideal solutions of ionic liquids and water in physics and biology 

C. Austen Angell1, Zuofeng Zhao1, Michiel Hilbers2, Bernd Ensing2 and Sander 
Woutersen2 

1SMS, Arizona State University, USA  
2P. Chem. Inst. University of Amsterdam, Netherlands 

http://www.public.asu.edu/~caangell.webloc 

It has recently (Angewandte Chemie, Jan 2016, and Science, March 2018) 
been found that water containing a small mole fraction of a second component 
with which it interacts according to the laws of ideal (saline) solution, can 
behave during supercooling in the way predicted for water itself. Most 
strikingly, in the case with the largest water content it has been found, during 
supercooling, to undergo a sudden rearrangement of hydrogen bond structure 
to a phase with a decoupled –OH IR spectrum that is strikingly similar to that 
of LDA vitreous ice. This apparent first order phase transition is reversible 
without interference from ice crystallization. The demonstration of water-like 
character in the ideal solutions has opened the door to understanding why 
these same solutions, at much higher second component contents, can act so 
benignly as solvents for hydrophilic biomolecules, even when water is only a 
tiny volume fraction of the sample.  
In this talk we will compare the reversible behavior at the water-rich end with 
the reversible unfolding-refolding behavior of lysozyme solute in the same 

system at the ionic liquid-rich end. We will 
show how the DSC endotherms can be used 
for mapping out the kinetics of protein 
refolding on very long refolding time scales 
(up to 106s). At constant water content, we 
find the refolding time depends on the 
effective proton activity which is determined 
by the anions and cations chosen for the protic 
ionic liquids and their concentrations.  

Figure 1. Mapping out heat capacity /temperature 
behavior of (1) top curve: pure water, (2) middle 
curve: water + 70 wt% protic ionic liquids, (3) 
bottom curve [water +70 wt% protic ionic liquids] 
+250 mgm/ml lysozyme, showing each of the 
endothermic processes that will be featured in this 
talk 

austenangell@gmail.com                    Monday, June 4 
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Resolving the Mystery of Heat-Capacity Anomalies Stemming 
from Hidden Liquid-Liquid Transitions in Pure Water 

Mikhail A. Anisimov 

Department of Chemical & Biomolecular Engineering and Institute for Physical 
Science & Technology, University of Maryland, College Park, MD 20742,USA 

A popular hypothesis that explains the anomalies of supercooled water is the 
existence of a metastable liquid-liquid transition hidden below the line of 
homogeneous nucleation. If this transition exists, and if it is terminated by a 
critical point, the addition of a solute should generate a line of liquid-liquid 
critical points emanating from the critical point of pure metastable water. In a 
recent calorimetric experiment on near-ideal solution of an ionic liquid, 
hydrazinium trifluoroacetate in water [1] the liquid-liquid transition was 
observed, thus providing the most direct evidence to date for liquid-liquid 
transitions in water. However, the character of the anomaly in the heat 
capacity, observed in aqueous solutions, as compared with the famous 
anomaly in pure supercooled water, is controversial. Moreover, the anomaly of 
the heat capacity in supercooled aqueous solutions of NaCl, as reported by 
Archer and Carter [2], disappears upon the increase of the salt concentration. 
In this presentation, thermodynamics of phase transitions in aqueous solutions 
stemming from the transition in pure water is analyzed to resolve theses 
controversies. Stability and phase equilibrium conditions for binary solution are 
different from those for individual substances Prior work [3] shows that the 
apparent near-critical anomalies (stemming from the liquid-liquid critical point 
of pure solvent) are controlled by a fine interplay between the concentration, 
the shape of the liquid-liquid critical line, and the slope of the critical isochore. 
It is also predicted that while the pretransitional anomaly of the isobaric heat 
capacity (measured at constant composition) is suppressed by the addition of 
the solute, when crossing the two-phase region at constant composition, the 
apparent heat-capacity peak can be greatly enhanced by spreading the heat of 
transition over a temperature interval of the liquid-liquid coexistence.  

1. Z.-F. Zhao and C. A. Angell, Angew. Chem. Int. Ed. 55, 1 (2016).  
2. D. G. Archer and R. W. Carter, J. Phys. Chem. B 104, 8563 (2000).  
3. J. W. Biddle, V. Holten, and M. A. Anisimov, J. Chem. Phys. 141, 074504 (2014). 

anisimov@umd.edu              Monday June 4 
�13

mailto:anisimov@umd.edu


Water X International workshop June 3-8 2018 La Maddalena, Sardinia (Italy)

Water confined in hydrophilic and hydrophobic nanochannels: 
specific structural and dynamical properties 

Pascale Launois 

CNRS, France 

https://www.equipes.lps.u-psud.fr/Launois/ 

A groundbreaking discovery in nanofluidics was the observation of the 
tremendously enhanced water permeability of carbon nanotubes, at the origin 
of an intensive research activity. But experimental studies about the role of the 
nanocontainer curvature and of liquid-surface interactions on the unique 
properties of water in carbon nanotubes are still scarce.  

Within this context, two different types of one-dimensional nanocontainers, 
respectively hydrophobic and hydrophilic, are considered: single-walled carbon 
nanotubes and single-walled imogolite nanotubes of nominal composition 
(OH)3Al2O3Ge(OH). Two-dimensional confinement between graphene oxide 
nanosheets will also be discussed. We will present the results of a multi-
technique approach, combining X-ray scattering [1-3], inelastic neutron 
scattering [3] and infra-red spectroscopy [4]. The structuration of water in 
layers, its peculiar hydrogen bonding network, its specific vibrational properties 
and ‘phase transitions’ of confined water below 273K will be discussed with 
respect to the literature.  

Grateful acknowledgements are due to my close collaborators, E. Paineau, S. 
Rols and S. Rouzière and to our PhD students M.S. Amara and G. Monet.  

[1] X-ray scattering determination of the structure of water during carbon nanotube 
 filling, E. Paineau et al, Nano Lett. 2013, 13, 1751  
[2] Intercalated water in multi-layered graphene oxide paper: an X-ray scattering  
 study, S. Rouzière et al, J. Appl. Cryst. 2017, 50, 876  
[3] Structuration and specific dynamics of water in hydrophilic imogolite   
 nanochannels, article in preparation  
[4] Water in carbon nanotubes: the peculiar hydrogen bond network revealed by  
 infrared spectroscopy, S. Dalla Bernardina et al, J. Am. Chem. Soc. 2016, 138 
 (33), 10437  

pascale.launois@u-psud.fr             Monday June 4 
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Glass freezing dynamics of confined water measured with DMA 

Wilfried Schranz and Viktor Soprunyuk 

University of Vienna, Faculty of Physics, Physics of Functional Materials, 
Boltzmanngasse 5, A-1090, Vienna, Austria 

http://homepage.univie.ac.at/wilfried.schranz/  

Dynamic mechanical analysis (DMA) measurements of water in nanoporous 
silica have been performed [1-3] as function of temperature and frequency for 
different pore sizes and at different heating/cooling rates. Most of the data 
show three processes, P1, P2 and P3, where P1 and P2 depend on 
measurement frequency and P3 not.  
P3 corresponds to freezing/melting of “internal water” in the pores. P1(T) 
shows a clear size dependence for a broad range of pore diameters, i.e. 2.5 nm 
< d < 52 nm, implying (together with the corresponding activation energy 0.5 
eV) that P1 corresponds to the glass – liquid transition of “internal water” at 
Tg(d). An extrapolation of Tg(d) to infinitely large d yields Tg ≈ 136 K, the 
traditional value for bulk water. For pore sizes 1.2 nm < d < 2.5 nm, Tg turns 
out to be virtually independent on d. The second anomaly at P2, which after 
extrapolation to 103 s is located at ca. 160 K is independent on pore size for 
the whole range 1.2 nm < d < 52 nm. The present data show, that P2 at ≈ 
160 K corresponds most likely to relaxation dynamics of “interfacial water” 
molecules, which are slowed down (compared to “internal water” molecules) 
due to bonding of the molecules to the pore walls, implying that the process P2 
does not correspond to the glass transition of “internal water” and Tg has not 
to be changed to 160 K or even higher as suggested by various authors.  
Acknowledgements: The present work was supported by the Austrian Science Fund 
(FWF, project Nr. P 28672 – N36). 

[1] V. Soprunyuk, M. Reinecker and W. Schranz, On the behaviour of supercooled  
 liquids and polymers in nanoconfinement. Phase Transitions 89, 695 (2016).  
[2] V. Soprunyuk, W. Schranz and P. Huber, Dynamic Mechanical Analysis of   
 supercooled water in mesoporous confinement Europhys. Lett., 115, 46001; p1-
 p7 (2016).  
[3] V. Soprunyuk and W. Schranz, DMA study of water´s glass transition in nanoscale 
 confinement, Soft Matter, submitted.  

wilfried.schranz@univie.ac.at             Monday June 4 
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Fig.1. Pore size dependencies of the processes P1, P2 and P3 from DMA  
measurements and adiabatic calorimetry data. 

wilfried.schranz@univie.ac.at             Monday June 4 
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The rebuttal of the ‘Fourth phase of water’ hypothesis with an 
osmotic hypothesis 

Martin Chaplin 

London South Bank University, United Kingdom 

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

Much work has been done in the laboratory of Gerald Pollack (and confirmed 
by many other independent workers) concerning the mesoscopic properties of 
aqueous solutions next to surfaces. In essence, it has been found that the 
interfacial water next to ionic charged (e.g. polyacrylate, Nafion, charged Pt) or 
neutral uncharged (e.g. polyvinyl alcohol, cellulose acetate, cellulose, quartz, 
contact lens, rabbit cornea) hydrophilic surfaces expel solutes to the bulk of 
the solution that may be several hundred microns away. These exclusion zones 
(named as EZ-water) can be visualized when low relative molecular weight 
dyes, proteins, micron-sized beads, salts or other solutes are used.  
Contrasting to these experimental studies, theoretical studies using water 
molecular models show no extension of the affected interface beyond the ultra-
thin external surface. However, such studies do not explain the experimental 
results. Pollack explains these properties in terms of his 'Fourth phase of water' 
which has identical structures to the historic illusory 'polywater'. Even though 
supported by a number of papers from the Pollack stable, these, however, 
appear to be equally as unlikely as the original polywater gaffe and similarly 
disregard basic and well accepted scientific concepts. This being the case the 
‘Fourth phase of water’ needs to be properly debunked and a sensible 
alternative hypothesis that fits with the experimental data is required.  
Osmotic pressure is thought ideally to depend on the number of dissolved 
‘particles’ (e.g., molecules) present in a volume of liquid. It is, perhaps, 
unsurprising that ion exchange surfaces can generate very high osmotic 
pressures of over 100 MPa in water as they create high surface concentrations 
of counter-ions. However, the contained electrolytes produce stronger osmotic 
pressure than if they were free (uncontained). Thus, nano-particles surfaced 
with immobilized polyelectrolytes can produce up to two hundred times the 
osmotic pressure than the same quantities of free electrolytes. It has also been 
independently experimentally verified that relatively small numbers of 
uncharged but highly hydrophilic nanoparticles, with high surface areas, 
produce such great osmotic pressures that they can be used in practical 
desalination processes.  
When considering the colligative properties, 'water' is considered bound to any 
solute when it has a very low entropy compared with pure liquid water. Such 
water is considered part of the solute and not part of the dissolving 
'free' (bulk) water. As pure liquid water consists of a mixture containing low- 

martin.chaplin@btinternet.com            Monday June 4 
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density water, made up of extensively hydrogen-bonded structures, and higher 
density water, consisting of much smaller less extensive clusters, the 
proportions of 'bound' or 'free' water in pure liquid water can vary; the 
strongly-bound larger clusters behaving like 'bound' water. In bulk liquid water, 
the relative concentrations of the two aqueous forms are of no consequence as 
all the water behaves the same throughout. If volumes of the solution contain 
different proportions of strongly and weakly hydrogen-bonded water 
molecules, then these different volumes will show a difference with respect to 
their water activity, chemical potential, and osmolarity.  
The generation of the osmotic pressure at the surface is due partly to the 
necessarily under-coordinated water molecules at the gas-liquid interface 
forming an ice-like, low-density phase that has lower water activity than the 
bulk water, and partly to the higher solute concentration formed just under the 
interface. Hydrogen bonding in the surface is stronger than in the bulk due to 
the reduced competition from neighboring water molecules, lower anti-
cooperativity, and compensation for the increased chemical potential on the 
loss of some bonding. This osmotic pressure repels solute and particles from 
the surface.  

martin.chaplin@btinternet.com            Monday June 4 
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Ferroelectricity of nanoconfined water molecules. Novel type of 
ferroelectric relaxors  

Mikhail Belyanchikov1, Zakhar Bedran1, Elena Zhukova1, Victor Torgashev2, 
Victor Thomas3, Maxim Savinov4, Peter Bednyakov4, Alexander Dudka5, Andriy 

Zhugayevych6, Martin Dressel1,7, Boris Gorshunov1  

1Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region, 
141700 Russia 

2Faculty of Physics, Southern Federal University, 344090 Rostov-on-Don, 
Russia 

3Institute of Geology and Mineralogy, RAS, 630090 Novosibirsk, Russia 
4Institute of Physics AS CR, Na Slovance 2, 18221 Praha 8, Czech Republic 
5Shubnikov Institute of Crystallography, Federal Scientific Research Centre 

“Crystallography and Photonics”, Russian Academy of Sciences, 119333 
Moscow, Russia 

6Skolkovo Institute of Science and Technology, Moscow 143026, Russia 
7Physikalisches Institut, Universität Stuttgart, 70569 Stuttgart, Germany  

Ferroelectric relaxors show ultrahigh dielectric permittivity over a wide 
temperature range and outstandingly large piezoelectric coefficients, which 
puts them among most exciting objects in modern condensed matter physics 
and makes extremely attractive for electronic applications. Unique relaxorlike 
properties are inherent to materials characterized by great disorder and 
chemical inhomogeneity [1]. Correspondingly, due to complex interplay over 
ranges of lengths and timescales between microscopic and mesoscopic effects, 
the theoretical description of the properties of relaxors remains poor, despite 
decades have passed after the discovery of ferroelectric relaxor behavior in 
(Pb,La)(Zr,Ti)O3 solid solution [2]. In this light, our discovery of ferroelectric 
properties in a relatively simple system of separate water molecules localized 
within beryl [3] and cordierite crystal lattices is of great interest since it allows 
to look at the phenomenon in a new way. Water molecules filling nanopores of 
crystals have a high degree of spatial ordering, both within the nanopores and 
throughout the crystal, and the morphological difference between the water 
network and the crystalline framework makes it possible to reliably distinguish 
between the phenomena inherent to both systems by spectroscopic methods. 
Using broad-band optical spectroscopy, we have observed paraelectric 
dielectric response of water-rich beryl crystals caused exclusively by 
nanoconfined water molecules and molecular clusters [3]. However, due to 
high (hexagonal) symmetry of beryl crystal lattice and, correspondingly, of the 
potential felt by H2O molecules within nanocages, a saturation of dielectric 
characteristics below ≈10 K is observed that indicates an absence of a real 
ferroelectric phase transition and forces us to classify this system as a 
quantum paraelectric. In a search for a way to trigger a real ferroelectric phase  
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transition within water molecular subsystem, we turned to water-containing  
cordierite crystal that is a close analogue of beryl in having similar structural 
elements (nanocages and channels hosting H2O molecules). Remarkably, a 
slight difference in the cages symmetry in cordierite leads to a significant 
change in the ferroelectric properties of the water molecular subsystem. Its 
dielectric permittivity spectra demonstrate the presence of soft relaxational 
mode at radiofrequencies whose temperature evolution is indicative of a 
dispersive and diffuse phase transition happening around 10 K. Sharply 
anisotropic absorption resonances are observed at terahertz frequencies and 
associated with translational and librational oscillations of confined water 
molecules. Detailed analysis of the observed excitations allows us to consider 
the water-containing cordierite as a representative of a novel class of 
ferroelectric relaxors where the relaxor-like properties are determined by 
electric dipoles confined within nanosized pores formed by undistorted crystal 
lattice. 
The work was supported by the Russian Ministry of Education and Science 
(Program ‘5top100’), Project N3.9896.2017/BY and MIPT grant for visiting 
professors. 

[1] H. Takenaka, et al., Nature 546, 391–395 (2017) 
[2] G. Burns et al., Phys. Rev. B 28, 2527 (1983) 
[3] B. Gorshunov, et al., Nat. Comm. 7, 12842 (2016) 
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Experimental routes to understanding heterogeneous ice nucleation 

Thomas F. Whalea, Mark A. Holdena,b,c, Fiona C. Meldrumb, Hugo K. 
Christensonc and Benjamin J. Murraya  

aSchool of Earth and Environment, University of Leeds, Leeds, LS2 9JT, UK  
bSchool of Chemistry, University of Leeds, Leeds, LS2 9JT, UK 

cSchool of Physics and Astronomy, University of Leeds, Leeds, LS2 9JT, UK  

http://www.see.leeds.ac.uk/people/t.whale 

In nature, deep supercooling of liquid water is very rarely observed. Ultimately, 
this is because of the near complete ubiquity of ice nucleation induced by 
heterogeneous substances at relatively warm temperatures. Despite this 
ubiquity, heterogeneous ice nucleation remains remarkably poorly understood.
(1) Homogeneous ice nucleation, which occurs in the absence of nucleating 
substances, is well described by classical nucleation theory.(2) However, while 
decades of intense research has identified a wide range of substances that 
nucleate ice well the mechanism by which efficient ice nucleators act is not well 
characterised. This knowledge gap means that in scenarios where 
heterogeneous ice nucleation plays a critical role, such as cell storage, the 
survival of freeze tolerant organisms at low temperature and cloud formation in 
the atmosphere, we lack a theoretical underpinning.  

In this talk, a range of experimental studies aimed at determining what 
chemical and physical properties of nucleators contribute to efficient 
heterogeneous ice nucleation will be presented. To date, critical ice clusters 
have proven to be too small and rare to successfully locate or characterise 
directly. The approach taken has therefore been to characterise the physical 
and chemical properties of nucleators and then quantify and compare their 
nucleating efficiencies. In this way we have discovered that various feldspar 
minerals, which are known to play a key role in atmospheric ice nucleation,(3) 
and which possess very similar chemistries and crystal structures, can have 
wildly different ice nucleating efficiencies.(4) We have shown that this is due to 
details of the microscopic topography of the feldspars(5) strongly suggesting 
that a combination of favourable chemical, crystallographic and topographical 
features are required for a substance to nucleate ice effectively. We have used 
high-speed optical microscopy to identify the locations of these sites on 
feldspar surfaces and characterised them using various microscopy techniques, 
thereby directly proving the existence of active nucleation sites and revealing 
previously unknown details about the nature of these sites. Recently, we have 
also identified that weak (0.01M) concentrations of ammonium salts(6) can 
substantially enhance ice nucleation by some nucleators while not affecting 
other. Similarly, we have found that similarly small concentrations of alkali  
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halides can depress freezing temperatures far more than would be anticipated 
due to colligative effects.(6) That different nucleators are differently impacted  
by the presence of solutes suggests different nucleation mechanisms are at 
play. Finally, the future direction of research into the nature and mechanism of 
heterogeneous ice nucleation will be discussed, with a particular emphasis on 
potential interactions between experimental and computational studies of ice 
nucleation.  

1. Slater B, et al. B Am Meteorol Soc 97, 1797-1802 (2016).  
2. Koop T, et al. J Chem Phys 145, 211915 (2016). 
3. Atkinson JD, et al. Nature 498, 355-358 (2013).  
4. Harrison AD, et al. Atmos Chem Phys 16, 10927-10940 (2016).  
5. Whale TF, et al. Phys Chem Chem Phys 19, 31186-31193 (2017).  
6. Whale TF et al. Chemical Science, doi: 10.1039/C7SC05421A (2018).  
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Emptying and refilling ice structures to explore extreme states of 
water for a better understanding of gas-water interactions 

Werner F. Kuhs1, Thomas C. Hansen2, Andrzej Falenty1  

1GZG Abt.Kristallographie University of Göttingen, Germany 
2ILL Grenoble, France 

http://kristall.uni-mki.gwdg.de/ 

The empty clathrate hydrate structure sII is one possible form of condensed 
water stable at negative pressures (Conde et al. 2009, Jacobson et al. 2009) – 
yet still unstable against the vapour phase. It has been formed experimentally 
by pumping Ne out of a sII clathrate hydrate at temperatures near 140K and 
was labelled ice XVI (Falenty et al. 2014). Based on this experience we have 
now succeeded to form and identify for the first time the long-searched He-
clathrate of sII (Dyadin et al. 1999) which has escaped all attempts to be 
synthesized directly from water and helium gas; this was achieved by refilling 
helium into ice XVI, thus opening a new synthesis route for exotic forms of 
clathrates. Indeed the stabilizing attractive van der Waals interactions between 
helium and water are especially weak in the large water cages of the clathrate 
sII structure (Ildyakov et al. 2011), yet this can be overcome by multiple cage 
fillings with (theoretically) up to four helium atoms per large cage at 
sufficiently high gas pressures (several hundred MPa). These multiple cage 
fillings can be considered as a solid state equivalent of a clustering of small 
apolar entities dissolved in the liquid state of water, manifested in the negative 
osmotic second virial coefficient of gases in the liquid. Cage occupancies were 
determined by in-situ neutron diffraction and it turns out that helium easily 
enters and leaves the water cages at rather low temperatures. Despite the 
weak interactions between water and helium (the weakest of all atoms and 
molecules) the inclusion of helium has a very significant effect on the lattice 
constants (as already noticed by Lobban et al. 2002 for filled ice II, also called 
the C1 structure). We have now also managed to observe the helium filling in 
ice Ih as a function of helium pressure - accompanied by a large change in 
lattice constants too, in particular concerning the c/a ratio. This demonstrates 
that the gas-water interactions even for very small molecules are clearly larger 
than often assumed.  
The experimentally established structures and lattice constants provide indeed 
a very sensitive access to quantify water-gas interactions and represent a 
serious challenge to state-of-the-art computational studies (Teeratchanan & 
Hermann 2015), in particular for the large sII structure as its large unit cell is 
computationally very expensive. We show that testing water-gas interactions 
at high pressure conditions provides insight into their nature - interactions, 
which are hard to detect at ambient conditions. We conclude with some  
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perspective where these exotic compounds, build up by the most frequently 
occurring mono- and triatomic chemical species of the universe, could be 
formed in space, likely subject to dynamically readjusting their composition 
and absolute occupancies upon a variation of the environmental gas fugacities.  

Conde, Vega, Tribello & Slater (2009) J.Chem.Phys. 131, 034510, doi    
 10.1063/1.3182727  
Dyadin, Larionov, Manakov, Zhurko, Aladko et al. (1999) J.Struct.Chem. 40, 790-795  
Falenty, Hansen & Kuhs (2014) Nature 516, 231-234  
Ildyakov, Manakov,Zavjalov & Bradakhanov (2011) Chem.Engin.Techn. 34, 1733-1738  
Jacobson, Jujo & Molinero (2009) J.Phys.Chem. B 113, 10298-10307  
Lobban, Finney & Kuhs (2002) J.Chem.Phys. 117, 3928-3934  
Teeratchanan & Hermann (2015) J.Chem.Phys. 143, 154507, doi: 10.1063/1.4933371  
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Towards a general approach to the simulation of structural 
transformations in water and other systems 

Fabio Pietrucci1, A. Marco Saitta1, Silvio Pipolo2, Stefan Klotz1, Guillaume 
Ferlat1, Mathieu Salanne1 

1Sorbonne Université, France 
2Université de Lille, France 

https://sites.google.com/site/fabiopietrucci/ 

We recently demonstrated the possibility to systematically simulate transitions 
among liquid, amorphous, and crystalline forms throughout the phase diagram 
of water, using the TIP4P/2005 model and enhanced sampling techniques 
(hence, at moderate cost). Among others, we simulated the crystallization of 
liquid and amorphous water without the help of supercooling - in fact, even 
above the melting temperature, i.e., in unfavorable thermodynamic conditions. 
We further applied with success the same technique to heterogeneous ice 
nucleation on different model surfaces, finding deviations from heterogeneous 
classical nucleation theory.  

Our approach exploits a novel space of generalized coordinates that capture 
changes in the topology of interatomic networks. Their combination with 
metadynamics and umbrella sampling yields precise free-energy landscapes 
and kinetic barriers. The coordinates have a very simple formulation and can 
be applied to very different structural phase transitions in condensed matter, 
but also to nanoparticles and chemical reactions in solution. Our longer-term 
aim is to bridge the gap between the rich information provided by crystal 
structure prediction tools and the poor understanding of viable kinetic routes 
for the synthesis of new materials.  

S. Pipolo, M. Salanne, G. Ferlat, S. Klotz, A.M. Saitta, F. Pietrucci, Phys. Rev. Lett.  
 119, 245701 (2017)  
M. Fitzner, G.C. Sosso, F. Pietrucci, S. Pipolo, A. Michaelides, Nat. Commun. 8, 2257 
 (2017)  
F. Pietrucci, Rev. Phys. 2, 32 (2017)  
F. Pietrucci, A.M. Saitta, Proc. Natl. Acad. Sci. U.S.A. 112, 15030 (2015) 
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Understanding homogeneous ice nucleation with computer 
simulations 

Jorge R. Espinosa1, Chantal Valeriani1, Jorge Ramirez2, Pablo Rosales-Pelaez1, 
Guiomar D. Soria1, Alberto Zaragoza1, Carlos Vega1, Eduardo Sanz1 

1Universidad Complutense de Madrid, Spain 
2Universidad Politécnica de Madrid, Spain 

Ice nucleation is the first step of water freezing, arguably the liquid-to-solid 
transition with the greatest relevance on Earth. In particular, the extent of 
freezing in atmospheric clouds has a great impact on the Earth’s albedo and, 
therefore, on climate change. Simulations is a particularly suitable tool to 
study ice nucleation because it enables access to the time and length scales 
relevant to this process, ns and nm, complementing the information obtained 
in experiments where such small scales can not be probed.  

Using simple models for simulating water we have been able to reach a fairly 
good agreement with experimental ice nucleation rates [1]. We have used the 
information drawn in our simulations to gain a better understanding of the ice 
nucleation process in terms of molecular mechanism and thermodynamic 
parameters affecting the nucleation rate. With this information we propose a 
tentative explanation for the decelerating effect of pressure on ice nucleation 
[2,3] as well as for current discrepancies in measurements of the nucleation 
rate between different experimental groups [4]. By comparing ice nucleation 
under pressure and in a brine solution we have also examined [5] the proposal 
that ice nucleation can be predicted in terms of water activity [6].  

[1] E. Sanz, C. Vega, J. R. Espinosa, R. Caballero-Bernal, J. L. F. Abascal, and C.  
 Valeriani, “Homogeneous ice nucleation at moderate supercooling from  
 molecular simulation,” JACS, vol. 135, no. 40, pp. 15008–15017, 2013.  
[2] H. Kanno, R. J. Speedy, and C. A. Angell, “Supercooling of water to -92 C under  
 pressure,” Science, vol. 189, no. 4206, pp. 880–881, 1975  
[3] J. R. Espinosa, A. Zaragoza, P. Rosales-Pelaez, C. Navarro, C. Valeriani, C. Vega, 
 and E. Sanz, “Interfacial free energy as the key to the pressure-induced  
 deceleration of ice nucleation,” Phys. Rev. Lett., vol. 117, p. 135702, 2016  
[4] Espinosa, J. R.; Navarro, C.; Sanz, E.; Valeriani, C.; Vega, C. "On the time  
 required to freeze water" J. Chem. Phys., vol. 145, 211922, 2016  
[5] J. R. Espinosa, G. D. Soria, J. Ramirez, C. Valeriani, C. Vega, and E. Sanz, “Role of 
 salt, pressure, and water activity on homogeneous ice nucleation,” J. Phys.  
 Chem. Lett., vol. 8, p. 4486, 2017  
[6] T. Koop, B. Luo, A. Tsias, and T. Peter, “Water activity as the determinant for  
 homogeneous ice nucleation in aqueous solutions,” Nature, vol. 406, pp. 611–
 614, 2000 
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Ab initio spectroscopy and ionic conductivity of water under 
extreme conditions 

Giulia Galli 

University of Chicago, USA 

The phase diagram of water at extreme conditions plays a critical role in earth 
and planetary science, yet remains poorly understood. Here we report a first 
principles investigation of the liquid at high temperature, between 10 and 20 
GPa – a region where numerous controversial results have been reported over 
the past three decades. Our results are consistent with the recent estimates of 
the water melting line below 1000 K, and show that on the 1000 K isotherm 
the liquid is rapidly dissociating and recombining through a bi-molecular 
mechanism.  

We found that short-lived ionic species act as charge carriers giving rise to an 
ionic conductivity that at 10 GPa is six orders of magnitude larger than at 
ambient conditions. Conductivity calculations were performed entirely from 
first principles for the first time, with no a-priori assumptions on the nature of 
charge carriers. Despite frequent dissociative events, we observed that 
hydrogen bonding persists at high pressure, up to at least 20 GPa. Our 
computed Raman spectra, which are in excellent agreement with experiment, 
show no distinctive signatures of the hydronium and hydroxide ions present in 
our simulations. Instead, we found that infrared spectra are sensitive probes of 
molecular dissociation, exhibiting a broad band below the OH stretching mode 
ascribable to vibrations of complex ions. 
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Water at high pressures  

Alexander Goncharov 

Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad 
Branch Road NW, Washington D.C., 20015, USA  

Water is known to exist in a wide variety of states that include more than a 
dozen of ice phases and several modifications of fluids and amorphous states. 
Application of high pressure modifies chemical bonding in the system favoring 
solids with symmetric hydrogen bonds at moderate temperatures and 
superionic states at high temperatures. Moreover, ices with a modified 
chemical composition become thermodynamically stable at extremely high 
pressures. In the fluid state at very high pressures (>200 GPa) there is a 
crossover to a conducting state. These results have an important insight into 
our understanding of state of water at planetary interior conditions. I will 
review recent static and dynamic compression works on compressed water 
reaching and interrogating various crystalline, amorphous, superionic, and fluid 
states employing recently developed techniques that include time-resolved 
optical spectroscopy and X-ray diffraction, and novel dynamic compression 
techniques. 
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The Water-Carbon Dioxide System at High Pressure 

Evan H. Abramson, J. Michael Brown, Olivier Bollengier 

University of Washington, USA 

http://earthweb.ess.washington.edu/brown/ 

Fluid-fluid immiscibility in the water-carbon dioxide binary system has been 
measured to a pressure of 7 GPa and temperature of 450°C, providing the first 
such data under conditions overlapping those found in terrestrial subduction 
zones and the icy worlds of the outer solar system. Water and carbon dioxide 
were loaded as inhomogeneous mixtures in externally-heated diamond-anvil 
cells. Mole fractions were determined by isotopic doping of the initial 
constituents followed by measurement of the equilibrated isotopic content of 
the decanted samples. Homogenization and dehomogenization of fluids were 
observed visually for mole fractions of carbon dioxide from 20 to 90 percent. 
The recorded pressure-temperature points of homogenization were inverted to 
give a miscibility surface. The path of the critical curve continues to the highest 
pressures measured, with no indication of an upper critical endpoint. For mole 
fractions of carbon dioxide less than 40 percent, the minimum temperature 
necessary to form a homogeneous solution decreases sharply above a 
compositionally dependent pressure. Based on measured intensities of Raman 
lines, this behavior is linked to a change in speciation as the equilibrium shifts 
from dissolved carbon dioxide to, presumably, either bicarbonate ion or 
carbonic acid. Published equations of state give poor representations of the 
miscibility surface, neither the abrupt behavior due to speciation nor the 
critical curves being correctly predicted. The experimental constraints provided 
by the current data should allow useful refinements of equations of state over 
a wide pressure-temperature-compositional space where only extrapolations 
and molecular dynamic simulations were previously available. Improved 
equations of state are a prerequisite for better geochemical models for Earth 
and extraterrestrial ocean worlds. 
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Compression resolved mysteries of water, ice, and salt solutions 

Chang Qing Sun 

Nanyang Technological University, Singapore 

As one of the important variables, pressure has brought multiple anomalies of 
water, ice and salt solutions. From the perspective of hydrogen bond 
cooperativity [1, 2], this talk presents consistent insight into the physical 
mechanism behind the effect of mechanical compression on the following:  

1. Proton centralization in ice [3]  
2. Ice regelation [4]  
3. Potential paths of the compressed O:H-O bond [5]  
4. Phase diagram by Raman mapping [6]  
5. Critical pressures for Liquid-VI-VII phase transition of salt solutions [7, 8]  

Consistent between theoretical predictions and experimental/theoretical 
observations confirmed consistently that mechanical compression shortens and 
stiffens the O:H vdW bond and lengthens and the softens the H-O bond, which 
disperses the quasisolid (or quasiliquid) phase boundary featured at -15 and 4 
oC for the bulk and hence lowers the melting point and raises the freezing point 
of the quasisolid phase. However, salt solvation and molecular 
undercoordination do contrastingly.  

1. Sun, C.Q. and Y. Sun, The Attribute of Water: Single Notion, Multiple Myths.  
 Springer Ser Chem Phys 113. 2016: Springer-Verlag. 494.  
2. Huang, Y.L., et al., Hydrogen-bond relaxation dynamics: Resolving mysteries of  
 water ice. Coordination Chemistry Reviews, 2015. 285: p. 109-165.  
3. Sun, C.Q., X. Zhang, and W.T. Zheng, Hidden force opposing ice compression.  
 Chem Sci, 2012. 3: p. 1455-1460.  
4. Zhang, X., et al., Ice Regelation: Hydrogen-bond extraordinary recoverability and 
 water quasisolid-phase-boundary dispersivity. Scientific Reports, 2015. 5: p.  
 13655.  
5. Huang, Y., et al., Hydrogen Bond Asymmetric Local Potentials in Compressed Ice. 
 Journal of Physical Chemistry B, 2013. 117(43): p. 13639-13645.  
6. Zhang, X., et al., Water’s phase diagram: from the notion of thermodynamics to  
 hydrogen-bond cooperativity. Progress in Solid State Chemistry, 2015. 43: p. 
 71-81.  
7. Zeng, Q., et al., Room-Temperature NaI/H2O Compression Icing: Solute-solute  
 interactions. PCCP, 2017. 19: p. 26645-26650  
8. Zeng, Q., et al., Compression icing of room-temperature NaX solutions (X= F, Cl, Br, 
 I). Physical Chemistry Chemical Physics, 2016. 18(20): p. 14046-14054.  
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Excess proton dynamics in the protonated water hexamer: new 
insights from Quantum Monte Carlo calculations 

Félix Mouhat1, Sandro Sorella2, Rodolphe Vuilleumier3, Marco Saitta1, Michele 
Casula1 

1Université Pierre et Marie Curie (UPMC), France 
2Scuola Internazionale Superiore di Studi Avanzati (SISSA), Italy 

3Ecole Normale Supérieure (ENS), France 

We introduce a novel approach for a fully quantum description of coupled 
electron–ion systems from first principles [1]. It combines the variational 
quantum Monte Carlo (QMC) solution of the electronic part with the path 
integral formalism for the quantum nuclear dynamics. Nuclear quantum 
fluctuations are included via a set of fictitious classical particles (beads), linked 
by harmonic interactions, whose dynamics is driven by accurate ionic forces 
computed at the QMC level. The stochastic noise affecting the QMC forces 
contributes to thermalize the particles in a path integral Langevin dynamics 
framework. Our algorithm has been validated on the Zundel ion (H5O2+), 
demonstrating comparable accuracy with most advanced modern quantum 
chemistry techniques such as CCSD(T) [1]. We now apply this novel 
methodology to the protonated water hexamer, where its thermal distribution 
functions are provided for the first time by a framework which explicitly 
includes electron correlation, together with thermal and quantum nuclear 
effects. These results shed some light on the elementary mechanisms driving 
proton diffusion in water and aqueous systems via a subtle interplay between 
quantum and thermal effects.  

[1] F Mouhat, S Sorella, R Vuilleumier, AM Saitta, and M Casula, Fully Quantum  
 Description of the Zundel Ion: Combining Variational Quantum Monte Carlo with 
 Path Integral Langevin Dynamics, J. Chem. Th. Comp. (10.1021/acs.jctc. 
 7b00017) 

felix.mouhat@upmc.fr                     Tuesday June 5 

�31

mailto:felix.mouhat@upmc.fr


Water X International workshop June 3-8 2018 La Maddalena, Sardinia (Italy)

Neutron studies on pure and salty ices VII & VIII: The good, the 
bad, and the ugly 

Stefan Klotz1, Kazuki Komatsu2, Livia Bove1, Fabio Pietrucci3 

1IMPMC, Sorbonne Université, France 
2The University of Tokyo, Japan 

3Sorbonne Université, France 

Ice VII (and its H-ordered form phase VIII) are the high-pressure forms of 
solid water which are stable between 2 and ~ 80 GPa. They seem to be 
minerals since the discovery of ice VII inclusions in natural diamond [1] and 
therefore have some geophysical significance.  
Here we present neutron diffraction data which investigate some of their 
structural properties under pressure, for both the pure and “salty” ice VII 
forms obtained from aqueous solutions of LiCl and LiBr. For pure ices VII/VIII 
we show unpublished data on the volume isotope effect as well as results on 
their equation of states [2] to 14 GPa, and compare it to available simulations 
[3]. We then give an overview of various studies on LiCl- and LiBr doped ices 
VII [4,5], their structural properties and transitions to amorphous solids under 
decompression, and discuss outstanding questions to be addressed by 
experiment and theory.  

[1] O. Tschauner et al., Science 359, 1136 (2018)  
[2] S. Klotz et al., Phys. Rev. B 95, 174111 (2017) 
[3] K. Umemoto et al., Phys. Rev. Lett. 115, 173005 (2015) 
[4] S. Klotz, L.E. Bove, Th. Strässle, Th. Hansen, A.M. Saitta, Nature Materials 8, 405 
 (2009) 
[5] S. Klotz, K. Komatsu, F. Pietrucci et al., Sci. Rep. 6, 32040 (2016) 
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New advances in the experimental exploration of water's phase 
diagram 

Christoph Salzmann1, Jacob Shephard1, Steven Bramwell1, Ben Slater1, 
Angelos Michaelides1, Sanliang Ling1, Craig Bull2, Gabriele Sosso3,  

1University College London, United Kingdom 
2ISIS facility, Rutherford Appleton Laboratory, United Kingdom 

3The University of Warwick, United Kingdom 

http://www.ucl.ac.uk/~uccacgs/ 

A new 'magic ingredient' is presented that enables us to let one phase of ice 
disappear from the phase diagram in a highly selective fashion.[1] A detailed 
understanding of the underlying mechanisms and thermodynamics is 
presented, and we argue that our new finding may have wider implications 
that enable us to understand some of the anomalies of the phase diagram of 
water and ice in more detail including the anomalous properties of liquid water. 
The absence of one of the phases of ice also allows us to study phase 
transitions that were previously not accessible in great detail under in-situ 
pressure conditions. The selective disappearance of a phase of ice with the aid 
of a dopant highlights the exciting possibility of potentially discovering new 
phases of ice in the future using specific dopants.  

The glass transitions of low-density amorphous ice (LDA) and high-density 
amorphous ice (HDA), and their thermodynamic relationships with the liquid 
are the topic of controversial discussions. We first show that the glass 
transition of hydrogen-disordered ice VI is associated with the kinetic 
unfreezing of molecular reorientation dynamics by measuring the calorimetric 
responses of the corresponding H2O, H218O and D2O materials in combination 
with X-ray diffraction. Well-relaxed LDA and HDA show identical isotopic-
response patterns in calorimetry as ice VI, and we conclude that the glass 
transitions of the amorphous ices are also governed by molecular reorientation 
processes.[2] This 'reorientation scenario' seems to resolve the previously 
conflicting viewpoints and it is consistent with a fragile to strong transition 
from water to the amorphous ices.  

The structural nature of HDA formed through low-temperature pressure-
induced amorphization of ice I is also heavily debated. We show that 
ammonium fluoride (NH4F), which has a similar hydrogen-bonded network to 
ice I, undergoes a very similar pressure collapse upon compression at 77 K 
compared to ice. This is found for both hexagonal as well as stacking-
disordered starting materials. However, the product material is not amorphous 
but NH4F II, a high-pressure phase isostructural with ice IV. This collapse can  
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be rationalized in terms of a highly effective structural mechanism which we 
call the Engelhardt-Kamb collapse. In the case of ice I, the orientational 
disorder of the water molecules leads to a deviation from this mechanism and 
we therefore classify HDA as a 'derailed' state along the ice I to ice IV pathway.
[3] DFT calculations suggest that ice XI, i.e. hydrogen-ordered ice I, would 
indeed not undergo pressure-induced amorphisation but transform to ice IV 
instead. Overall, a rather crystalline viewpoint of the amorphous ices emerges 
from our studies both as far as their structures as well as their glass-transition 
behaviours are concerned.  

[1] J.J. Shephard, B. Slater, P. Harvey, M. Hart, C.L. Bull, S.T. Bramwell, C.G.   
 Salzmann, Nat. Phys. (2018) in press.  
[2] J.J. Shephard, C.G. Salzmann, J. Phys. Chem. Lett. 7 (2016) 2281.  
[3] J.J. Shephard, S. Ling, G.C. Sosso, A. Michaelides, B. Slater, C.G. Salzmann, J.  
 Phys. Chem. Lett. 8 (2017) 1645. 
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Probing hydrogen ordering and disordering in ice VI proxies 
through librational Raman bands 

Alexander Thoeny, Tobias M. Gasser, Thomas Loerting 

Institut der Physikalischen Chemie, Universität Innsbruck, Austria 

Ice VI is a high-pressure polymorph of ice composed of two interpenetrating 
hydrogen bond networks, in which hydrogen atoms are disordered. Its 
hydrogen ordered pendant ice XV was reported in 2009 [1]. Very recently our 
research group has reported on the existence of the second hydrogen ordered 
proxy of ice VI, which we named ice β-XV [2]. Based on calorimetry, dielectric 
spectroscopy and X-ray diffraction we have made the case for two distinct 
disordering transitions occurring in ice β-XV, at 103 K and 129 K [2]. This 
represents the first experimental realization of a second, distinct hydrogen 
ordered polymorph in a given lattice of oxygen atoms. Therefore, new 
questions appear, e.g., how the ordered polymorph disorders. Is an order-order 
transition involved, i.e., does ice β-XV disorder via ice XV to form ice VI? In 
order to answer such questions we have revealed the librational Raman bands 
to be particularly sensitive to differences in hydrogen atom patterns. This 
allows us to clearly distinguish ice VI [3, 4], ice XV [4], ice β-XV [2] and 
intermediate hydrogen order patterns by means of Raman spectroscopy. Thus, 
we here report a study on the reaction pathways involved in the disordering of 
both ice β-XV and ice XV upon heating, and similarly on the ordering of ice VI 
upon recooling.  

[1] Salzmann CG, Radaelli PG, Mayer E, & Finney JL (2009) Ice XV: A New   
 Thermodynamically Stable Phase of Ice. Phys. Rev. Lett. 103(10):105701.  
[2] Gasser T.M., Thoeny A., Plaga L., Köster K.W., Etter M., Böhmer R., Loerting T.  
 (2018) Experimental evidence for a second hydrogen ordered phase of ice VI, 
 Chemical Science, accepted. Earlier version: https://arxiv.org/ftp/arxiv/papers/
 1708/1708.06601.pdf  
[3] Marckmann J.P., Whalley E. (1964) Vibrational Spectra of the Ices. Raman Spectra 
 of Ice VI and Ice VII. J. Chem. Phys. 41: 1450  
[4] Whale TF, Clark SJ, Finney JL, & Salzmann CG (2013) DFT-assisted interpretation 
 of the Raman spectra of hydrogen-ordered ice XV. J. Raman Spectrosc. 44(2):
 290-298.  
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Phase boundaries, nucleation rates and speed of crystal growth 
of the water-to-ice transition under an electricfield: a simulation 

study 

Alberto Zaragoza1,2, Jorge R. Espinosa3, Regina Ramos4, Jos. Antonio Cobos4, 
Juan Luis Aragones5, Carlos Vega3, Eduardo Sanz3, Jorge Ramirez6, Chantal 

Valeriani1 

1Departamento de Estructura de la Materia, Fisica Termica y Electronica, 
Facultad de Ciencias Fisicas, Universidad Complutense de Madrid, 28040 

Madrid, Spain 
2Departamento de Ingenieria Fisica, Division de Ciencias e Ingenierias, 

Universidad de Guanajuato, Loma del Bosque 103, Col. Lomas del Campestre, 
CP 37150 Leon, Mexico 

3Departamento de Qu.mica F.sica, Facultad de Ciencias Qu.micas, Universidad 
Complutense de Madrid, 28040 Madrid, Spain 

4Centro de Electr.nica Industrial, Universidad Polit.cnica de Madrid, 28006 
Madrid, Spain 

5Condensed Matter Physics Center, Universidad Aut.noma de Madrid, 28049, 
Spain 

6Departamento de Ingenier.a Qu.mica Industrial y Medio Ambiente, 
Universidad Polit.cnica de Madrid, 28006 Madrid, Spain 

We investigate with computer simulations the effect of applying an electric field 
on the water-to-ice transition. We use a combination of state-of-the-art 
simulation techniques to obtain phase boundaries and crystal growth rates 
(direct coexistence), nucleation rates (Seeding) and interfacial free energies 
(Seeding and Mold Integration). First, we consider ice Ih, the most stable 
polymorph in the absence of a field. Its normal melting temperature, speed of 
crystal growth and nucleation rate (for a given supercooling) diminish as the 
intensity of the field goes up. Then, we study polarised cubic ice, or ice Icf, the 
most stable solid phase under a strong electric field. Its normal melting point 
goes up with the field and, for a given supercooling, under the studied field 
(0.3 V nm−1 ) ice Icf nucleates and grows at a similar rate as Ih with no field. 
The net effect of the field would be then that ice nucleates at warmer 
temperatures, but in the form of ice Icf. The main conclusion of this work is 
that reasonable electric fields (not strong enough to break water molecules 
apart) are not relevant in the context of homogeneous ice nucleation at 1 bar. 

1) A. Zaragoza, J. R. Espinosa, R. Ramos, J. A. Cobos, J. L. Aragones, C. Vega, E.  
 Sanz, J. Ramírez and C. Valeriani. J. Phys.: Condens. Matter in press (2018) 
2) J.R.Espinosa, C.Navarro, E.Sanz, C.Valeriani and C.Vega J. Chem. Phys. 145  
 211922 (2016) 
3) A. Zaragoza , M. M. Conde, J. R. Espinosa , C. Valeriani, C. Vega and E. Sanz J.  
 Chem. Phys. 143 134504 (2015) 
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4) J. R. Espinosa, C. Vega and E. Sanz J. Phys. Chem. C 120 8068 (2016) 
5) J. R. Espinosa, C. Vega, C. Valeriani and E. Sanz J. Chem. Phys. 144 034501  
 (2016) 
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Polymorphism, hexatic phases and polyamorphism in confined 
water. 

Giancarlo Franzese 

Universitat de Barcelona, Spain 

http://www.ffn.ub.es/gfranzese 

Confined water have features not observed in bulk water, including the two-
step continuous melting from crystal to liquid via an intermediate phase with 
quasi-long-range orientational order but not long-range translational order, 
usually indicated as hexatic [1]. By considering a water model with many-body 
interactions, we study the occurrence of polymorphism, hexatic phases and 
polyamorphism (more than one liquid state) in confined monolayer and 
multilayers water [2]. Our results show how many-body and three-body 
interactions regulate water behavior [3] and water anomalies [4], determining 
the possible existence of polyamorphism in confined water, with implications in 
fields going from nanoscience to biology [5,6].  

[1] O. Vilanova, and G. Franzese, Structural and dynamical properties of nanoconfined 
 supercooled water, arXiv:1102.2864 (2011).  
[2] L. E. Coronas, V. Bianco, A. Zantop, and G. Franzese, Liquid-Liquid Critical Point in 
 3D Many-Body Water Model, arXiv:1610.00419 (2016).  
[3] V. Bianco, and G. Franzese, Critical behavior of a water monolayer under   
 hydrophobic confinement, Scientific Reports 4, 4440 (2014).  
[4] F. de los Santos, and G. Franzese, Relations between the diffusion anomaly and  
 cooperative rearranging regions in a hydrophobically nanoconfined water  
 monolayer, Physical Review E, 85, 010602(R) (2012).  
[5] V. Bianco, G. Franzese, C. Dellago and I. Coluzza, Role of Water in the Selection of 
 Stable Proteins at Ambient and Extreme Thermodynamic Conditions, Physical 
 Review X 7, 021047 (2017).  
[6] O. Vilanova, V. Bianco, and G. Franzese, Multi-scale approach for self-Assembly  
 and protein folding, in “Design of Self-Assembling Materials”, I. Coluzza ed.,  
 (Springer International Publishing AG, 2018) pag. 107--128. 
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Thermodynamic and structural anomalies of water nanodroplets 

Shahrazad Malek1, Peter Poole2, Ivan Saika-Voivod1 

1Memorial University of Newfoundland, Canada 
2St. Francis Xavier University, Canada 

http://people.stfx.ca/ppoole/ 

Liquid water nanodroplets are important in many systems, such as the earth's 
climate, and are also valuable for studying supercooled water because of their 
resistance to crystallization well below the freezing temperature of bulk water. 
Bulk liquid water has well-known thermodynamic anomalies, such as a density 
maximum, and may also exhibit a liquid-liquid phase transition (LLPT) at 
elevated pressure under deeply supercooled conditions. However, the size of 
liquid water nanodroplets at which the signature of the bulk anomalies first 
appears has not been determined. Here we conduct molecular dynamics 
simulations, using the TIP4P/2005 interaction potential, to show that a density 
maximum occurs in water nanodroplets as small as 360 molecules. We also 
directly measure the Laplace pressure inside our nanodroplets, and 
demonstrate that in the smallest droplets the pressure reaches more than 200 
MPa at 180 K, conditions which coincide with the onset of the LLPT of the 
TIP4P/2005 model. By studying how the density and pressure inside 
nanodroplets vary with their size and temperature, we find behaviour that 
corresponds well to the anomalies of the bulk liquid equation of state (EOS). 
However, at low temperature, we observe increasing deviations from the bulk 
EOS, as well as the emergence of significant radial density gradients within our 
nanodroplets, both of which can be explained by the interplay of the physics of 
a nanoscale liquid droplet with a bulk LLPT. We thus demonstrate that all the 
thermodynamic anomalies of bulk water can be observed in nanodroplets, as 
well as novel nanoscale phenomena consistent with the approach to the LLPT. 
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Potential Energy Landscape of TIP4P/2005 water 

Philip H. Handle, Francesco Sciortino 

Sapienza University of Rome, Italy 

We report a numerical study of the statistical properties of the potential energy 
landscape of TIP4P/2005, one of the most accurate rigid water models.  
We show that, in the region where equilibrated configurations can be 
generated, a Gaussian landscape description is able to properly describe the 
model properties.  
We also find that the volume dependence of the landscape properties is 
consistent with the existence of a locus of density maxima in the phase 
diagram. The landscape-based equation of state accurately reproduces the 
TIP4P/2005 pressure-vs-volume curves, providing an extrapolation of the free-
energy at low T. A positive-pressure liquid-liquid critical point is predicted by 
the resulting free-energy. 
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Water-like anomalies as a function of tetrahedrality 

John Russo1, Kenji Akahane2, Hajime Tanaka2 

1University of Bristol, United Kingdom 
2The University of Tokyo, Japan 

Tetrahedral interactions describe the behaviour of the most abundant and 
technologically important materials on Earth, such as water, silicon, carbon, 
germanium, and countless others. Despite their differences, these materials 
share unique common physical behaviours, such as liquid anomalies, open 
crystalline structures, and extremely poor glass-forming ability at ambient 
pressure. To reveal the physical origin of these anomalies and their link to the 
shape of the phase diagram, we systematically study the properties of the 
Stillinger-Weber potential as a function of the strength of the tetrahedral 
interaction λ [1,2,3]. 
We uncover a new transition to a re-entrant spinodal line at low values of λ, 
accompanied with a change in the dynamical behaviour, from Non-Arrhenius to 
Arrhenius [4]. 
We then show that a two-state model can provide a comprehensive 
understanding on how the thermodynamic and dynamic anomalies of this 
important class of materials depend on the strength of the tetrahedral 
interaction [4]. Our work establishes a deep link between the shape of phase 
diagram and the thermodynamic and dynamic properties through local 
structural ordering in liquids, and hints at why water is so special among all 
substances. 

[1] Molinero V, Sastry S, Angell CA, Phys Rev Lett. 97:075701 (2006) 
[2] Angell CA, Kapko V, J Stat Mech Theory Exp 2016:094004 (2006) 
[3] Dhabal D, Chakravarty C, Molinero V, Kashyap HK, J Chem Phys 145:214502  
 (2016) 
[4] Russo J, Akahane K, Tanaka H, PNAS (2018) 
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Searching for ice-domains in amorphous ices 

Fausto Martelli 

IBM, United Kingdom 

https://researcher.watson.ibm.com/researcher/view.php?person=ibm-
Fausto.Martelli 

We employ classical molecular dynamics simulations to investigate the 
molecular-level structure of water during the isothermal compression of 
hexagonal ice (Ih) and low-density amorphous ice (LDA) at low temperatures. 
In both cases, the system transforms to high-density amorphous ice (HDA) via 
a first-order-like phase transition. We employ a sensitive local order metric, 
LOM, (Martelli et. al., Phys. Rev. B, 97, 064105 (2018)) that can discriminate 
among different ice structures (in addition to LDA and HDA) based on the 
positions of the oxygen atoms in the first and/or second hydration shell. Our 
results confirm that LDA and HDA are indeed amorphous, i.e., they lack 
polydispersed ice domains. Interestingly, HDA contains a small number of 
scattered domains that are reminiscent of ice IV, although the hydrogen-bond 
network (HBN) of these domains differ from the HBN of ice IV. The presence of 
ice IV-like domains provides some evidence to the hypothesis that HDA could 
be a 'derailed', state of the Ih-to-ice IV pathway. Both nonequilibrium LDA-to-
HDA and Ih-to-HDA transformation, are two-steps processes where, first, a 
small distortion of the HBN occurs at low pressures and then, a sudden, 
extensive re-arrangement of HBs at the corresponding transformation pressure 
follows. Interestingly, the Ih-to-HDA and LDA-to-HDA transformations  
occur when LDA and Ih have similar local order, as quantied by the site-
averaged LOMs. Since Ih has a perfect tetrahedral HBN, while LDA does not, it 
follows that higher pressures are needed to transform Ih into HDA than for the 
conversion of LDA to HDA. In correspondence with both first-order-like phase 
transitions, the samples are composed by a large HDA cluster that percolates 
within the Ih/LDA samples. 
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The Role of Water and Guests in the World of Gas Hydrates at 
Extreme Conditions 

Amadeu Sum 

Colorado School of Mines, USA 

Gas hydrates is one form in which water orders itself to form a solid solution 
with light gases. The formation of gas hydrates requires a concerted alignment 
of gas and water molecules to orderly assemble into water cavities trapping the 
gas molecules. No other form of water presents such a delicate balance 
between entropic and enthalpic energies, resulting in intriguing properties in 
terms of thermodynamics, interfacial properties, structural arrangement, and 
compositional variation. The formation of gas hydrates becomes even more 
complex and interesting at extreme conditions of temperature, pressure, and 
composition, as their formation process and properties are not well 
understood. This contribution will present what we know of gas hydrates with 
an emphasizes on what it is still poorly understood as well as the areas in 
which there is significant knowledge gap. The discussion will consider 
molecular properties from simulations and spectroscopy and physical-chemical 
phenomena from thermodynamics to crystal growth. The goal of the 
presentation is to pose more questions from which future studies on gas 
hydrates at extreme conditions may be developed. 
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Water mixtures at modest pressures and temperatures 

John Loveday 

The University of Edinburgh, United Kingdom 

In spite of being intensively studied for more than a century the behaviour of 
water, ice and water mixtures at pressures in the 0-3 GPa range continues to 
be both surprising and interesting. Behaviour in this pressure range is 
particularly valuable because the internal geometry of the water molecule is 
essentially unchanged. As a result, behaviour and insight obtained at high 
pressure can be more readily transferred to and used at ambient pressure.  
In my talk I will use two examples of recent work by my group to illustrate 
this.  

We have recently discovered a gas hydrate common to the carbon dioxide and 
hydrogen-water systems. This structure, SX, is a new class of hydrate network 
in that it has open, chiral channels. These can be emptied, at least in the case 
of the hydrogen hydrate form and refilled with other gases, for example 
nitrogen, so that SX ice behaves as ‘activated’ water.  

We have recently found that in the 1.3-2 GPa pressure range the solubility of 
methane in liquid water increases by at least one order of magnitude and 
reaches 40 mol%. This unexpected behaviour cannot be reproduced in classical 
molecular dynamics simulations using potentials developed at ambient 
pressure. I will present new work on the structure of this remarkable fluid 
along with studies of the solubility of nitrogen which suggest that the 
underlying causes of increased solubility are more complex than simple size 
effects.  
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Methane Dynamics in Ice Clathrates and Hydrates under High 
Pressure 

Umbertoluca Ranieri1, Michael Marek Koza1, Werner F. Kuhs2, Richard Gaal3, 
Stefan Klotz4, Andrzej Falenty2, Philippe Gillet3, Livia E. Bove4 

1Institut Laue-Langevin, France 
2GZG Abt. Kristallographie, Universität Göttingen, Germany 

3Ecole Polytechnique Fédérale de Lausanne, ICMP, EPSL, Switzerland 
4Sorbonne Université, CNRS UMR 7590, Institut de minéralogie, de physique 

des matériaux et de cosmochimie, France 

Methane hydrate (or “burning ice”) is a non-stoichiometric material composed 
of water and methane [1]. It can be produced in laboratory by exposing ice to 
methane gas at low temperature and high pressure, and also naturally forms in 
large quantities on Earth and in icy bodies of the outer solar system. It has 
recently attracted considerable attention for its potential as a geo-organic fuel 
resource.  

On the molecular scale, methane hydrate consists of a crystalline network of 
hydrogen-bonded water molecules encaging methane molecules. Different 
crystalline structures exist, depending on the pressure and temperature 
conditions. Investigating the dynamics of methane in those structures is an 
interesting topic from a fundamental point of view (e.g. to understand water-
gas interaction) as well as in the light of the potential technological 
applications of methane hydrates (e.g. gas storage).  

We measured the translational diffusion of methane molecules at the interface 
of stable clathrate structure I and metastable clathrate structure II by 
quasielastic neutron scattering at 0.8 GPa. Pressure favoured the coexistence 
of the two structures. Our experimental results reveal that methane molecules 
diffuse remarkably fast at the interface of the two structures [2].  

We also studied the vibrational dynamics of methane molecules embedded in 
the high-pressure structure MH-III using Raman spectroscopy up to 45 GPa. 
Our experimental results — combined with ab-initio simulation results [3] — 
indicate progressive orientational ordering, locking-in and angular distortion of 
the methane molecules as pressure is increased over the multi-GPa range.  

[1] E. D. Sloan and C. A. Koh, Clathrate Hydrates of Natural Gases, 3rd edn (CRC  
 Press, Taylor & Francis Group, 2008).  
[2] U. Ranieri, M. M. Koza, W. F. Kuhs, S. Klotz, A. Falenty, P. Gillet and L. E. Bove.  
 Nature Communications, 8, 1076-1-1076-7 (2017).  
[3] S. Schaack, U. Ranieri, P. Depondt, R. Gaal, W. F. Kuhs, A. Falenty, P. Gillet, F.  
 Finocchi and L. E. Bove. Submitted. 

ranieriu@ill.fr          Wednesday June 6 
�45

mailto:ranieriu@ill.fr


Water X International workshop June 3-8 2018 La Maddalena, Sardinia (Italy)

Structural and dynamical properties of methane hydrate under 
high pressure via Raman spectroscopy and first-principles 

molecular dynamics including nuclear quantum effects. 

Sofiane Schaack1, Umbertoluca Ranieri2,3, Philippe Depondt1, Richard Gaal2, 
Werner F. Kuhs4, Andrzej Falenty4, Philippe Gillet2, Livia E. Bove5, Fabio 

Finocchi1 

1Sorbonne Université, CNRS-UMR 7588, Institut des NanoSciences de Paris, 
F-75005 Paris, France 

2Institute of Condensed Matter Physics, Ecole Polytechnique Federal de 
Lausanne, CH-1015 Lausanne, Switzerland 

3Institut Laue-Langevin, CS 20156, 38042 Grenoble, France 
4GZG Abt. Kristallographie, Universität Götingen, Goldschmidtstrasse 1, 37077, 

Göttingen, Germany 
5Sorbonne Université, CNRS-UMR 7590, Institut de Minéralogie de Physique 

des Matériaux et de Cosmochimie, F-75005 Paris, France 

Phase III of methane hydrates (MH-III) has been shown to be stable for 
pressures exceeding 2 GPa, up to about 80 GPa [1]. The symmetrization of the 
H bonds under pressure in the ice skeleton has been postulated but not 
directly probed so far; another issue concerns the interaction of the methane 
molecules with the ice network, as cages shrink under pressure. We study MH-
III in a wide pressure range, up to 65 GPa, by means of first-principles 
molecular dynamics and Raman spectroscopy. As nuclear quantum effects, 
mainly zero-point energy and tunneling, are relevant in the symmetrization of 
H bonds in ice [2,3], they are included by using the Quantum Thermal Bath 
(QTB) [4,5]. Systematic comparison between classical versus QTB 
simulations allows us to distinguish classical thermal effects from nuclear 
quantum effects on the MH-III properties. We also provide a full description of 
structural and dynamical behavior, through the analysis of time-dependent 
correlation functions with the Raman spectra. 

The enclosed methane molecules behave as almost free rotors at the lowest 
pressure that we probe, while some rotations become hindered as pressure 
increases, which accompanies the onset of an orientational ordering of CH4 
molecules. Methane molecules experience angular distortions starting at about 
20 GPa; moreover, we found a strong coupling between selected modes of the 
D2O host and the CH4 guests. This explains the change of slope of both the ice 
frame and the methane stretching modes with pressure, as seen in the 
experiments. 
At higher pressures, around 40 GPa, we obtain a H bonds symmetrization 
transition, both thermally and quantum driven, to be compared with ~65 GPa 
as we obtained in pure ice within the same theoretical framework [6]. 
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[1] S. Machida, H. Hirai, T . Kawamura, Y. Yamamoto, T. Yagi, Phys. Earth Planet. Int. 
 155, 170 (2006) 
[2] M. Benoit, D. Marx, M. Parrinello, Nature 392, 258 (1998) 
[3] Y. Bronstein, P. Depondt, F. Finocchi, A.M. Saitta, Phys. Rev. B 89, 214101 (2014) 
[4] H. Dammak, Y. Chalopin, M. Laroche, M. Hayoun, J.-J. Greffet, Phys. Rev. Lett.  
 103, 190601 (2009) 
[5] F. Brieuc, Y. Bronstein H. Dammak, P. Depondt, F. Finocchi, M. Hayoun, J. Chem. 
 Th. Comp. 12, 5688 (2016) 
[6] S. Schaack, Ph. Depondt, F. Finocchi, J. Phys. Conf. Series, accepted. 
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Hydrogen bond symmetrization in ices and gas hydrates 

Richard Gaal1, Umbertoluca Ranieri2, Sofiane Schaack3, Yael Bronstein3, Marco 
Saitta3, Fabio Finocchi3, Philippe Depondt3, Philippe Gillet1, Livia Bove3 

1EPFL IPHYS EPSL, Switzerland 
2Institut Laue-Langevin, France 

3Sorbonne Université, UPMC Univ Paris 06, France 

We present results of high pressure Raman spectroscopy and molecular 
dynamics calculations in salty ices and gas hydrates. One of the spectacular 
changes in structure of ices under pressure is the symmetrization of the 
hydrogen bond, and we have studied this in several systems by the two 
methods.  

By following the appearance of the fingerprint T2g Raman-active phonon mode 
we show that in salty ices the transition pressure from the the proton-
disordered molecular ice VII phase to the atomic ice X increases with salt 
content and that the principal reason for this increase is the broken symmetry 
of the double-well potential caused by the electric field of the ionic impurities.  

We have studied the possibility of hydrogen bond symmetrization in the high-
pressure MH-III phase of CH4-D2O clathrate. In this clathrate the ice network is 
similar to hexagonal ice and it is stable up to megabar pressures. By 
correlating the spectroscopy results with extensive MD simulation we show that 
the hydrogen bond symmetrizes at about 60 GPa.  

In contrast, in H2-H2O clathrate, where the high pressure phase ice network is 
akin to ice Ic, we have not found hints in the Raman spectra to hydrogen bond 
symmetrization up to megabar pressures. 
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Reversed interfacial fractionation of carbonate and bicarbonate 
evidenced by X-ray photoemission spectroscopy1,* 

Richard J. Saykally 

Department of Chemistry, University of California and Chemical Sciences 
Division, Lawrence Berkeley National Laboratory Berkeley, CA 94720-1460 

The fractionation of ions at liquid interfaces and its effects on the interfacial 
structure are of vital importance in many scientific fields. Of particular interest 
is the aqueous carbonate system, which governs both the terrestrial carbon 
cycle and physiological respiration systems. We have investigated the relative 
fractionation of carbonate, bicarbonate, and carbonic acid at the liquid/vapor 
interface finding that both carbonate (CO32-) and carbonic acid (H2CO3) are 
present in higher concentrations than bicarbonate (HCO3-) in the interfacial 
region. While the interfacial enhancement of a neutral acid relative to a 
charged ion is expected, the enhancement of doubly charged, strongly 
hydrated carbonate anion over the singly charged, less strongly hydrated 
bicarbonate ion is surprising. As vibrational sum frequency generation 
experiments have concluded that both carbonate and bicarbonate anions are 
largely excluded from the air/water interface, the present results suggest that 
there exists a significant accumulation of carbonate below the depletion region 
outside of the area probed by sum frequency generation. 

1Royce K. Lam, Jacob W. Smith, Anthony M. Rizzuto, Osman Karslıog, Hendrik Bluhm, 
and Richard J. Saykally, J. Chem. Phys. 146, 094703 (2017). 
*This work was supported by the Director, Office of Science, Office of Basic Energy 
Sciences, Division of Chemical Sciences, Geosciences, and Biosciences and Materials 
Sciences Division of the U.S. Department of Energy at the Lawrence Berkeley National 
Laboratory under Contract No. DE-AC02-05CH11231 

Lam, R. K., England, A. H., Smith, J. W., Rizzuto, A. M., Shih, O., Prendergast, D.,  
 Saykally, R. J., "The hydration structure of dissolved carbon dioxide from X-ray 
 absorption spectroscopy" Chem. Phys. Lett., 633, 214-217 (2015). 
Lam, R. K., England, A. H., Sheardy, A. T., Shih, O., Smith, J. W., Rizzuto, A. M.,  
 Prendergast, D., Saykally, R. J., "The hydration structure of aqueous carbonic 
 acid from X-ray absorption spectroscopy" Chem. Phys. Lett., 614, 282-286  
 (2014). 
A. H. England, A. M. Duffin, C. P. Schwartz, J. S. Uejio, D. Prendergast, and R. J.  
 Saykally "On the Hydration and Hydrolysis of Carbon Dioxide," Chem. Phys.  
 Lett. 514, 187-195 (2011). 
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The Surface of Ice Is Like Supercooled Liquid Water 

Huib J. Bakker, Wilbert J. Bakker 

AMOLF, Netherlands 

We study the molecular-scale properties of the surface of ice with heterodyne-
detected surface sum-frequency generation (HD-SFG) using femtosecond mid-
infrared light pulses. This technique measures the vibrational spectrum of 
molecules at interfaces with extremely high surface specificity. We find that the 
vibrational spectrum of the top molecular layers at the ice surface strongly 
resembles that of liquid water. This liquid-water-like layer has a thickness of 
~1 nm (~4 molecular layers) at a temperature of 270 K (-3 oC). When the 
temperature is decreased, the liquid-like layer becomes thinner, but still has a 
thickness of ~2 molecular layers at a temperature of 245 K.  

The presence of a liquid-like layer at the ice surface can be explained from the 
highly collective and long-range character of the hydrogen bonds between 
water molecules. The strength of the hydrogen bonds increases with increasing 
conjugation length of the chain of hydrogen-bonded molecules. The truncation 
of the hydrogen-bond network at the ice surface induces a weakening of the 
hydrogen bonds in the molecular layers near surface, and provide these layers 
with liquid-like character. The liquid-like layer at the ice surface is thus an 
intrinsic property of ice in thermodynamic equilibrium, and likely plays an 
important role in processes like glacier motion and frost heave.  

[1] W.J. Smit and H.J. Bakker, Angew. Chem. Int. Ed. 56, 15540 (2017). 
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Molecular gas selectivity study within mixed CO2, CO and N2 gas 
hydrates by Raman spectroscopy 

Claire Petuyaa, Ludovic Martin-Gondreb, Françoise Damayc, Arnaud Desmedta 

aInstitut des Sciences Moléculaires - UMR CNRS 5255 - Univ Bordeaux, France 
bInstitut UTINAM - UMR CNRS 6213 - Univ. Besançon, France 

cLaboratoire Léon Brillouin - UMR 12 CEA-CNRS, France 

In addition to their various applications in the environment, energy and 
technology fields, gas hydrates - crystalline compounds consisting of water 
molecules forming cages inside of which guest molecules are encapsulated 
[SLO 08] - are supposed to be involved in the formation of planetesimals, 
comets and other planets, such as Titan or Enceladus, both being Saturn’s 
moons. For instance, CO gas hydrate was one of the hydrates especially 
highlighted in the first work outlining this hypothetical hydrate formation in 
astrophysical conditions [PET 17]. Moreover, recent theoretical works suggest 
that the nitrogen depletion observed on the Jupiter family comet 67P/
Churyumov-Gerasimenko might be due to N2 encapsulation within hydrates 
and so assume that 67P agglomerated from these crystalline compounds [LEC 
15]. The preferential trapping of carbon monoxide with respect to nitrogen 
inside mixed gas hydrate allow to determine the temperature range of the 
cometary grains formation in the protosolar nebula. The present work is 
dedicated to the experimental investigation of such a preferential 
encapsulation by means of Raman scattering in various mixed gas (CO, CO2, 
N2) hydrates. Beyond the astrophysical interest, the molecular selectivity in 
mixed gas hydrate plays an important role in many areas such as process 
engineering or geoscience. The investigation is based on the study of the gas 
selectivity in gas hydrates formed with high driving force, i.e. by ice exposure 
to different gaseous mixtures (in various pressure and temperature 
conditions). These studies have been carried out on the pure gas hydrates (CO, 
N2 and CO2) as well as on the corresponding mixed gas hydrate. Such a series 
of gaseous molecules offer the opportunity to explore the impact of various 
physical-chemistry parameters onto the gas selectivity by forming hydrates. 
Many factors, such as steric hindrance or thermodynamic conditions of 
formation, govern this selectivity. CO2 possesses a strong water affinity while 
CO and N2 do not. CO and N2 molecules have similar steric hindrance and close 
hydrate formation P-T conditions. CO is the only considered guest molecules 
possessing a dipolar moment. Raman spectroscopy results have put forward a 
clear preferred encapsulation of carbon monoxide molecules compared to 
nitrogen molecules during the mixed gas hydrate formation. Similar 
preferential encapsulation is observed in the case of CO2 molecules with 
respect to CO and N2 molecules [PET 18b]. Moreover, neutron powder 
diffraction data have shown phase mixtures involving various structures (so- 

claire.petuya@gmail.com        Wednesday June 6 

�51

mailto:claire.petuya@gmail.com


Water X International workshop June 3-8 2018 La Maddalena, Sardinia (Italy)

called type I and type II) and structural metastability [PET 18a, PET 18c]. This 
whole set of results will be discussed in conjunction with DFT calculations, 
kinetic formation conditions and structural metastability properties evidenced 
in these gas hydrates. 

[LEC 15] Lectez S. et al. Astrophys. J. Lett. 2015; 805: L1. 
[PET 17] Petuya, C. et al. J. Phys. Chem. C 2017, 121, 13798-13802. 
[PET 18a] Petuya, C. et al. J. Phys. Chem. C 2018, 122, 566-573. 
[PET 18b] Petuya, C et al. 2018 (submitted to Chem. Commun.) 
[PET 18c] Petuya, C. et al. Crystals, 2018, 8, 145. 
[SLO 08] Sloan E.D., Koh C.A., Clathrate Hydrates of natural gases. 3rd ed.; Taylor & 
 Francis-CRC Press: Boca Raton, FL, 2008. 
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Vapor deposition of nitrogen and water at low temperature 
(80-130 K) and under 1 bar: the extreme conditions of Enceladus 

environment  

Morgane Lemaire1,2, Claire Pirim1, Bertrand Chazallon1, Arnaud Desmedt2 

1Univ. Lille, CNRS, UMR 8523 - PhLAM. Univ. Bordeaux, CNRS UMR 5255 ISM, 
France 

2Univ. Bordeaux, CNRS UMR 5255 ISM- Institut des Sciences Moléculaires, 
France 

Gas hydrates possess a potential for useful applications in many technical and 
industrial applications in the fields of energy and environmental research [1]. 
They can be found in a variety of natural environments such as hydrate-
bearing marine sediments, the permafrost or even atmospheric aerosols [2]. 
Nitrogen-bearing clathrates occur naturally on Earth [3] and are potentially 
astrophysical players in the formation of nebulae [4], comets [5] and of outer 
solar system planets [6]. Enceladus (a Saturn’s moon) is expected to feature a 
combination of conditions favorable to clathrate production with the availability 
of large quantities of water, low temperature in the interior or at the surface, 
and a large pressure gradient from the surface to the interior of the planet. 
Therefore, a large amount of gas species, such as N2, might be trapped in 
clathrate forms either during vapour deposition after gas plume ejections at 
the pole or within a high pressure-low-temperature environment [7].  
In this work, in-situ micro-Raman spectroscopy, adapted to investigate gas 
hydrate [8], is used to study the formation of clathrates from thin films 
obtained by vapour deposition of nitrogen and water vapor at low pressure 
(10-2 – 103 mbar) and low temperature (77-210 K), close to Enceladus 
environment. Sequential deposition consists in the condensation of H2O and 
then N2. An amorphous thick ice film (amorphous solid water) is first observed 
at 80 K. Then one bar of nitrogen gas is injected into the sample chamber. 
During heating process, the amorphous film transforms into crystalline ice over 
a temperature range of 60 K. The nitrogen molecules are first enclosed in the 
amorphous porous ice structure and become encaged into a N2-clathrate 
structure above 160 K, revealed by the Raman signatures of guest partitioning 
in the water cages as recently evidenced in the nitrogen hydrate [9]. In 
contrast, co-deposition consists in the simultaneous deposition of nitrogen and 
water vapor at some specific gas-mixing ratio (20% of N2) and temperature 
conditions of 80 K-130 K. In this case, no clathrates could be observed and 
most N2 trapped initially into ASW is released during ice crystallization.  

[1] E.D. Sloan, Nature, 426, 353-363, (2003)  
[2] E.D. Sloan, C.A. Koh, 3rd ed.; Taylor & Francis-CRC Press: Boca Raton, FL, (2008)  
[3] H. Shoji, C.C.Jr. Langway, Nature 298, 548-550, (1982)  
[4] F. Hersant et al., Astrophys. J., 554, 391-407, (2001)  
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[5] S. Lectez et al., Astrophys. J. Lett., 805 : L1 (4pp), (2015)  
[6] A. Bouquet et al., Geophysical Res. Lett., 42, 1334–1339, (2015)  
[7] O. Mousis et al., Astrophys. J. Lett., 740, L9, (2011)  
[8] B. Chazallon et al., Gas Hydrates: Fundamentals, Characterization and Modeling: 
 D. Broseta, L. Ruffine, A. Desmedt, Eds.; Wiley-ISTE: London,Vol. 1, pp  
 63−112, (2017)  
[9] C. Petuya et al., J. Phys. Chem. C. 2017, ASAP.  
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Structure and dynamics of water in swelling clay minerals 

Laurent Michot 

CNRS, France 

Swelling clay minerals are major hydrated components of soils and 
sedimentary rocks both on Earth and Mars where they play a key role in the 
control of water cycle. Their hydration behaviour impacts various geological 
processes and is also of prime importance in numerous industrial applications 
(oil industry, civil engineering, cosmetics, waste management…). Obtaining 
detailed data about the structure, dynamics and reactivity of water in swelling 
clay minerals under various pressure and temperature conditions then appears 
very relevant. In addition, as these minerals hydrate sequentially upon 
increasing water activity, which leads to the formation one layer, two layers 
and three layer hydrates, they represent very adapted materials for studying 
the influence of bidimensional confinement on water features. This talk will 
present an overview of recent work carried out on the structure and dynamics 
of water in these materials obtained by collating experimental data with 
computer simulations. We will try in particular to illustrate the interest of using 
well-defined synthetic materials, the relevance of the use of various neutron-
based methods (Neutron diffraction, QENS, Spin echo, inelastic measurements) 
and recent developments used for refining the potentials used for GCMC and 
MD simulations.  
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The shape of water in magmatic liquids by molecular dynamics 
simulations 

Thomas Dufils1, Nicolas Sator2, Bertrand Guillot2 

1Sorbonne Université, CNRS, Electrochimie des Electrolyte et Nanosystèmes 
Interfaciaux, PHENIX, France 

2Sorbonne Université, CNRS, Laboratoire de Physique Théorique de la Matière 
Condensée, LPTMC, France 

Earth's interior is the most important reservoir of water of the planet. For 
instance, the Earth's mantle stores an amount of water equivalent to 1 to 3 
times the mass of all the oceans, depending on the estimates [1]. But in 
regards to the extent of the mantle, this water amount represents only 0.1% 
of its mass. However water, even in tiny proportions, plays an important role in 
geological processes since its huge impact on the properties of silicates [2]. 
Among others, water affects the transport properties of silicate melt and the 
melting temperature of mantle minerals. This in turn affects plate tectonics and 
the eruptive style of volcanos. An understanding of the effect of water on 
silicate melts is thus required to have a better description of those phenomena. 
However, the extreme thermodynamic conditions of the mantle (T=1000-2000 
K, P= 0-23 GPa) are difficult to reproduce experimentally, and it is even more 
difficult to perform in-situ experiments. This leads to rare data on the structure 
and dynamics of water in silicate melts, although such data are growing in the 
last years.  
That is why we propose to use molecular dynamics simulations as a theoretical 
guide to model these systems. Based on a force field developed to reproduce 
the thermodynamics, structure and transport properties of silicate melts of 
natural compositions [3], we have developed a force field for water in silicates 
[4]. One of the features of this force field is that its capability to reproduce the 
dissociation of water which is preponderant in silicate melts on which we will 
focus on. We will use this force field to investigate the phase diagram of the 
water-silicate systems and display some features of water-silicate mixings. We 
will then discuss how water, as molecular water or hydroxyle groups, is 
incorporated inside silicate melts. In particular, we will be interested in the 
speciation between H2O and OH- and the local environment of dissolved water. 
Finally, we will focus on the dynamics of these different forms of water and 
more precisely their respective diffusion coefficients to point out the principal 
species responsible of for the transport of oxygen and hydrogen in these 
systems.  

[1] M. Hirschmann, Annual Reviews of Earth and Planetary Science (2006)  
[2] M. Hirschman, D. Kohlstedt, Physics Today (2012)  
[3] T. Dufils et al, Chem. Geol. (2016)  
[4] T. Dufils, PhD thesis (2017) 
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Experimental ice III, ice V and ice VI PVT equation of state 
measured in-situ, equilibrium with aqueous solution and 

implication for extraterrestrial ocean worlds 

Baptiste Journaux1,2,  J. Michael Brown2, Anna Pakhomova3, Sylvain 
Petitgirard4, Ines Collings5, Tiziana Boffa-Ballaran4, Jason Ott6 

1NASA Astrobiology Institute, University of Washington, USA 
2University of Washington, USA 

3DESY, Germany 
4Bayerisches Geoinstitut, Germany 

5ESRF, France 
6University of Washington, USA 

https://bjournaux.wordpress.com/ 

Water is distinguished for its rich pressure (P) – temperature (T) phase 
diagram: currently, 17 polymorphs of ice are experimentally identified. Some 
of these high-pressure forms are believed to be present in icy worlds like 
Europa, Ganymede, or Titan and newly discovered ocean exoplanets [Léger et 
al., 2004; Sohl et al. 2010]. These icy satellites can be covered by a 
hydrosphere up to 900 km thick. These hydrospheres are probably separated 
into a sequence of concentric shells of high-pressure polymorphs depending on 
the depth and the temperature profile. In icy satellites like Titan or Ganymede, 
ice III, ice V and ice VI are likely to be major components [Sotin et al., 2004]. 
Precise knowledge on elastic properties of these phases as a function of P and 
T is essential to perform modeling of geological structure and evolution of 
these satellites. Surprisingly, despite the high planetary relevance, there are 
very scarce compressibility data on ice III, V and VI. For ice III, only a few 
data points using volume measurements [Bridgman, 1912; Gagnon et al., 
1990] or recovered D2O powder diffraction [Londono et al., 1998; Lobban et 
al., 2000] exist and there is no in-situ single crystal refinement for pure H2O. 
Ice V appears to have been even less investigated: the only X-ray diffraction 
experiment has been performed on recovered quenched sample at ambient 
pressure [Kamb et al., 1967]. Ice VI has been also poorly investigated, and 
even if recent work has determined its compressibility above 300 K [Bezacier 
et al., 2014], lower temperature data are still very sparse. 
 We performed single-crystal and powder X-ray diffraction experiment on 
ices III and V and VI grown in-situ in a cryostat cooled diamond anvil cell 
(DAC) at the ID15B beamline of the European Synchrotron Research Facility. 
We obtained accurate pressure-volume temperature data in the 200-1800 MPa 
220-300 K range. From those we derived PVT equations of state and related 
thermodynamic properties for all these ice polymorphs, such as their thermal 
expansion, bulk modulus, heat capacity and other pressure temperature and  
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volume derivatives. The measured volumes are significantly different from 
previous theoretical EOS by up to 8% for ice III for example. We combined 
those with liquid water local basis function Gibbs energy representation 
[Brown, 2018] to provide a comprehensive description of equilibriums of pure 
water, aiming at providing a solid thermodynamic framework for the 
description of ices and aqueous solutions when solutes are present. 
 We also discuss the implication of the results in the scope of interpreting 
data of upcoming space missions studying planetary interiors and their 
potential habitability, especially for icy moons, KBO’s and ocean exoplanets, 
where these phases are expected to compose large portions of their 
hydrospheres. 

Bezacier, L., Journaux, B., Perrillat, J.P., Cardon, H., Hanfland, M., and Daniel, I. 
 “Equations of State of Ice VI and Ice VII at High Pressure and High   
 Temperature.” Journal of Chemical Physics  141, no. 10 (2014): 104505. 
Bridgman, P W. “Water, in the Liquid and Five Solid Forms, under Pressure.”   
 Proceedings of the American Academy of Arts and Sciences  47, no. 13 (1912): 
 441–558. 
Brown, J. Michael. “Local Basis Function Representations of Thermodynamic Surfaces: 
 Water at High Pressure and Temperature as an Example.” Fluid Phase Equilibria  
 463 (May 15, 2018): 18–31. 
Gagnon, R E, H Kiefte, M J Clouter, and Edward Whalley. “Acoustic Velocities and  
 Densities of Polycrystalline Ice Ih, II, III, V, and VI by Brillouin Spectroscopy.” 
 The Journal of Chemical Physics  92, no. 3 (1990): 1909. 
Kamb, B., A. Prakash, and C. Knobler. “Structure of Ice. V.” Acta Crystallographica  22, 
 no. 5 (May 10, 1967): 706–15. 
Léger, A, F Selsis, C Sotin, T Guillot, D Despois, D Mawet, M Ollivier, A Labèque, C  
 Valette, and F Brachet. “A New Family of Planets?” Icarus  169, no. 2 (2004): 
 499–504. 
Lobban, Colin, John L. Finney, and Werner F. Kuhs. “The Structure and Ordering of  
 Ices III and V.” The Journal of Chemical Physics , 2000. 
Londono, J. D., W. F. Kuhs, and J. L. Finney. “Neutron Diffraction Studies of Ices III  
 and IX on Under- pressure and Recovered Samples.” The Journal of Chemical 
 Physics , June 4, 1998. 
Sohl, Frank, Mathieu Choukroun, Jeffrey Kargel, Jun Kimura, Robert Pappalardo, Steve 
 Vance, and Mikhail Zolotov. “Subsurface Water Oceans on Icy Satellites:  
 Chemical Composition and Exchange Processes.” Space Science Reviews  153 
 (2010): 485–510. 
Sotin, C, and G Tobie. “Internal Structure and Dynamics of the Large Icy Satellites.” 
 Comptes Rendus Physique  5 (2004): 769–80. 
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The putative liquid-liquid transition in confined water is a liquid-
ice transition 

Eleonora Stefanutti1, Livia E. Bove2, Gérald Lelong2, Alan K. Soper3, Fabio 
Bruni1, Maria Antonietta Ricci1 

1Università Roma Tre, Italy 
2IMPMC, France 

3STFC, United Kingdom 

Neutron scattering experiments are used to investigate the state of confined 
water in the cylindrical pores of MCM-41 type mesoporous silica, with pore 
diameters of 2.8 nm and 4.5 nm, over the temperature range 160 - 290 K. A 
new experimental set-up allows the investigation of structure over a wide 
range of scattering vector (Q), combining small angle neutron scattering 
(SANS) and wide angle diffraction. This allows us to observe simultaneously 
both the main water peak (around Q=1.7 A-1), which arises from 
intermolecular correlations in the local water structure, and the (10) Bragg 
peak (around Q=0.2 A-1), which arises from the two-dimensional hexagonal 
arrangement of water cylinders in the silica matrix. In the literature, the 
temperature evolution of the intensity of this latter peak has previously been 
interpreted in terms of a density minimum in confined water at approximately 
210 K. Here we show that, in fact, under the conditions of our experiment a 
fraction of freezable water coexists with a layer of unfreezable water within the 
pore volume. Our results indicate that the proposed water density minimum is 
actually a liquid to ice transition in supercooled confined water. 
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Impact of Salt Ions on the Structure and Dynamics of Water: 
Insight from a New Microscopic Structural Descriptor 

Rui Shi, Hajime Tanaka 

The University of Tokyo, Japan 

Water is one of the most fundamentally important materials in characterizing a 
diverse range of biological and chemical processes. Despite its simple 
appearance, water possesses a large variety of dynamic and structural 
anomalies that have been rigorously studied yet still elude complete 
understanding. Since water is often found in ion solutions, studying the effects 
of ions on the structure and dynamics of water is of great interest. With 
computer simulations of NaCl solution, we found that salt ions have dual 
effects on water’s structure and dynamics. At room temperature, salt ions 
retard water’s dynamics, whereas at lower temperatures, ions facilitate water’s 
movement. The former effect supports the traditional classification of NaCl as a 
structure maker and the latter shows its “unusual” structure-breaker nature at 
low temperature. Here by accessing microscopic structural information by a 
new structural descriptor, we reveal that salt ions can perturb water’s structure 
up to the third shell. The competition between the spontaneous local structural 
ordering of water molecules and the ion-water interactions determines the dual 
effects of salt ions and thus the properties of salt solutions. Our results 
challenge the old concept of structure maker and breaker that was traditionally 
defined at room temperature, and advance our understanding of aqueous 
solutions at various thermodynamic conditions. 
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Hydration Properties of the Zn2+ Ion in Water at High Pressure 

Andrea Di Cicco1, Valentina Migliorati2, Paola D’Angelo2, Adriano Filipponi3 

1Physics Division Camerino, Italy 
2Chem. dept. Univ. Roma 1, Italy 

3Dip. Fisica e Chimica, L’Aquila, Italy 

The structure and dynamics of water in ionic solutions at high pressure have 
been investigated [1,2] using a combined approach based on X-ray absorption 
fine structure spectroscopy and Molecular Dynamics (MD) simulations. 
Modification of the hydration properties of the Zn2+ ion induced by a pressure 
increase from ambient condition up to∼ 6.4 GPa has been revealed and 
accurately analyzed. With increasing pressure the first hydration shell of the 
Zn2+ ion has been found to retain an octahedral symmetry with a shortening of 
the Zn–O distance up to 0.09 Å and an increased width associated with 
thermal motion, as compared to the ambient condition hydration complex. The 
Zn K-edge x-ray absorption experimental spectra show two different trends 
depending on the pressure and temperature conditions of the system. On the 
one hand, when the pressure is increased to 1.0 GPa while keeping the 
temperature at 300 K, the highly structured nature of Zn2+ second hydration 
shell is preserved. On the other hand, when the Zn2+ aqueous solution is 
simultaneously pressurized and heated to follow the melting curve above 1.0 
GPa, the Zn2+ second shell loses its high degree of structuring and becomes 
much more disordered and unstructured. 

[1] Inorganic chemistry 52, 1141-1150 (2012). 
[2] Inorganic chemistry 56, 14013-14022 (2017). 
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Monitoring of protein interactions in frozen and freeze-dried 
solution states using small angle scattering techniques 

Viviana Cristiglio1, Evgeny Shalaev2, Joseph Curtis3 

1Institut Laue Langevin, France 
2Allergan, Inc, USA 

3National Institute of Standards and Technology, USA 

Many proteins-based pharmaceuticals are stored as frozen solutions or in 
amorphous solid (lyophilized) phases to minimize chemical and physical 
degradation during their shelf life using a freeze-drying process. However, 
aggregation is often observed after freeze-thaw or reconstitution of freeze-
dried powder and the stability of the protein are no longer assured. Different 
pharmaceutical formulations are developed to avoid protein degradation and 
irreversible aggregation during freeze-drying (lyophilization) and storage, using 
appropriate buffer to control the pH or adding polyhydroxy compounds (PHC), 
including carbohydrates (sugars) and sugar-alcohols, well-known as cryo and 
lyo-protectors. The cryo-protective action of PHC is usually related to their 
ability to interfere with the water-to-ice transition, that is, to keep a portion of 
water molecules in an amorphous (unfrozen) form during cooling. Depending 
on the solute concentration, freezing (formation of ice) is inhibited either 
partially or completely.  
Characterization of protein structure and interactions in solutions, freeze-
concentrated solutions, and dried systems in presence of PHC become an 
essential part to both designing stable biopharmaceutical products and 
understanding the mechanisms of lyo- and cryo-protection of biological 
systems.  
Small-angle neutron scattering (SANS) uses low-energy thermal neutrons to 
probe information on nm to µm length scales without degrading the sample, 
making it a well-suited technique to study the mesoscopic structure of proteins 
in a variety of phases. In particular, SANS can investigate the nature of protein 
crowding and phase separation in the presence and absence of polyhydroxy 
components, providing insight into the interactions between the protein and 
solute molecules during all stages of the freeze-drying process.  
In this presentation, small-angle neutron scattering data of a model protein/
cryoprotectant system of lysozyme/sorbitol/water, under representative 
pharmaceutical processing conditions, will be presented. The results 
demonstrate the utility of SANS methods to monitor protein crowding at 
different stages of freezing and drying to investigate changes in protein-protein 
interaction distances. Possible interpretations of interaction peaks in the SANS 
results will be discussed, as well as the role of PH as a cryoprotectant during 
the freezing and drying process.  
A new methodology to monitor the proteins aggregation using a Single-axis  
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Acoustic Levitator (SAL) device available at the Institut Laue Langevin (ILL) in 
Grenoble will be also presented. This apparatus can be used as a model system 
for spray drying processes allowing permits the levitation of the sample, 
suspended in air by means of an ultrasonic field. This method enables contact-
free positioning of liquid droplets of 3 to 5 mm in diameter and offers a direct 
mean to observe the drying of droplets or, using a nitrogen cryo-stream 
directly on the droplet, to freeze it and to cool it down to low temperatures, up 
to -20 C. The drying of protein solutions and the formation of new structures 
via self-assembly or self-organization is followed continuously as the 
concentration of the sample increases by evaporating the solvent. SANS 
measurements of protein conformation in solution during drying using this 
technique will be shown.  
This multi-techniques approach could give novel insights into crystallization 
and self-assembly phenomena of biological compound with promising potential 
applications in pharmaceutical, food and cosmetics industry.  
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Molecular Recognition of Ice by Proteins: from Ice Nucleation to 
Antifreeze 

Valeria Molinero 

The University of Utah, USA 

Bacteria, insects and fish that thrive at subfreezing temperatures produce 
proteins that bind to ice and manage its formation and growth. Ice binding 
proteins include antifreeze proteins and ice-nucleating proteins. The latter are 
the most efficient ice nucleators found in Nature. Many questions remain on 
how do these proteins recognize or nucleate ice, what drives their selectivity 
and binding to ice, and how does the size and aggregation of the proteins 
modulate their function. In this presentation, I will discuss our recent work 
addressing these questions using molecular simulations and theory, with 
particular focus on elucidating what intermolecular interactions and chemical 
motifs make these proteins so efficient at their function, to resolve the 
apparent paradox that the same structures can promote and prevent ice 
formation, and to draw general principles that can be used for the design of 
synthetic alternatives for control of ice formation and recrystallization. 
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Sweet confinement: interaction of carbohydrates with water in 
reverse micelles 

Nancy Levinger 

Colorado State University, USA 

http://www.chem.colostate.edu/nel  

Confinement to nanoscopic proportions can have dramatic impact on the 
properties of materials. We explore the impact that soft nanoconfinement in 
reverse micelle has on water properties. This presentation will focus on the 
specific effects of water on carbohydrates and carbohydrates on water in 
reverse micelles. When introduced to reverse micelles, carbohydrates such as 
glucose, sorbitol, and trehalose result in smaller particles than those prepared 
with only water. Through a range of measurements we are developing a model 
to explain the reverse micelle size variations. At the same time, we explore the 
impact of carbohydrates on water in the reverse micelle nanoconfined 
environment, where we measure dramatic slowing of chemical exchange rates 
between carbohydrates hydroxyl groups and water. These results have 
implications for cryopreservation of cells. 
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Bubble Nucleation in Water Under Extreme Confinement: Modular 
Design of Hydrophobic Textured Surfaces to Enhance Self-

Recovery of the Cassie-Baxter State  

Simone Meloni, Emanuele Lisi, Matteo Amabili, Alberto Giacomello, Carlo 
Massimo Casciola 

Department of Mechanical and Aerospace Engineering – DIMA, University of 
Rome Sapienza, via Eudossiana 18, 00184 Roma, Italy  

In this contribution we present our theoretical investigation of the bubble 
nucleation at textured hydrophobic surfaces. Formation of gas/vapor bubble is 
the mechanism underneath the recovery of the superhydrophobic Cassie-
Baxter state upon accidental wetting of surface textures and cavities. We 
investigate the gas bubble nucleation in a set of morphologies widely 
considered in experimental works: circular and square pores, pillars and 
ridges. We show that only nanoscopic textures (10-20 nm) present self-
recovery (recovery at ambient pressure), but this condition is only necessary 
not sufficient: the ability to show spontaneous Cassie-Baxter/Wenzel transition 
critically depends on the morphology of the textures. On the basis of present 
results we propose a modular design combining optimal self-recovery and 
functional properties (high slippage, large contact angle, low contact angle 
hysteresis, etc).  

Figure 1: Surface textures with corresponding grand-potential profiles of the 
wetting/recovery process. a) Circular and b) square pores, c) pillars, d) ridges. 
The final panels show the proposed modular textures: e) square pores/pillars and f) 
square pores/ridges. The figure shows that the modular square pores/pillars presents 
an additional, intermediate metastable state (local minimum of the gran potential) 
which prevents the complete self-recovery at ambient pressure.  
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Figure 2: Comparison between atomistic and continuum results. a) Gas volume 
fraction as a function of time along a MD starting from the Wenzel state at ambient 
conditions for the square pore/ridge surface. Complete recovery is achieved within 1.5 
ns. b) Comparison between the atomistic and continuum grand potential; continuum 
data has been obtained without any fitting of atomistic results. The gray area 
represents the confidence interval associated to the determination of the atomistic ΔΩ 
profile. c) and d) are selected meniscus configurations observed along recovery in 
continuum and atomistic simulations, respectively, at corresponding Φg values.  

[1] Mezl G., Gonzalez M.A., Caupin F., Abascal J.L.F., Valeriani C., and Dellago C., PNAS 
 113, 13582 (2016)  
[2] Lisi E., Amabili M., Meloni S., Giacomello A., and Casciola C. M., ACS Nano 12, 359 
 (2018)  
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Water-polymer interactions in nanopores of cyclodextrin-based 
hydrogels 

Barbara Rossi1, Cettina Bottari1, Lucia Comez2, Silvia Corezzi3, Marco 
Paolantoni4, Alessandro Gessini1, Claudio Masciovecchio1, Andrea Mele5, Carlo 
Punta5, Lucio Melone5, Andrea Fiorati5, Aurel Radulescu6, Gaetano Mangiapia7, 

Alessandro Paciaroni3 

1Elettra - Sincrotrone Trieste, Italy 
2IOM-CNR Perugia, Italy 

3Department of Physics and Geology, University of Perugia, Italy 
4Department of Chemistry, Biology and Biotechnology, University of Perugia, 

Italy 
5Department of Chemistry, Materials and Chemical Engineering ‘‘G. Natta’’, 

Politecnico di Milano, Italy 
6Jülich Centre for Neutron Science at Heinz Maier-Leibnitz Zentrum - MLZ, 

Forschungszentrum Jülich, Germany 
7mHelmholtz-Zentrum Geesthacht GmbH, German Engineering Materials 

Science Centre at Heinz Maier-Leibnitz Zentrum, Germany 

Hydrogels are water-retaining cross-linked polymers that mimic more than 
other soft materials the elastic nature and the high water content of biological 
tissues. Thanks to these properties, they find many uses in various industrial 
processes and relevant applications especially in biomedical field and 
regenerative medicine, for instance as carriers of bioactive macromolecules 
and porous scaffold biomaterials. It is well established that the architecture 
and the chemical properties of polymer chains as well as the size of water 
domains surrounded by polymeric groups constitute key parameters that affect 
the whole hydrogel stability and function. As a matter of fact, the structure and 
dynamics of confined water, especially within nanoscale spaces, depend on the 
chemical characteristics of the cavity surface and the confinement dimensions, 
strongly influencing swelling behavior, network structure, permeability or 
mechanical strength in hydrogels.  
Here we present a multi-scale and multi-technique approach for investigate the 
structure and hydrogen-bonding properties of water, as well as the water-
polymer interactions that are at the origin of response to the changes of pH in 
stimuli-responsive hydrogels. As prototype case study, we explore the pH-
responsive behavior exhibited by natural and biodegradable cyclodextrin-based 
hydrogels, namely cyclodextrin nanosponges (NS). The relationship between 
the static and dynamical features of polysaccharide hydrogels and their 
swelling capacity can be successfully investigated by the joint use of UV Raman 
and Brillouin light scattering (BLS) measurements together with Small Angle 
Neutron Scattering (SANS) experiments. Thanks to the complementary 
information provided by the three experimental techniques, we have explored 
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the different kinds of structural, viscoelastic and molecular effects that  
cooperate, over a length scale ranging from mesoscopic to macroscopic, to 
determine the changes in the water uptake exhibited by these hydrogels in 
response to variation of external pH. The results appear particularly useful in 
view of the possibility of a more rational design of this type of smart hydrogel 
material and may provide an efficient multi-technique and multi-scale 
approach for investigating the evolution of water structure during the gelation 
processes. 
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Water dynamics at low temperatures by confinement in PNIPAM 
microgels 

Letizia Tavagnacco1, Marco Zanatta2, Elena Buratti3, Monica Bertoldo3, 
Francesca Natali4, Ester Chiessi5, Andrea Orecchini6, Emanuela Zaccarelli1 

1ISC-CNR Uos Sapienza Università di Roma, Italy 
2Department of Computer Science, University of Verona, Italy 

3CNR-IPCF Istituto per i Processi Chimico-Fisici, Sede Secondaria di Pisa, Italy 
4CNR-IOM, Operative Group in Grenoble (OGG), c/o Institut Laue Langevin, 

France 
5Department of Chemical Sciences and Technologies, University of Rome Tor 

Vergata, Italy 
6Department of Physics and Geology, University of Perugia & CNR-IOM, Italy 

Water behavior in the supercooled temperature regime cannot be 
experimentally investigated because of the onset of crystallization. A practical 
strategy to work around water nucleation is that of confining water in 
environments such as nanopores of silica glass or proteins. In this work, we 
exploit the complex internal structure of a different class of systems such as 
PNIPAM microgels. Poly(N-isopropylacrylamide), PNIPAM, is a thermo-
responsive polymer which is soluble in water at temperatures below ~305 K, 
the lower critical solution temperature (LCST). At the LCST a cooperative 
structural rearrangement takes place. PNIPAM phase behavior across the LCST 
has been widely investigated because, by translating the linear chains behavior 
into the temperature induced volume phase transition of cross-linked 
microgels, several applications as smart materials are obtained.  
Here, by using atomistic molecular dynamics simulations combined with elastic 
incoherent neutron scattering experiments, we probe the structural and 
dynamical properties of PNIPAM microgels and the polymer-induced water 
properties variations in an unexplored range of the phase diagram, i.e. the 
supercooled temperature regime. Different hydration degrees, with a PNIPAM 
mass fraction from 43% to 95%, are compared. The computational 
methodology relies on previous modelling studies that characterized PNIPAM 
behavior in aqueous solution [1, 2]. The temperature dependence of the mean 
squared fluctuations of PNIPAM hydrogen atoms and the self intermediate 
scattering functions detected in the simulations suggests the presence of a 
dynamical transition of the microgel at Td~250. Water single particle 
translational dynamics is found to be characterized by two dynamic regimes 
with a linear behavior in the Arrhenius plot. The discontinuity of water 
dynamics takes place at the same temperature Td indicating a coupling 
between PNIPAM and hydration water dynamics. Elastic incoherent neutron 
scattering experiments show that PNIPAM microgels efficiently prevent water 
crystallization, even in conditions where the majority of the suspension is 
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made of water. A clear variation of the scattering intensity is observed at the 
same Td confirming the occurrence of a dynamical transition which shares 
many features in common with that observed for proteins [3].  

1. E. Chiessi, G. Paradossi, J. Phys. Chem. B 2016, 120, 3765-3776.  
2. L. Tavagnacco, E. Zaccarelli, E. Chiessi, PCCP, 2018, in press.  
3. M. Zanatta et al., submitted, arxiv 1802.04841.  
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Dynamical interplay between proteins and their hydration layer 

Giorgio Schirò 

CNRS - Institut de Biologie Structurale, France 

Hydration water surrounds biological macromolecules such as soluble proteins. 
Rather than being a mere bystander, hydration water actively partakes in 
macromolecular biological activity. The first hydration layer on the protein 
surface is of particular importance for biological activity that is lost in most 
completely dry proteins. A protein together with its first hydration layer thus 
forms the biologically active entity. Protein and water molecules are connected 
by an extended hydrogen-bonded network, the fluctuations of which lead to 
breakage and formation of water–protein hydrogen bonds that eventually allow 
for functionally important protein motions at physiological temperatures. The 
coupling between water and protein dynamics has been, and remains, a matter 
of extensive debate. 
The complex ensemble of water–protein motions can be teased apart by 
extending experiments and simulations down to cryo-temperatures. Here I 
show how a combination of protein perdeuteration, quasi-elastic neutron 
scattering, MD simulations and other complementary techniques provides 
evidence for a general connection between the diffusive behavior of water 
molecules on a protein surface and the promotion of the large amplitude 
motions of proteins required for their biological activity. 
The recent discovery that water-free protein/polymer hybrids can retain almost 
unaffected biological and dynamical properties challenged the idea of an 
exclusive role of water in activating biologically relevant protein motions. The 
analysis of neutron scattering data on selectively deuterated protein/polymers 
hybrids provided a physical basis of this water-like performance in water-free 
systems. 

G. Schirò et al., J Am Chem Soc 132, 1371 (2010). 
G. Schirò et al., Phys Rev Lett 109(12), 128102 (2012). 
G. Schirò et al., Nat Commun 6, 6490 (2015). 
A. W. Perriman et al. Nat Chem 2, 622 (2010). 
G. Schirò, Y. Fichou, A. W. Perriman, M. Weik, et al. in preparation  . 
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Structure and dynamics of supercooled hydration water in 
biosolutions 

Paola Gallo 

Dipartimento di Matematica e Fisica, Università Roma Tre, Italy 

http://webusers.fis.uniroma3.it/~gallop/ 

Hydration water has attracted a vivid attention because of its importance in 
biological processes. I will show results from molecular dynamics simulations 
of water in different biological solutions upon cooling. Water close to the 
surface of a Lysozyme protein [1]. Water with trehalose, a cryoprotectant, 
close to the same protein [2]. Water in solution with trehalose [3]. Water with 
trehalose and Dimethyl sulfoxide (DMSO), another cryoprotectant, close to the 
Lysozyme protein [4].  
I will analyze both structure and dynamics of hydration water. For dynamics I 
will focus on the presence of two dynamic crossovers upon cooling. One, 
similar to the bulk phase, related to water glassy behavior and one extremely 
slow related to slow protein motions. I will then focus on how much water 
structure is modified due to the closeness with all these biomolecures upon 
cooling and how much of its bulk behavior is retained.  
It will emerge a dichotomic picture in which some important properties of 
water are still present but also new features appear because of the presence of 
a biosurface and of solutes. The results will be analyzed also in term of the 
cryoprotecting ability of trehalose alone and of trehalose and DMSO.  

[1] G. Camisasca, M. De Marzio, D. Corradini and P. Gallo, Two structural relaxations 
 in protein hydration water and their dynamic crossovers  J. Chem. Phys., 145 , 
 044503 (2016).  
[2] G. Camisasca, M. De Marzio, P. Gallo, Effect of trehalose on protein cryoprotection: 
 insights on the mechanism of slowing down of hydration water, submitted  
 (2018).  
[3] A. Iorio, G. Camisasca, P. Gallo, Structure and dynamics of water and trehalose  
 upon cooling, in preparation (2018)  
[4] A. Iorio, G. Camisasca, P. Gallo, Cryoprotecting properties of an aqueous solution 
 of trehalose and DMSO: a close look to protein hydration water, in preparation 
 (2018) 
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NanoDNA sequences in water solutions: Structural and 
thermodynamic results in native and complexed samples 

Lucia Comez 

IOM-CNR, Italy 

https://sites.google.com/view/ghost-laboratory/people/lucia-comez 

An integrated experimental approach has been used to study the structural 
and thermodynamic properties of the G-quadruplex formed by a human 
telomeric 22-mer sequence (Tel22) in the presence of the model drug 
Actinomycin D, upon thermal unfolding. Singular value decomposition analysis 
applied to circular dichroism and resonant Raman scattering spectra allow us to 
identify a temperature region populated with intermediate conformers along 
the path from the native to the unfolded state, for both the quadruplex alone 
and the complex. We found evidence for a complex unfolded state with 
persistent residual stacking. The complexed state shows less intense guanine-
related bands with respect to the free state, this hypochromic effect supporting 
the view of the drug binding mechanism as an end-stacking upon the terminal 
G-tetrad of Tel22. In general, the interaction with the drug seems to make 
more effective the stacking of guanine basis in the whole investigated 
temperature range. The results from the present integrated experimental 
strategy suggest that, even at high temperatures, the complex is prevented to 
adopt a self-avoiding random-coil conformation due to the interaction with the 
drug, that possibly stabilizes a structure where the oligonucleotide is partially 
folded. 

comez@iom.cnr.it            Thursday June 7 

�74

https://sites.google.com/view/ghost-laboratory/people/lucia-comez
mailto:comez@iom.cnr.it


Water X International workshop June 3-8 2018 La Maddalena, Sardinia (Italy)

Water-like dynamics of formamide in aqueous mixtures 

Marco Paolantoni1, Lucia Comez2, Stefania Perticaroli3, Paola Sassi1, Assunta 
Morresi1, Daniele Fioretto4, 

1Dipartimento di Chimica, Biologia e Biotecnologie - Università degli Studi di 
Perugia, Italy 

2IOM-CNR c/o Dipartimento di Fisica e Geologia, Italy 
3Shull Wollan Center, a Joint Institute for Neutron Sciences, Oak Ridge National 

Laboratory, USA 
4Dipartimento di Fisica e Geologia, Università degli Studi di Perugia, Italy 

Liquid formamide (FA) is a structured system characterized by the presence of 
an extended H-bonding network that shows similarities with that of liquid 
water [1]. The molecular dynamics in liquid water has been recently subjected 
to numerous theoretical and experimental investigations leading to a 
consistent description of the molecular mechanism of H-bond reorganization 
[2,3]. In this context, the study of FA aqueous solutions may provide further 
fundamental insights on the molecular restructuring taking place in mutual 
associating mixtures.  
FA (HCONH2) is a simple molecule containing a peptide linkage and it 
represents a simple model to study fundamental biophysical processes where 
H-bonding involving water and −CO−NH− groups are relevant. [4] These 
encompass protein conformational fluctuations, which are expected to be 
slaved by the dynamics of hydration water [5].  
In the present work the molecular dynamics of FA-water mixtures is 
investigated at different time scales by means of light scattering experiments. 
The dynamical susceptibility is measured over a wide frequency range 
(0.01-1000 cm-1) trough the combined use of dispersive and interferometric 
instruments. This approach, referred to as Extended frequency range 
Depolarized Light Scattering (EDLS), has proven to be suitable for the study of 
the molecular dynamics in aqueous solutions in the temporal window from 
fractions to hundreds of picoseconds [6-8].  
The results obtained for FA-water solutions in the whole concentration range 
and at different temperatures will be presented and discussed. As a main 
finding, we show that, in diluted conditions, the water (H-bond) rearrangement 
can trigger the motion of a small solute like FA, which is constrained to reorient 
at the same rate of water itself. The observed water-like behavior of FA 
represents rare evidence of a case in which the dynamics of a solute is not only 
coupled, but completely slaved to the surrounding water [9].  

[1] Jadzyn,J.,Swiergiel, J., Phys. Chem. Chem. Phys. 14, 3170-3175 (2012).  
[2] Laage, D., Hynes, J., Science 311, 832-835 (2010).  
[3] Nicodemus, R. A., Ramasesha, K., Roberts, S. T., Tokmakoff, A., J. Phys. Chem.  
 Lett. 1, 1068-1072 (2010).  
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[4] Elola, M. D., Ladanyi, B. M., J. Chem. Phys. 126, 084504 (2007).  
[5] Frauenfelder, H., Chen, G., Berendzen, J., Fenimore, P. W., Jansson, H., McMahon, 
 B. H., Stroe, I. R., Swenson, J., Young, R. D. A. Proc. Natl. Acad. Sci. U. S. A. 
 106,5129−5134 (2009).  
[6] Perticaroli, S., Comez, L., Paolantoni, M., Sassi, P., Morresi, A., Fioretto, D. J. Am. 
 Chem. Soc. 133, 12063-12068 (2011).  
[7] Lupi, L., Comez, L., Paolantoni, M., Fioretto, D., Ladanyi, B. M. J. Phys. Chem. B  
 116, 7499-7508 (2012).  
[8] Comez, L., Lupi, L., Morresi, A., Paolantoni, M., Sassi, P., Fioretto, D. J. Phys.  
 Chem. Lett. 4, 1188-1192 (2013).  
[9] Perticaroli, S., Comez, L., Sassi, P., Morresi, A., Fioretto, D., Paolantoni, M. J. Phys. 
 Chem. Lett. 9, 120-125 (2018).  
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Solvation mechanism in Ionic Liquid – water mixtures: a 
theoretical and experimental UV Resonant Raman investigation 

Cettina Bottari1, Barbara Rossi2, Alessandro Damin3, Andrea Mele4, Alessandro 
Gessini2, Claudio Masciovecchio2 

1Elettra Sincrotrone Trieste - Università degli Studi di Trieste, Italy 
1Elettra Sincrotrone Trieste, Italy 

3Department of Chemistry, University of Torino, Italy 
4Department of Chemistry, Materials and Chemical Engineering ‘‘G. Natta’’, 

Politecnico di Milano, Italy 

Ionic liquids (ILs) are a class of solvents composed entirely of ions and 
characterized by low melting point, low vapour pressure, good thermal and 
chemical stability, high ion density, and high ionic conductivity, controllable 
hydrophobicity and hydrophilicity [1]. For these reasons ILs represent a 
promising class of technologically useful and interesting materials for 
fundamental physics. The increasing interest in ILs is due to the possibility to 
tune their physical-chemical properties during the syntheses process acting on 
the kind of anion and/or cation. ILs can be divided into two broad categories: 
protic ILs (PILs) and aprotic ILs (APILs). In particular, the formers are 
produced by combination of equimolar amounts of a Brønsted acid and a 
Brønsted base, able to accept or donor hydrogen bonds (HB). Water represents 
an excellent partner for PILs because it exhibits a wide variety of properties 
that pure ILs do not possess, such as the capacity to hydrate ions and the 
ability to stabilize the structure of biomolecules. Mixtures of PILs and water 
should provide numerous kinds of applications in many fields, especially for 
bioscience. Indeed, numerous recent studies have been reported on the 
efficacy of PIL/water mixtures as solvents for biopolymers, like proteins and 
enzyme [2]. In this scenario, it would be helpful to better understand the 
nature and the extent of the interactions established between water and PILs 
in their mixtures under different experimental conditions.  
In this framework, UV Resonant Raman Scattering (UVRRS) provides insights 
on the molecular rearrangements occurring in imidazolium-based PILs – water 
mixtures passing from an IL-rich regime to water-rich one trough the 
measurement of the molecular vibrations of the system. Thanks to the 
resonance conditions, UVRRS allows to selectively detect and enhance the 
vibrational signals associated to specific molecular portions of PILs, providing 
insights on the mechanism of HB breaking/formation between water-water and 
water-anion species in imidazolium-based ILs. The experimental results 
evidence the presence in the Resonance spectra of specific vibrational signals 
that are markers of HB rearrangement in the system, not visible in 
spontaneous Raman profiles. Overall experimental data are supported and 
enriched by quantum chemical simulations that reproduce theoretical resonant  
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Raman spectra in order to assure a correct molecular interpretation.  

1. Y. Kohno et al., Chem. Commun., 48, 7119-7130, 2012.  
2. A. Kumar et al., S. Sci. China Chem., 55, 1633–1637, 2012.  
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Vibrational Relaxation of water at the Ice – Air Interface 

Prerna Sudera, Jenée Cyran, Alejandra Sánchez, Mischa Bonn, Ellen Backus 

Max Planck Institute for Polymer Research, Germany 

For chemical reactions occurring on the ice surface – which are relevant for 
atmospheric chemistry – the dynamics of the surface water molecules and 
energy flow pathways play an important role: following a chemical reaction, 
the rate of excess energy dissipation determines the probability of a back-
reaction occurring. Here we elucidate the relaxation dynamics of water 
molecules at the surface of single crystalline hexagonal ice after exciting the O-
H stretch vibration, and compare our results with the relaxation dynamics of 
the liquid water-air interface.  

To study the vibrational dynamics we apply time-resolved sum frequency 
generation spectroscopy. With this method we can vibrationally excite the 
surface molecules with a femtosecond infrared excitation pulse, and probe the 
dynamics of the interfacial molecules with the SFG process using a visible and 
an infrared pulse resonant with the O-H stretch vibrations. This detection 
scheme ensures that only the interfacial water molecules contribute to the 
signal; the use of ~50 fs laser pulses ensures high time resolution in the 
experiments.  

Our results show that the relaxation dynamics of the O-H stretch mode after 
excitation at 3100 cm-1 at the basal plane of ice is around 70 fs – three times 
faster than for the water-air interface.  
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2D Raman–THz Spectroscopy of water and heavy water near the 
freezing point  

Arian Berger, Gustavo Ciardi, Andrey Shalit, Peter Hamm 

Institut für Chemie, Universitat Zurich, Winterthurerstrasse 190, CH-8057 
Zurich, Switzerland 

Two dimensional Raman-THz spectroscopy, recently developed in our group, 
interrogates the low- frequency intermolecular modes of liquids (below 400 
cm-1) consecutively through impulsive Raman and direct THz excitation 
providing, in principle, an equivalent information accessible by conventional 
third-order echo-based spectroscopies [1]. The new approach has the ability to 
monitor the extent of the inhomogeneity of intermolecular motions of liquids 
through the relaxation dynamic of the vibrational echo signal measured along 
the correlated coordinate t1=t2 in the 2D response (Fig. 1a). Recently, we 
demonstrated that in aqueous salt solutions the extent of such an echo-like 
feature correlates with the viscosity, confirming the structuring abilities of 
“kosmotropic salts” on the molecular level [2]. In the current contribution we 
explore further how the change in macroscopic properties of the liquid water 
projects on the echo coordinate of the Raman-THz response. Specifically, the 
response and the corresponding diagonal cuts were measured for both H2O 
(fig. 1b) and D2O as the sample was cooled down. Figure 1c shows gradual 
increase in the decay along t1=t2 coordinate as function decreasing 
temperature for H2O and D2O. There is a clear thermal offset of about 4 K in 
relaxation times between the two isotopes which fits the increase of 3.82 K in 
the melting point of water upon deuteration [3]. Moreover, the ratio of the 
relaxation times between the two isotopomers follows closely their square root 
mass ratio of 1.05, providing a molecular level insight on the connection of 
structural and dynamical properties in bulk water.  

[1] J.Savolainen, S. Ahmed, and P. Hamm, Proc. Natl. Acad. Sci. U.S.A. 110 20402  
 (2013).  
[2] A.Shalit, S.Ahmed, J.Savolainen and P.Hamm, Nature Chem. 9 273 (2017).  
[3] D.R. Lid, CRC Handbook of chemistry and physics, 80th Ed.CRC Press: Boca  
 Raton, (1999).  
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Fig. 1 a) Experimental 2D Raman-THz signal of H2O at room temperature, b) Diagonal 
cuts along t1=t2 of H2O response as function of temperature. c) Single exponential 
decay along t1=t2 in fig. 1b as function of temperature for D2O (red) and H2O (blue).  
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Selectivity and guest partitioning in CO2/N2 clathrate hydrate  

Bertrand Chazallon, Carla M. Rodriguez, Claire Pirim 

Univ. Lille, CNRS, UMR 8523 – PhLAM-Physique des Lasers Atomes et 
Molécules, CERLA – Centre d’Etudes et de Recherche Lasers et Applications, 

F-59000 Lille, France 

http://www.phlam.univ-lille1.fr/ 

Gas hydrates (clathrates) are inclusion compounds forming a continuous 
periodic network of hydrogen-bonded water molecules arranged in cavities (or 
"cages") in which small guest molecules can be entrapped. When formed from 
CH4, N2, or CO2, the hydrates are stable at temperatures typically below 10° C 
and a pressure range of 10-100 bar. Several industrial applications using 
clathrate hydrates are currently being intensively investigated. For instance, 
the removal of CO2 from flue gas exhaust in power plants is an important issue 
to address when considering the reduction the impact of anthropogenic 
activities on global warming [1,2]. 
Consequently, a number of authors have investigated the separation and 
capture of CO2 by crystallization of clathrates formed from a flue gas mixture 
analogue composed of CO2 + N2. Data on the phase equilibrium hydrate and 
gas compositions have then been derived. However, discrepancies exist 
between the different authors concerning (1) the nature of the equilibrium 
investigated (H-V versus H-L-V), and (2) assumptions about the structure 
formed by the mixed hydrates containing CO2 and N2, which is further used to 
derive CO2 consumption and CO2-hydrate composition. Furthermore, the 
compositional range investigated so far concerns mainly CO2-rich gas mixtures, 
which renders behavioural predictions of a temperature-dependent system 
using self-consistent thermodynamic models highly uncertain in the relevant 
compositional range for flue gas treatment [3]. 
In the present work, in-situ micro-Raman spectroscopy [4] is performed to 
derive performance parameters: the selectivity and recovery fractions in a wide 
CO2 concentration range, which extends from 2 to 70% [5]. Selectivity and 
split fraction are both evaluated as a function of pressure, temperature and 
initial gas composition. The clathrates structure is derived from the vibrational 
specific signatures of the guests distributed in the cages. Our results provide 
useful data that can be further used to derive necessary separation factors and 
CO2 recovery fractions for the development of a hydrate-based technology. 

Acknowledgment: The author thanks the Agence Nationale de la Recherche for 
support through ANR-07-PCO2-0006 (SECOHYA) and the Région Hauts-de- 
France, the Ministère de l’Enseignement Supérieur et de la Recherche 
(CPER Climibio), and the European Fund for Regional Economic Development. 
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[1] Rhodes, C. J. Progress in Science Current Commentary: Carbon Capture and 
 Storage. Sci. Prog. 2013, 95, 473–483. 
[2] D’Alessandro, D. M.; Smit, B.; Long, J. R. Carbon Dioxide Capture: Prospects for 
 New Materials. Angew. Chem. Int. Ed. Engl. 2010, 49, 6058–6082. 
[3] Herslund, P. J.; Thomsen, K.; Abildskov, J.; von Solms, N. Phase Equilibrium 
 Modeling of Gas Hydrate Systems for CO2 Capture. J. Chem. Thermodyn. 2012, 
 48, 13–27. 
[4] Chazallon, B.; Noble, J. A.; Desmedt, A. Spectroscopy of Gas Hydrates: From 
 Fundamental Aspects to Chemical Engineering, Geophysical and Astrophysical 
 Applications. In Gas hydrates 1, Fundamentals, Characterization and Modeling; 
 Broseta, D.; Ruffine, L.; Desmedt, A., Eds.; Wiley-ISTE: London, 2017; p. 302. 
[5] Chazallon, B.; Pirim, C. Selectivity and CO2 Capture Efficiency in CO2-N2 
 Clathrate Hydrates Investigated by in-Situ Raman Spectroscopy. Chem. Eng. J. 
 2018, 342, 171–183. 
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Crystal like behaviour of dense liquid water: implication of the 
hydrogen bond network. 
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1IMPMC, UPMC, France 
2ILL, France 

3Ecole Polytechnique Fédérale de Lausanne, Switzerland 
4IMPMC, CNRS, France 

Among the large variety of anomalous behaviours of water related to the 
peculiarity of the hydrogen bond, some concern the dynamics of water 
molecules in the liquid phase [1]. One of these striking observations is the 
appearance of a collective weakly dispersing excitation in the terahertz 
frequency range in addition to the longitudinal one. The existence of this mode 
has been first reported by simulations in 1974 by Rahman and Stillinger [2] 
and confirmed later-on by experiments. Despite the many numerical and 
experimental studies carried out since then [3], its origin is still a matter of 
debate [10]. Recently, a general consensus on the transvers character of this 
excitation has been reached pointing out the capability of liquid water to 
support the propagation of shear waves thanks to the high connectivity of its 
HB network [4]. In order to shed light on the crystal-like behaviour of liquid 
water and its relation to the existence and organisation of the HB, we probed 
the collective dynamics of dense liquid water by means of inelastic x-ray 
scattering at very high energy resolution (1,3 meV) and unprecedented high 
pressures (GPa) up to the polycrystalline solid phase. Our results confirm the 
ability of dense liquid water to support shear stress and disprove, once more, 
the common idea that high pressure would destroy the hydrogen bond network 
in water.  

[1] S. Fanetti et al., J. of Phys. Chem. Lett. 5 (1) 235–240 (2013) ; U. Ranieri et al., J. 
 Phys. Chem. B 120 (34), 9051–9059 (2016);  
[2] A. Rahman and F. H. Stillinger, Phys. Rev. A 10, 368–378 (1974).  
[3] E. Pontecorvo et al., Phys. Rev. E 71, 011501 (2005). F.J. Bermejo et al., Phys.  
 Rev. E 51, 2250 (1995). F. Sacchetti et al., Phys. Rev. E 69, 061203 (2004). F. 
 Sette et al., Phys. Rev. Lett. 77, 83-86 (1996). A. Cimatoribus et al., New  
 Journal of Physics 12 053008 (2010). M. Sampoli et al., Phys. Rev. Lett. 79,  
 1678 (1997).  
[4] K. Amann-Winkel et al., Chem. Rev., 116 (13), pp 7570–7589 (2016).  
[5] A. Cunsolo et al., Phys. Rev. B 85, 174305 (2012). 

paola.giura@upmc.fr         Friday June 8 

�84

mailto:paola.giura@upmc.fr


Water X International workshop June 3-8 2018 La Maddalena, Sardinia (Italy)
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We have investigated how the propagation of sound-like modes in liquid water 
is affected by the presence of nanoparticles at low concentration.  Inelastic X 
ray scattering spectra clearly show the drastic effect of the immersion of 50 nm 
sized golden nanoparticles on the collective dynamics of room temperature 
water, despite the very diluted character of the suspension.  
By using a Bayesian approach implemented through a Reversible Jump – 
Markov Chain Monte Carlo algorithm, the data analysis provided evidence 
about the switching-off of the water THz dynamics and that only the 
excitations propagating inside the nanoparticles survive in the solution.  
These results may open new perspectives on the design and development of 
new materials, especially when the tuning of the heat transport properties 
needs to be implemented.  
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Sediments and fresh water attain the sea to continuously fed biogeochemical 
processes. This generally occurs close to steady state conditions. However, due 
to natural or anthropogenic causes, contaminants can be massively added to 
elements cycles. In this case, again, biogeochemical processes actively 
participate to ruling the fate of contaminants into the environment.  
Two case histories will be presented in this talk: one is the extremely wide 
dispersion of mine activity related pollutants in SW Sardinia where around 30 
Km of coast still maintain a heavy heritage from past industrial activity [1]. 
Another case history is the remediation of La Maddalena harbour conducted for 
2009-G8[2]. In both these case histories, the anthropogenic pressures on the 
environment are well known. Knowledge of the impact on the trophic chain and 
on long-term fate of contaminants dispersed into the environment is lacking.  
The second part of this talk is focused on the assessment of the impact on 
trophic chain. Foraminifera are unicellular organisms that generally build their 
shell in few days long time. They are sensitive to environmental conditions and 
are able to incorporate metals into their shell. Synchrotron techniques, XAS, µ-
XRF, µ-XAS, STXM, S-IR, combined with Electron Microscopy and other 
complementary techniques were used to investigate how metals incorporation 
[3]. In this talk we show that incorporation of Fe and Zn is dependent on 
biological species. Moreover, nanocrystals of Zn bearing minerals can form in 
the shells likely due to detoxification processes. Biomonitoring and detailed 
knowledge down to the nanometric scale of specific cellular mechanisms in 
response to pollutants dispersion is one of the key to understand impacts on 
trophic chain and environmental resilience.  

[1] Romano et al. The marine sedimentary record of natural and anthropogenic  
 contribution from the Sulcis-Iglesiente mining district (Sardinia, Italy) (2017) 
 Marine Pollution Bulletin, 122 (1-2), pp. 331-343.  
[2] Salvi, et al. Ostracoda and foraminifera response to a contaminated environment: 
 The case of the Ex-military arsenal of the la Maddalena Harbour (Sardinia,  
 Italy) (2015) Micropaleontology, 61 (1-2), pp. 115-133.  
[3] De Giudici, et al. Coordination environment of Zn in foraminifera Elphidium  
 aculeatum and Quinqueloculina seminula shells from a polluted site (2018)  
 Chemical Geology, 477, pp. 100-111.  
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From molecular simulations to continuous models 
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When fresh water comes into contact with salty water, a considerable amount 
of energy is dissipated. Conversely, the desalination of sea water requires a lot 
of energy. Current processes exploiting this difference in osmotic pressure are 
based on transport through membranes, with limited efficiency. A new 
approach has recently been proposed to harness this "blue energy", thanks to 
the charge / discharge of electrodes in electrolytes with high / low salt 
concentration. The use of nanoporous carbon electrodes seems promising, but 
the traditional models (such as Poisson-Boltzmann) used to determine the 
relevant quantities do not apply in this case where molecular interactions play 
an essential role.  

We overcome this difficulty by performing molecular dynamics simulations of 
nanoporous carbon electrodes in the presence of an aqueous electrolyte. We 
evaluate the electrical capacity and the amount of ions adsorbed inside the 
electrodes as a function of the potential difference between the electrodes. In 
addition, these simulations should allow us to understand the microscopic 
mechanisms leading to the storage of the charge, the effect of the structure of 
the carbon electrode, the salt concentration in the electrolyte and the chemical 
nature of the salt. We will also determine the diffusion coefficients of water and 
ions and electrical resistance of the solution inside the electrodes. 
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Nanoparticles for Water Sanitation 
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Selective removal of pollutants from water solutions is a topic of extreme 
interest and great complexity. Starting from the experimental evidence of 
nucleation in heavy metal ions induced by functionalised silver nanoparticles, 
this talk will explore theoretically and computationally a system of 
functionalised nanoparticles able to predict and explain the phenomenon, and 
introduce a second level in a hierarchical adsorption of particles in solution, by 
means of functionalised polymeric nanostars. 
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Revisiting the heat-capacity anomaly in supercooled water by 
high-resolution adiabatic calorimetry 
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Liquid water demonstrates spectacular anomalies upon supercooling. One of 
the most pronounced anomalies is the seemingly diverging isobaric heat 
capacity at ambient pressure [1]. A popular hypothesis that explains the 
anomalies of supercooled water is the existence of a metastable liquid-liquid 
transition hidden below the line of homogeneous nucleation [2]. The existence 
of the liquid-liquid transition in real water is still debatable since it is not 
accessible to direct experiments. There have been three previously reported 
heat-capacity experiments on supercooled water: the pioneer measurements 
of Angell et al. in emulsified water [1], differential scanning calorimetry 
measurements reported by Archer and Carter [3], and adiabatic calorimetry 
measurements by Tombari et al. [4]. These sets of data significantly deviate 
from each other. More accurate measurements of the character of the anomaly 
the heat-capacity may shed additional light on the nature of supercooled 
water’s anomalies. Using a high-resolution slow-scanning adiabatic calorimeter 
we have measured the temperature dependence of the isobaric heat capacity 
of supercooled water at 0.1 MPa in sealed 1 ml glass ampoules down to 244 K. 
The measurements were carried out by quasi-adiabatic heating (with a rate 
~0.4 K/hour) from the lowest temperature achieved by supercooling. Overall, 
our data (with a higher resolution and better supercooling achieved) support 
the results reported by Tombari [4] but significantly deviate from the heat 
capacity values for emulsified supercooled water reported by Angell et al. [1] 
and even more from the DSC measurements by Archer and Carter [3]. 
Since the existence of the liquid-liquid transition in real water is still an open 
question, we have checked whether the experimentally observed anomaly 
would be consistent with a model alternative to the liquid-liquid critical point 
scenario [2]. Indeed, we show that the new data can be well described by a 
power-law with an exponent -3/2 corresponding to the initial fluctuation 
regime of Landau-Brazovskii weak-crystallization theory [5]. The apparent 
temperature of the heat capacity divergence is 228.8 K. This latter value is just 
below the temperature of homogenous ice nucleation and is close to the 
temperature of the projected heat-capacity maximum at ambient pressure in 
the critical point scenario (below the expected critical pressure of liquid-liquid 
phase separation) [2]. We note that the nature and analytical shape of the  
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anomaly in these alternative scenarios are fundamentally different even if they 
both fit well to the experimental data. We observed a sharp increase in the 
relaxation time in supercooled water with upon supercooling, which did not 
allow us to conduct the adiabatic measurements at lower temperatures 
achieved by Angell et al. for emulsified water. A less ambiguous answer on the 
nature of the anomalies in bulk supercooled water requires further 
experimental studies closer to the homogeneous nucleation limit, including 
accurate measurements at both high and negative pressures. 

1. C. A. Angell, M. Oguni, W. J. Sichina, J. Phys. Chem., vol. 86, p. 998 (1982). 
2. P. Gallo, K. Amann-Winkel, C. A. Angell, M. A. Anisimov, F. Caupin, C. Chakravarty, 
 E. Lascaris, T. Loerting, A. Z. Panagiotopoulos, J. Russo, J. A. Sellberg, H. E.  
 Stanley, H. Tanaka, C. Vega, L. Xu, and L. G. M. Pettersson, Chem. Rev., vol.  
 116, p. 7463 (2016). 
3. D. G. Archer and R. W. Carter, J. Phys. Chem. B, vol. 104, p. 8563 (2000). 
4. E. Tombari, C. Ferrari, G. Salvetti, Chem. Phys. Lett., vol. 300, p. 749 (1999). 
5. S. A. Brazovskii, JETP, vol. 41, p. 85 (1975). 
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Relaxor behavior and ferroelectricity of nanoconfined water 
molecules. Experiment and modeling 
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81. Physikalisches Institut, Universität Stuttgart, 70569 Stuttgart, Germany  

Since water molecules have a large electrical dipole moment, the 
intermolecular dipole-dipole interaction might lead to ordering, i.e., emergence 
of an (anti)ferroelectric state. Ferroelectric phase transition in water ice VIII 
was detected at high pressures [1]. In liquid water, ordering of water dipoles is 
suppressed by the shorter-range highly directional hydrogen bonds (H-bonds) 
interaction. It is suggested, however, that a way to activate water 
ferroelectricity can be realized if water is subject to certain special conditions 
when the role of H-bonds is diminished, e.g., when H2O molecules or 
molecular groups are confined within micro- or nano-sized spaces, organized in 
zero-dimensional cavities, one-dimensional chains or smeared over two-
dimensional interface (see, e.g., [2,3]). This type of confined-water 
ferroelectricity is believed to play a significant role in variety of processes and 
areas of natural sciences (e.g., mineralogy, soil chemistry, biology and 
materials science), including the living organisms (water in cells and 
membrane channels, proteins hydration shells). Along with a large number of 
theoretical studies and computer simulations, experimental observations of the 
phenomenon of water ferroelectricity are rather poor and often controversial. 
We have performed a series of experiments using objects that are model 
systems for this type of research. These are dielectrics whose crystal lattice 
contains nanosized cages in which distinct H2O molecules are placed in a well-
controlled manner during crystal growth. The molecules are only weakly 
coupled with the crystalline matrix that keeps them at a distance (5-10 Å) 
large enough to suppress the H-bonding, but relatively close for an effective  
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electrical dipole-dipole interaction. Using broadband (1 Hz up to 1014 Hz) 
optical spectroscopy, we have studied the temperature-dependent dynamics of 
water subsystems in artificial and natural crystals of beryl and cordierite. In 
the water molecular subsystem of beryl, we have discovered an incipient 
ferroelectric phase [4] and single-particle librational and translational 
excitations of confined H2O molecules [5,6]. The specific potential profile 
experienced by the molecules localized within the cages of cordierite leads to 
their rich relaxor-like dynamics. Molecular dynamics simulation and normal 
mode analysis in the framework of density functional theory allows us to 
interpret the microscopic origin of the observed collective and single-particle 
excitations of the water molecular network in cordierite and to consider it as a 
novel class of ferroelectric relaxor system. Unlike wide class of known relaxors 
with highly disordered and chemically inhomogeneous structure, relaxor-like 
properties of cordierite are determined by the dynamics of water dipoles 
confined within pores formed by its undistorted crystal lattice.  

The work was supported by the Russian Ministry of Education and Science 
(Program ‘5top100’), Project N3.9896.2017/BY and MIPT grant for visiting 
professors.  

[1] E. Whalley et al., J. Chem. Phys. 45, 3976 (1966)  
[2] C. Luo et al., Nano Lett. 8, 2607–2612 (2008)  
[3] W.-H. Zhao et al., Chem. Sci. 5, 1757–1764 (2014)  
[4] B. Gorshunov, et al., Nat. Comm. 7, 12842 (2016)  
[5] E. Zhukova et al., J. Chem. Physics, 140, 224317 (2014)  
[6] M. Belyanchikov et al., Physical Chemistry Chemical Physics 19, 30740-30748  
 (2017)  
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Viscosity in supercooled water-glycerol solutions 
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F-69622, Villeurbanne, France 

Many of water’s physical properties are anomalous compared to other liquids. 
One possible interpretation of these anomalies is a putative liquid-liquid 
transition between a low-density and high-density phases. Nevertheless, the 
transition is predicted to lie in the supercooled region, and even below the 
homogeneous nucleation. The transition might become experimentally 
observed in water-glycerol mixtures [1], which motivates our study on these 
solutions in their supercooled state. 
We report their viscosity in a concentration range from 0 to 50% in mass of 
glycerol. The viscosity is measured with a method based on differential 
dynamic microscopy [2] [3]. We particularly discuss whether the viscosity of 
these mixtures in the supercooled region follows a Vogel-Tammann-Fulcher 
law, like fragile liquids [4], or a power law like pure water [3]. 

[1] Y. Suzuki, O. Mishima, J. of Chemical Physics 141, 094505 (2014). 
[2] R. Cerbino, V. Trappe, PRL 100, 188102 (2008). 
[3] A. Dehaoui, B. Issenmann, F. Caupin, PNAS 112, (2015) 
[4] J. Gonzalez, M. Paula Longinotti, H. Corti, J. Chem. Eng. Data 56, (2011) 
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High-Pressure “Death” of Aqueous Electrolytic Chemistry 

J. Michael Brown1, Olivier Bollengier1, Steve Vance2 

1University of Washington, USA 
2Jet Propulsion Laboratory, USA 

http://earthweb.ess.washington.edu/brown/ 

Sound speed measurements in aqueous solutions of NaCl, Na2SO4, MgSO4, 
and MgCl2 as a function of pressure, temperature, and chemical concentration 
were integrated to provide robust determinations of volumes and specific 
heats. These then allow determination of representations for Gibbs energy that 
can be differentiated to provide all thermodynamics including mixing properties 
such as partial molal volumes and chemical potentials. The prediction of 
aqueous geochemical equilibria, relevant in understanding the origin and 
evolution of “water worlds” (including Earth, icy outer planets, and an 
increasing collection of known exoplanets), has been dominated by two 
fundamental precepts: (1) the mixing energy of ions with water is dominated 
by a large electrostrictive response, and (2) deviations from ideality at high 
concentrations require complex activity models. Current models adequately 
describe near ambient conditions chemistry but measurements diverge from 
predictions in a pressure regime beyond a few hundred MPa. Near 1000 MPa (1 
GPa), the partial molal volumes for all common electrolytes approach the 
intrinsic volumes of the ions and the mixing energies become essentially ideal. 
Thus, the “death” of electrolytic aqueous chemistry may lead to a more easily 
modeled regime at higher pressures. 
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Equation of State for Water from MPa to near TPa Pressures 

J. Michael Brown, Olivier Bollengier, Evan H. Abramson 

1University of Washington, USA 

http://earthweb.ess.washington.edu/brown/ 

New accurate sound speeds measurements in pure water at high pressure are 
reported and a new flexible numerical framework using local basis functions is 
presented in order to better represent thermodynamic properties over the 
widest possible range of pressures and temperatures.. The equation-of-state 
formulation given by IAPWS-95 provides a reference for evaluation of 
measurements particularly at extremes in pressure and temperature. However, 
the underlying parameterization is not readily modified in the face of data not 
in accord with predictions. Our ultrasonic sound speed measurements, with a 
reproducibility of 0.01% in a pressure regime to 700 MPa for temperatures 
from 250 K to 370 K, combined with our diamond anvil sound speed 
measurements to 773 K and 6 GPa, and other extant high-pressure 
measurements allow a reassessment of water’s thermodynamic potential. The 
new equation of state, using local basis functions, extends beyond 100 GPa 
and 10,000 K while also accurately matching measurements under 1 GPa. How 
the changing physics of water (from structured, to essentially close-packed, to 
increasingly ionized) impacts its equation of state can be addressed. Because a 
local basis function representation can flexibly fit any surface, the articulation 
of constraints associated with expected physical and chemical behavior is 
appropriately necessary and explicit during model construction. 
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Carbonic Acid Monohydrate 

Evan H. Abramson1, Olivier Bollengier1, J. Michael Brown1, Baptiste Journaux2, 
Werner Kaminski1, Anna Pakhomova3 

1University of Washington, USA 
2NASA Astrobiology Institute, University of Washington 

3Deutsches Elektronen-Synchrotron 

http://earthweb.ess.washington.edu/brown/ 

In the water-carbon dioxide system, above a pressure of 4.4 GPa, a crystalline 
phase consisting of an unknown adduct of the two substances can form in 
equilibrium with the aqueous fluid. The phase had been found to be triclinic, 
and unit cell parameters determined, but its crystalline, and even molecular, 
structure remained undetermined. Here, we report new diamond-anvil cell, x-
ray diffraction data of a quality sufficient to allow us to propose a full structure. 
The crystal exists in the Pbar1 space group. Unit cell parameters (at 6.5 GPa 
and 20°C) are a = 5.8508(14) Å, b = 6.557(5) Å, c = 6.9513(6) Å, alpha= 
88.59(2)°, beta= 79.597(13)° gamma= 67.69(4)°. Direct solution for the 
heavy atoms (carbon and oxygen) revealed CO3 units, with co-planar, but 
isolated, O units. Construction of a hydrogen network, in accord with the 
requirements of hydrogen bonding and with minimum allowed distances 
between non-bonded atoms, indicates that the phase consists of a 
monohydrate of carbonic acid (H2CO3-H2O) with the carbonic acid molecule in 
the cis-trans configuration. This is the first experimental determination of the 
crystalline structure of a H2CO3 compound. The structure serves as a guide for 
ab initio calculations that have until now explored only pure H2CO3 solids, while 
validating calculations which indicated that high pressures should stabilize 
H2CO3 in the solid state. If 4.4 GPa is the lowest pressure at which the phase 
is thermodynamically stable, this probably precludes its existence in our solar 
system, although it may exist on larger, volatile-rich exoplanets. If, however, 
its range of stability extends to lower pressures at lower temperatures (which 
possibility has not yet been adequately explored) then it might well be a stable 
form of CO2 within the water-rich moons and dwarf planets of the outer solar 
system. 

brown@ess.washington.edu          Poster 

�97

http://earthweb.ess.washington.edu/brown/
mailto:brown@ess.washington.edu


Water X International workshop June 3-8 2018 La Maddalena, Sardinia (Italy)

A comparative study of thermodynamic equilibrium of water in 
solution with NaCl for different force fields 

Maria M. Conde(a), Jorge R. Espinosa(a), M. Anibal Portillo(a), Jorge 
Ramirez(b), Paola Gallo(c), Mauro Rovere(c), Carlos Vega(a) and Eduardo 

Sanz(a) 

(a) Departamento de Química Física, Facultad de Ciencias Químicas, 
Universidad Complutense de Madrid, 28040 Madrid, Spain 

(b) Departamento de Ingenieria Quimica Industrial y Medio Ambiente, Escuela 
Tecnica Superior de Ingenieros Industriales, Universidad Politecnica de Madrid, 

28006 Madrid, Spain 
(c) Dipartimento di Matematica e Fisica, Universitá Roma Tre, Via della Vasca 

Navale 84, 00146 Roma, Italy. 

The formation of ice from supercooled water is arguably the most important 
freezing transition on Earth. Around 96.5% of all the Earth’s water contains 
dissolved salt. In presence of salt, the freezing temperature of solution is lower 
than that of the pure water, and it decreases depending on the salt content up 
to a minimum value corresponding to the eutectic point. Likewise, the content 
of ions present in the solution is the key factor in the shift of the 
thermodynamic equilibrium line. Adding salt to the solution prevents the 
formation of ice and extends the region where water can be supercooled. In 
the last decades, computer simulation has become a valuable tool not only to 
predict equilibrium conditions but also to understand many of the 
physicochemical processes at the microscopic level. Therefore, understanding 
freezing in salty water is highly relevant and a reliable prediction of phase 
behavior of water/salt system by computer simulation is required. In this work, 
we focus on the determination of the equilibrium line, and hence the freezing 
point depression, for the water/salt system using several of the most popular 
force fields available in the literature. Our results allow us to identify the best 
set of potential parameters to predict the equilibrium line between NaCl 
aqueous solution and ice in agreement with the experimental values. Moreover, 
we study the role of the ionic charge scaling in the force fields on the 
description of aqueous NaCl solutions when the polarization is not included. 

[1] M.M. Conde, M. Rovere and P. Gallo. J. Mol. Liquids , accepted (2018). 
[2] M.M. Conde, J.R.Espinosa, J. Ramirez, E.Sanz and C.Vega. in preparation  (2018). 
[3] S. Joung and T. E. Cheatham, J. Phys. Chem. B  113, 13279 (2009). 
[4] A. L. Benavides, M. A. Portillo, V. C. Chamorro, J. R. Espinosa, J. L. F. Abascal, and 
 C. Vega. J. Chem. Phys . 147, 104501 (2017 
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Water under strong acidity conditions: Towards super-protonic 
conductor based on clathrate hydrates 

Sarah Desplanchea, David Talagaa, Fabrice Mauvyb, Patrick Judeinsteinc, Lydie 
Bourgeoisa, Arnaud Desmedta 

a GSM-ISM, CNRS UMR5255, Univ. Bordeaux, F-33405 Talence, France 
b ICMCB, CNRS UPR 9048 Univ. Bordeaux, F-33608 Pessac, France 

c LLB, UMR 12 CEA-CNRS, Bât. 563 CEA Saclay, 91191 Gif-sur-Yvette CEDEX, 
France 

The development of new devices dedicated to energy storage and production is 
at the center of nowadays concerns. Among the various opportunities, the fuel 
cell using hydrogen as an energy carrier has a high-energy efficiency. It 
produces no greenhouse gases and appears today as a clean and efficient 
solution. The fuel cell constitutes one alternative to hydrocarbons (fossil fuels) 
and overcomes intermittency of some renewable resources. The various fuel 
cells are distinguishable by the nature of the electrolyte that composes their 
proton exchange membrane. Materials constituted of water molecules 
represent a new opportunity. Indeed, new solid electrolyte may be composed 
of Strong Acid Clathrate Hydrates. Strong acids form ionic clathrate hydrate in 
which anion guest molecules are included into a cationic host cage structure 
[1-2]. This confinement leads to generate proton excess delocalized along 
water molecules of the cage network, at the origin of their high protonic 
conductivity. The structure formed is largely dependent on the chemical nature 
of the cations but also on the hydration number. In addition to the inherent 
fundamental interest of the proton transport mechanism met in these acidic 
clathrate hydrates, the aim of the present work is to develop and study this 
ice-like system formed with hexafluorophosphoric acid HPF6. This system 
possesses a melting point closed to room temperature. Moreover, it may be 
referred as a super-protonic conductor. They exhibit high proton conductivity at 
specific conditions (hydration number, temperature) that proves to be higher 
than that of current fuel cell membranes such as Nafion [3-5]. 
In order to study the structure and (thermo-)dynamics of these systems, 
micro-Raman spectroscopy is the appropriated tool. Such a vibrational 
spectroscopic technique is indeed a powerful tool for probing selectively and 
spatially chemical species. The HPF6 guest molecules is known to form two 
clathrate phases: a high temperature phase constituted of the so-called type 
VII clathrate structure and a low temperature phase corresponding to the so-
called type I clathrate structure [5-6]. The structural changes are observed in 
situ by varying the temperature, allowing the correlation of the hydration 
number of the strong acid with the formed structure and its thermal history. In 
addition, the use of a Raman spectrometer coupled to a confocal microscope 
offers the opportunity of observing local structures at a micrometric scale.  
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Thanks to this capability, a new layer appearing on the surface of the clathrate 
hydrate has been evidenced at the structural transition [7]. This layer also 
exhibits a time evolution, playing a key role in the structural evolution of the 
sample and its electrochemical properties. Finally, by combining Raman 
spectroscopy with conductivity measurements, NMR and DRX, the impact of 
this microstructuration onto the super-protonic conduction mechanism has 
been unraveled for the first time [7]. These original results and spectroscopic 
developments will be presented in the perspectives of applications and 
fundamentals. 

 Figure 1: Time evolution of the 
microstructuration of the strong acid  

  hydrate (HPF6) by means micro-Raman 
imaging. 

[1] E.D. Sloan and C.A. Koh, Clathrate Hydrates of Natural Gases, 2008; Taylor & Francis-
CRC Press: Boca Raton, FL.

[2] A. Desmedt et al, Eur. Phys. J. Special Topics 2012; 213: 103-127.
[3] J. Cha et al, J. Phys. Chem. C 2008; 112: 13332-13335.
[4] L. Bedouret et al, J. Phys. Chem. B 2014; 118: 13357-13364.
[5] D. Mootz et al, J. Am. Chem. Soc. 1987; 109: 1200-1202.
[6] V. Hans Bode et al, Acta Cryst. 1955; 8: 611.
[7] S. Desplanche et al, 2018 in preparation.
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Trehalose as a bioprotectant of peptides: A neutron diffraction 
study 

Michael Di Gioacchino, Fabio Bruni, Maria Antonietta Ricci 

Università degli studi Roma Tre, Dipartimento di Scienze, Via della Vasca 
Navale 84, 00146, Rome, Italy. 

The interactions of carbohydrates with intracellular proteins and membranes is 
of great interest, as these interactions are responsible for the protection of 
biomolecules against environmental stresses, such as low temperature and 
dehydration. Among the different bioprotectants, the disaccharide trehalose 
(made up by two glucose rings, linked by a 1-1 alpha bond) is undoubtedly the 
best performer, particularly with respect to water loss. Nevertheless, an agreed 
description of the structural and dynamical mechanisms responsible for the 
bio-protective role of trehalose is still missing [1]. It has been suggested that 
trehalose molecules can replace for water molecules at the surface of a 
protein, thus maintaining its structural and functional integrity [2,3]. Other 
studies have evidenced the ability of trehalose to trap residual water molecules 
in a glassy matrix, that, in turn, stabilizes a protein by “freezing” its degrees of 
freedom [4,5]. Alternatively, the interaction between trehalose and a given 
protein is mediated by water molecules confined by trehalose at the protein 
interface, with the carbohydrate forming a cage around the hydrated 
biomolecule [6].  
 To clarify which of these hypotheses better describes the real situation, a 
series of neutron diffraction experiments, combined with computer simulations, 
have been performed to investigate the structure of the hydration shell of 
trehalose at atomistic level [7,8]. Surprisingly, it has been shown that 
trehalose does not make strong hydrogen bonds with water, despite the 
number and position of available sites on its two glucose rings. Moreover, other 
monosaccharides (single glucose ring) and disaccharides (two glucose rings 
bound with a 1-4 alpha bond), while being less effective as bioprotective 
agents in comparison with trehalose, are involved in a larger number of strong 
hydrogen bonds with water [7]. To investigate this issue further, we have 
performed a set of experiments on aqueous solution of a model peptide, such 
as N-Methil-Acetamide (NMA), with and without trehalose. The rationale is to 
obtain a description of the hydration shell of the solute NMA and how this is 
affected by the presence of trehalose. Neutron diffraction experiments have 
been done using the diffractometer SANDALS installed at ISIS, applying H/D 
isotopic substitution technique (NDIS). These data sets have been modelled by 
a Monte Carlo simulation (within the EPSR code [9]), in order to extract 
intermolecular correlations, namely the site-site radial distribution functions, 
and relevant spatial density functions (SDF), shown in Figure 1, useful to 
describe the investigated system. Obtained results highlight features of NMA  
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Figure 1: A) SDF of water around NMA in absence of trehalose. B) SDF of water 
around NMA in presence of trehalose. C) SDF of trehalose around NMA. 

hydration in presence or absence of trehalose. Fig. 1A shows water SDF 
(yellow surfaces) around the NMA peptide in the center of the figure, without 
trehalose in the solution. The yellow surfaces represent the regions, at a set  
distance from the NMA molecules, where the probability to find a water 
molecule is higher that a set threshold. The addition of the solute trehalose to 
aqueous solution of NMA does not alter the first hydration shell of the peptide, 
as shown in Figure 1B. This observation is confirmed by inspection of Fig. 1C, 
that shows the SDF for trehalose (purple surfaces) around NMA. The 
probability to find a trehalose molecule is high either above the hydration shell 
of NMA (top of Fig. 1C), or around the bottom hydration shell of the peptide 
(bottom of Fig. 1C). In both cases there is no direct interaction between 
trehalose and NMA, suggesting that the ability of trehalose to protect proteins 
may not be not due to trehalose replacing water molecules at the protein 
surface. Further studies, possibly at lower water content, are required to 
investigate if bio-protection is due to trehalose forming a glassy matrix around 
peptide or to its ability to trap residual water molecules at the peptide surface. 

1. G. Cottone, G. Ciccotti, L. Cordone, J. Chem. Phys. 117, 9862 (2002). 
2. N.K. Jain, I. Roy, Protein Science, 18, 24-36 (2009). 
3. J.H. Crowe, L.M. Crowe, D. Chapman, Science, 223, 701-703 (1984). 
4. J.L. Green, C.A. Angell, J. Phys. Chem. 93, 2880-2882 (1989). 
5. G. Bellavia, S. Giuffrida, G. Cottone, A. Cupone, L. Cordone, J. Phys. 
 Chem. B 115, 6340-6346 (2011). 
6. R.D. Lins, C.S. Pereira, P.H. Hünenberger, PROTEINS: Structure, 
 Function, and Bioinformatics 55, 177-186 (2004). 
7. S.E. Pagnotta, S.E. MeLain, A.K. Soper, F. Bruni, M.A. Ricci, J. Phys. 
 Chem. B 114, 4904 (2010). 
8. L. Maugeri, S.E. McLain, F. Bruni, M.A. Ricci, Biochim. Biophys. Acta 
 (BBA) – General Subject, 1861, 6, 1486-1493 (2017). 
9. A.K. Soper, Chemical Physics, 202, 295-306 (1996). 
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Supercooled water accurately 

Jan Hrubý, Václav Vinš, Aleš Blahut, Pavel Peukert, Jiří Hykl 

Institute of Thermomechanics of the Academy of Sciences CR, Czechia 

Supercooled water (ordinary and heavy) and aqueous solutions are interesting 
due to the fascinating anomalies as well as because of their importance in 
nature and technology. We present experimental studies of the density and 
surface tension of supercooled water and aqueous solutions which focus on 
high accuracy. Both experiments provide ratios of investigated properties in the 
supercooled state to their value at a reference state in the stable region. The 
relative densities at pressures up to 200 MPa are measured with standard 
uncertainty approaching 0.01% and the relative surface tensions with standard 
uncertainty of about 0.2%. The main purpose of the highly accurate 
measurements is to serve as a basis for development of new reference 
equations for thermophysical properties. This approach follows from the 
participation of the team members in the International Association for the 
Properties of Water and Steam (IAPWS).  
We report measurements of densities of supercooled ordinary water, heavy 
water and seawater up to 100 MPa (up to 200 MPa for ordinary water), down 
to about -20°C. The method is based on observing liquid columns in two fused 
silica capillaries of inner diameter about 0.3 mm. The capillaries are 
pressurized from both inner and outer sides, so that their deformation is very 
small (corresponding to the bulk modulus of fused silica). Fused silica has an 
extremely low coefficient of thermal expansion, which enables to achieve a 
high accuracy in the temperature dependence of the densities. In order that 
this advantage of fused silica could be used, it was necessary to remove the 
polyimide coating which mechanically protects commercially available 
capillaries. The inner diameter of the capillaries is calibrated along their length.  
We further present experiments on the surface tension of supercooled water, 
seawater and some solutions of salts and alcohols. The measurements of the 
surface tension are based on several modifications of the capillary rise method. 
The basic modification is that only the part of the capillary containing the 
meniscus is cooled down to the metastable region [1]. In one variant, the 
change of surface tension is balanced by couterpressure of helium and the 
surface tension is obtained based on the pressure measurement [2]. In second 
variant, the capillary is horizontal and helium conuterpressure is used to flatten 
an outer meniscus [3]. This method imitates measurements by Hacker [4], 
who found an anomalous second inflection point in the temperature 
dependence of the surface tension. Our repeated measurements with various 
techniques did not show this feature.  
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Dynamics and structure of water at the CaF2/aqueous solution 
interface 

Dominika Lesnicki, Marialore Sulpizi 

Johannes Gutenberg University Mainz, Germany 

Advances in ultrafast spectroscopy allow to study vibrational energy transfer of 
water molecules at interfaces. In the case of water-air interface, it has been 
shown that the vibrational energy relaxation dynamics is significantly different 
from that of bulk water.  

Using non equilibrium molecular dynamics simulations (DFTMD), which include 
the full electronic structure, and descriptors based on projected velocity 
density of states, we are able to follow the flow of excess vibrational energy 
from the excited stretching modes. We apply our method to the fluorite/water 
interface as function of pH. This system shows a fast relaxation, at low pH, 
similar to that of bulk water, and a slow relaxation at hight pH. Direct 
comparison to the experimental results is also possible thanks to the 
collaboration with the molecular spectroscopy group of E. Backus at MPIP. 

[1] J. Bredenbeck, A. Ghosh, H. K. Nienhuys and M. Bonn, “Interface-specific ultrafast 
 two-dimensional vibrational spectroscopy”, Acc. Chem. Res, 42, 1332-1342  
 (2009).  
[2] Z. Shang, L. Piatkowski, H. J. Bakker and M. Bonn, “Ultrafast vibrational energy  
 transfer at the water/air interface revealed by two-dimensional surface  
 vibrational spectroscopy”, Nature Chemistry, 3 (2011).  
[3] C.-S. Hsieh, M. Okuno, J. Hunger, E. Backus, Y. Nagata and M. Bonn, “Aqueous  
 Heterogeneity at the Air/Water Interface Revealed by 2D-HD-SFG   
 Spectroscopy”, Angew. Chem. Int. Ed., 53, 8146-8149 (2011).  
[4] R. Khatib , E. Backus, M. Bonn, M.-J. Perez-Haro, M.-P. Gaigeot, M. Sulpizi, “Water 
 orientation and hydrogen-bond structure at the fluorite/water interface”,  
 Scientidic Reports 6 (2016). 
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Ortho/Para-Ratio of Water Spin-isomers in Extremely Diluted 
Solutions 

Alexander Makurenkov 

Lomonosov Moscow State University 
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In a number of works by Tikhonov and Volkov there were revealed the non-
thermodynamic ratio of ortho and para water in condensed phases. Even not 
all of these results were replicated by other scientific groups, there is still exist 
and idea to search for condensed states in which water molecules will be that 
much isolated that it would avoid fast interaction and will bring to a long 
lasting ortho/para ratio deviation. In this paper we took a close look on the 
results of a number of experiments with solutions of extremely diluted water in 
glycerol, both in bulk and thin-film states. The results brought to a lasting for 
weeks deviation of ratio in the ortho and para spectra of water vapour above 
the solution surface. The low diffusion of molecules in this solution can be 
responsible for the great lifetime of the deviated ortho/para ratio. 
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Investigations of the impact of silica media on gas trapping 
selectivity within CO2-N2 mixed hydrate 

Cyrielle Métaisa,b,c, Ludovic Martin-Gondrec, Jacques Ollivierb, Arnaud Desmedta  

a – Groupe Spectroscopie Moléculaire, ISM UMR5255 CNRS – Univ. Bordeaux, 
France  

b – Institut Laue Langevin, Grenoble, France  
c – UTINAM, UMR6213 CNRS – Univ. Bourgogne Franche-Comté, France  

Clathrate hydrates are nanoporous crystalline solids composed of hydrogen-
bonded water molecules forming cages within which gaseous molecules are 
encapsulated. They are relevant for many chemical engineering and 
technological applications and also for geosciences and astrophysics, due to 
their natural occurence in Earth's permafrost and marine sediments, and 
presumably in many others planets of the Solar system [BRO17]. A very 
important observation common to both terrestrial and extraterrestrial hydrates 
is that they are predominantly and naturally formed in the presence of 
minerals and/or sediments. The impact of these mineral impurities onto the 
physical-chemistry properties of gas hydrates is of prime importance and very 
little is known on this issue.  
Mixed gas hydrates – i.e. co-including two gaseous species such as CO2 and N2 
- have been investigated by means of Raman spectroscopy to explore the 
impact of surrogates (silica beads) in terms of preferential gas trapping. The 
gas selectivity in the mixed CO2-N2 hydrate – formed from pressurized ice 
without surrogates - has been investigated by means of Raman spectroscopy: 
the CO2 molecules are preferentially encapsulated in the mixed hydrates 
whatever the gas mixture composition is [PET18]. Raman investigations have 
shown that the selectivity in presence of silica beads would be modified 
compared to the one obtained for a mixed hydrate. These preliminary results 
will be presented and discussed with respect to several parameters such as the 
water saturation in the interstitial region of the silica bead or the beads size.  

[BRO17] Brosetta et al Eds, Gas hydrates 1: Fundamentals, Characterization and  
 Modeling, Wiley: London (2017); Ruffine et al Eds, Gas hydrates 2: Geosciences 
 and applications, Wiley: London, under production (2018)  
[PET18] Petuya et al, Chem. Comm., Accepted article (2018  
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The Dopant-Effect in Ice V/XIII and Ice VI/XV 

Alexander Rosu-Finsen, Christoph Salzmann 
	 


University College London, United Kingdom 

Of the 17 polymorphs of ice so far discovered, the last five were discovered 
through the use of dopants. Ices XIII, XIV, and XV were discovered by HCl 
doping [1,2] while ices XVI and XVII are clathrate hydrates emptied of their 
gaseous host ”dopants” [3,4]. Since then, doping ice has become a prominent 
research avenue. The recent investigation into the effects of a range of acid 
and base dopants in the disordered and ordered phases of ice V/XIII and ice 
VI/XV is what this study focuses on [5].  

The interplay between dopants and ice facilitating hydrogen-ordering otherwise 
not observable on experimental timescales is not fully understood. The present 
study investigating doping ice with 0.01 M HF, HCl, HBr, HClO4, LiOH, and 
NaOH delves into this by use of differential scanning calorimetry and X-ray 
diffraction. Through these experiments, we discuss how a combination of 
dopant solubility and acid/base strength affects hydrogen ordering.  

Through this, HCl is reaffirmed as the most efficient dopant for the phases of 
ice studied, V/XIII and VI/XV. Further to this, ice XIII is the first phase that has 
been found to be hydrogen-ordered through both acid (HF, HCl) and base 
(LiOH) dopants. The minor symmetry breaking in the LiOH doped H2O lattice in 
ice V/XIII is also observed by powder X-ray diffraction, although naturally not 
as noticeable as through neutron diffraction. Also interestingly, LiOH doping is 
ineffective in forming ice XV, whereas HBr doping facilitates hydrogen ordering 
in ice VI/XV but not ice V/XIII. This suggests HBr is more soluble in ice VI 
compared to ice V, and vice versa for LiOH.  

The full picture of how doping facilitates hydrogen ordering is still not known, 
but with such knowledge fully hydrogen-ordered phases of ice, as well as new 
phases could be investigated and discovered. 

] C.G. Salzmann, P.G. Radaelli, A. Hallbrucker, E. Mayer & J.L. Finney, Science, 311  
 (2006) 1758.  
[2] C.G. Salzmann, P.G. Radaelli, E. Mayer & J.L. Finney, Phys. Rev. Lett., 103 (2009) 
 105701.  
[3] A. Falenty, T.C. Hansen & W.F. Kuhs, Nature, 516 (2014) 231.  
[4] L. del Rosso, M. Celli & L. Ulivi, Nat. Comm., 7 (2016) 13394.  
[5] A. Rosu-Finsen & C.G. Salzmann, J. Chem. Phys. (2018), under review, arXiv: 
 1801.03812. 
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On the similarity of the behaviour of water in nano-porous 
materials and biological systems at low temperatures 

Viktor Soprunyuk, Wilfried Schranz 

University of Vienna, Faculty of Physics, Physics of Functional Materials, 
Boltzmanngasse 5, A-1090, Vienna, Austria 

A recent study of the behaviour of water in porous materials (pore sizes: 2.5 
nm, 5 nm and 10 nm) in the region of low temperatures [1-5] suggested that 
some part of water in pores undergoes a freezing transition at much lower T 
than usually and some part of internal water remains supercooled below the 
freezing temperature and transform directly to glass in the glass transition 
region. After investigation of biological systems (bread, chicken bone, 
vegetables and fruits) we found similarities of the dynamic elastic properties of 
these biological materials and nano-porous materials filled with water (Fig.1, 
Fig.2). After analyzing the experimental data we realized that the behaviour of 
water in biological systems is quite similar to the behaviour of water in nano-
pores, implying that our previous investigations of water in pores leads to a 
better understanding of the behaviour of water in biological systems in the low 
temperature region. 

Acknowledgements: The present work was supported by the Austrian Science Fund 
(FWF, project Nr. P 28672 – N36). 

Fig.1. Temperature dependencies of real 
and imaginary parts of complex Young's 
modulus of water in Vycor (size of pores 10 
nm) at different frequencies. 
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Fig.2. Temperature dependencies of real 
and imaginary parts of complex Young’s 
modulus of bread at different frequencies 

 

[1] V. Soprunyuk, M. Reinecker and W. Schranz, On the behaviour of supercooled  
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 (2016). 
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Molecular undercoordination resolved mysteries of water and ice 

Chang Qing Sun 

Nanyang Technological University, Singapore 

As one of the key variables, molecular coordination number has brought 
numerous anomalies of water and ice. From the perspective of hydrogen bond 
cooperativity [1, 2], this talk presents consistent insight into the physical 
mechanism behind the following phenomena:  

1. Supersolidity of nanodroplets and (H2O)N clusters [3]  
2. Potential paths of the undercoordinated O:H-O bond [4]  
3. The longer life and stronger strength of nanobubbles [5]  
4. Super lubricity of ice [6]  
5. Thermal stability of the water skin [7]  

Consistency between theoretical predictions and experimental/theoretical 
observations confirmed consistently that molecular undercoordination shortens 
and stiffens the H-O bond and lengthens and the softens the O:H nonbond 
associated with polarization, which not only disperses the quasisolid (or 
quasiliquid) phase boundary featured at -15 and 4 oC for the bulk outwardly 
and hence raises the melting point and lowers the freezing point of the 
quasisolid phase. However, polarization promotes the supersolidity that forms 
the phases of less dense, elastic, hydrophobic, and thermally more stable. 
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Hydrogen bonding (O:H-O) thermodynamics of water and ice 

Chang Qing Sun 

Nanyang Technological University, Singapore 

Water and ice perform anonymously when subjecting to thermal excitation 
such as mass density oscillation and ice buoyancy. Supercooling/heating takes 
place under other perturbations. An introduction of the segmental specific 
heat, �x(�DX), is essential to resolving the hydrogen bond (O:H-O) 
thermodynamics. Subscript X = L and H represent for the O:H (dL = 1.7 Å, EL 
= 0.10 eV, fL ~ 200 cm-1) and the H-O (1.0 Å, 4.00 eV, 3200 cm-1) interaction, 
respectively. The Debye temperature TDX is proportional to the characteristic 
stretching vibration frequency fX in Einstein relation and the thermal integral of 
the �x(�DX) corresponds to the cohesive energy of the specific x segment. 
The superposition of the specific heat curves, �L(�DL) + �H(�DH), turns out 
two intersection temperatures that feature the boundaries of the quasisolid/
liquid(QS/L) phase and correspond to the extreme densities. The boundaries 
also close to the critical temperatures of melting (Tm) and homogeneous 
freezing (TN). The superposition also divides the full temperature into four 
regimes according to the specific heat ratio �L/�H, which matches the 
phases of liquid (�L/�H <1), QS (�L/�H >1), solid Ih+c (�L/�H <1) and 
XI (�L/�H � 0/0) [1, 2]. At a temperature, the segment with a lower specific 
heat value undergoes normal thermal expansion but the other segment 
undergoes thermal contraction because of the O-O repulsivity. Consistency 
between predictions and measured transition of the mass density [3], O:H-O 
length and phonon frequency [4] verified the essentiality of this O:H-O binding 
thermodynamics and revealed the physical origin of QS phase buoyancy [4], 
and the QS phase boundary dispersion by external excitation such as 
molecular undercoordination [5], mechanical compression [6], solvation [7-9], 
etc.  

1. C.Q. Sun and Y. Sun, The Attribute of Water: Single Notion, Multiple Myths.  
 Springer Ser Chem Phys 113. 2016: Springer-Verlag. 494.  
2. Y.L. Huang, X. Zhang, Z.S. Ma, Y.C. Zhou, W.T. Zheng, J. Zhou, and C.Q. Sun,  
 Hydrogen-bond relaxation dynamics: Resolving mysteries of water ice. Coord 
 Chem Rev, 285: 109-165, (2015).  
3. F. Mallamace, C. Branca, M. Broccio, C. Corsaro, C.Y. Mou, and S.H. Chen, The  
 anomalous behavior of the density of water in the range 30 K < T < 373 K. Proc 
 Natl Acad Sci USA, 104(47): 18387-91, (2007).  
4. C.Q. Sun, X. Zhang, X. Fu, W. Zheng, J.-l. Kuo, Y. Zhou, Z. Shen, and J. Zhou,  
 Density and phonon-stiffness anomalies of water and ice in the full temperature 
 range. J Phys Chem Lett, 4: 3238-3244, (2013).  
5. X. Zhang, Y. Huang, Z. Ma, Y. Zhou, W. Zheng, J. Zhou, and C.Q. Sun, A common 
 supersolid skin covering both water and ice. PCCP, 16(42): 22987-22994,  
 (2014).  
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6. X. Zhang, Y. Huang, P. Sun, X. Liu, Z. Ma, Y. Zhou, J. Zhou, W. Zheng, and C.Q.  
 Sun, Ice Regelation: Hydrogen-bond extraordinary recoverability and water  
 quasisolid-phase-boundary dispersivity. Sci Rep, 5: 13655, (2015).  
7. C. Ni, Y. Gong, X. Liu, C.Q. Sun, and Z. Zhou, The Anti-Frozen Attribute of Sugar  
 Solutions. J Mol Liq, 247: 337-344, (2017).  
8. Q. Zeng, C. Yao, K. Wang, C.Q. Sun, and B. Zou, Room-Temperature NaI/H2O  
 Compression Icing: Solute-solute interactions. PCCP, 19: 26645-26650 (2017).  
9. Q. Zeng, T. Yan, K. Wang, Y. Gong, Y. Zhou, Y. Huang, C.Q. Sun, and B. Zou,  
 Compression icing of room-temperature NaX solutions (X= F, Cl, Br, I). PCCP,  
 18(20): 14046-14054, (2016). 
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Intrusion and extrusion of water in hydrophobic 
nanopores 

Antonio Tinti, Alberto Giacomello, Carlo Massimo Casciola 

Sapienza Università di Roma, 00184 Rome, Italy 

Heterogeneous systems consisting of a hydrophobic nanoporous material 
immersed in water can be used as an unexpensive, green and efficient way to 
dissipate or store mechanical energy, depending on the characteristics of the 
material ([2-5]). 
In such applications, surface energy is accumulated via the liquid intrusion 
achieved by increasing the water pressure and can be subsequently released 
by decreasing pressure and triggering cavitation of vapour inside the pores 
even at positive liquid pressures. 

Figure 1: MD snapshot of the intrusion/extrusion process of TIP4P/2005 water ([6]) in a 
hydrophobic nanopore as captured by the string method in collective variables.

The physical properties allowing for the energetic applications of nanoporous 
hydrophobic materials are hardly captured by classical, capillary-based, 
macroscopic theories (such as Classical Nucleation Theory - CNT), as they are 
associated to the peculiarities of nucleation of vapour in extreme nanoscale 
confinement. It is also extremely hard for experiments to provide microscopic 
insight on the nucleation process, due to the fast dynamics and the nanometric 
length-scales characterizing the phenomenon. 
We employed advanced molecular dynamics techniques in combination with a 
rare event method known as the string method in collective variables ([7]) in 
order to shed light on the intrusion-extrusion process from a single  
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hydrophobic nanopore ([1]). This approach allowed us to simulate, without 
artifacts, the microscopic mechanism of water intrusion and extrusion in the 
pores as thermally activated events. Simulations revealed, in accord with 
experimental data, the existence of important deviations from the predictions 
of macroscopic theory. First of all the nucleation free-energy barriers are 
reduced sixfold as compared to CNT predictions, allowing for spontaneous 
nucleation. The intrusion pressure value also deviates from the classic Kelvin-
Laplace law, due to nanoscale confinement. Simulations also allowed us to 
confirm experimental observations ([4-5]) clearly highlighting the suppression 
of the the intrusion/extrusion hysteresis for nanometer-sized pores and the 
possibility to use these materials as "molecular springs" able to store and 
subsequently release mechanical energy. 

In addition to their theoretical significance, these results provide useful design 
criteria for the development of technological applications of nanoporous 
materials as they allow to critically discuss their behaviour as vibration 
dampers or molecular springs and to relate it to their physical characteristics, 
and in particular to their dimension. 

1. Tinti A., Giacomello A., Grosu Y. & Casciola C.M. (2017) Proc. Natl. Acad. Sci. USA, 
 114(48), E10266-E10273. 
2. Guillemot, L., Biben, T., Galarneau, A., Vigier, G., & Charlaix, E. (2012). Proc. Natl. 
 Acad. Sci. USA, 109(48), 19557-19562. 
3. Smirnov S., Vlassiouk I., Takmakov P., & Rios, F. (2010). Acs Nano, 4(9),  
 5069-5075. 
4. Eroshenko V., Regis R. C., Soulard, M. & Patarin, J. (2001). J. Am. Chem. Soc,  
 123(33), 8129-8130 
5. Grosu Y., Li M., Peng Y. L., Luo D., Li D., Faik A. & Grolier J. P. (2016). ,   
 ChemPhysChem, 17(21), 3359-3364. 
6. Abascal, J. L., & Vega, C. (2005). J. Chem. Phys., 123(23), 234505. 
7. Maragliano, L., Fischer, A., Vanden-Eijnden, E., & Ciccotti, G. (2006). J. Chem.  
 Phys., 125(2), 024106. 
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